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Abstract

This thesis describes the measurement of Higgs boson production in association with a vector boson, WH/ZH,
using the H - WW* — {vfv and H > WW"* — {vqq decay channels, where ¢ is an electron or a muon. The
analysis uses proton-proton collision data at centre-of-mass energy 13 TeV delivered by the Large Hadron
Collider and recorded by the ATLAS detector between 2015 and 2018, corresponding to an integrated
luminosity of 139 fb™!. The analysis is performed in several channels across 2-, 3-, and 4-lepton final states
and utilizes a diverse set of multivariate techniques for signal extraction. The WH and ZH production
cross sections times the H — WW* branching ratio are measured to be 0.1ngzgg(stat.)fgjgi(sys.) pb and

0.3 lfgzgg(stat.) + 0.03(sys.) pb, respectively, in agreement with the Standard Model expectations.
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Chapter 1

The Standard Model of Particle Physics
and the Higgs Boson

High-energy particle physics studies the elementary particles which comprise the universe’s matter and the
interactions of those particles with one another. It achieves this through collider experiments, where the
byproducts of particle-particle collisions are measured, or observational apparatus, where particles originating
from cosmic or terrestrial sources are measured. By understanding the universe at its smallest scales, high-
energy particle physics provides insight into the universe at its largest scales including its origin and early
conditions.

The present-day theoretical understanding of high-energy particle physics has its beginnings in the 20th
century with the advent of quantum mechanics and special relativity. A holistic treatment of both fields,
quantum field theory, led to the development of the Standard Model (SM) of particle physics, the theoretical
framework describing the elementary particles of the universe and the forces by which they interact. The SM,
in its current form, is the culmination of decades of theoretical and experimental advances and collaboration in
the fields of quantum, nuclear, accelerator, and instrumentation physics.

In 2012, the existence of the Higgs boson, the particle which was long-postulated to give mass to elementary
particles, was experimentally discovered by the ATLAS [24] and CMS [25] experiments at the Large Hadron
Collider (LHC). In 2013, the Nobel Prize in Physics was awarded to Higgs and Englert for the theoretical
foundation of the Higgs boson. The discovery of the Higgs boson represents a triumph of the SM and of the
close collaboration of the theoretical and experimental high-energy physics communities.

Since its discovery, there has been a global effort to decipher the nature of the observed Higgs boson. This
thesis is a contribution to that effort. The following sections provide an introduction to the physics of the SM
(Section 1.1), the Higgs boson (Section 1.2), and the measurement of associated production of Higgs bosons
using the ATLAS detector (Section 1.3). The measurement of associated production of Higgs bosons is the

focus of this thesis.

1.1 The Standard Model of Particle Physics

The “particle zoo” of the SM consists of fermions and bosons. Fermions are half-integer-spin particles which
comprise matter and include leptons, neutrinos, and quarks. They are further subdivided into three generations

or “flavours” based on their mass. For each fermion, there is a corresponding “antifermion” or, more broadly,
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antiparticle which has the same mass but opposite quantum numbers. Bosons, in contrast, are integer-spin
particles which mediate the interactions between fermions and include photons, gluons, vector bosons, and
Higgs bosons. The fundamental fermions and bosons of the SM are listed in Tables 1.1 and 1.2, respectively.

The SM Lagrangian, which encodes the possible interactions between fermions and bosons, is based
on a product of local gauge symmetries, with each symmetry corresponding to set of conserved charges
and forces. Quantum electrodynamics describes the interactions of particles carrying electric charge, which
includes charged leptons, quarks, and charged vector bosons. Its corresponding force, the electromagnetic
force, is mediated by the massless photon. Analogously, quantum chromodynamics describes the interactions
of particles carrying colour charge, which includes quarks and gluons. Its corresponding force, the strong
force, is mediated by the massless gluon. There are eight types of gluons carrying different combinations of
colour-anticolour charge. The weak interaction describes the interactions of particles carrying weak isospin,
the charge of the weak interaction’s underlying symmetry, or a combination of weak isospin and electric charge.
Its corresponding force, the weak force, is mediated by the massive vector bosons, W* and Z. Whether a
particle carries weak isospin depends on its chirality or “handedness”: only particles with left-handed chirality
and antiparticles with right-handed chirality carry nonzero weak isospin. It follows that the strength of the
weak interaction also depends on a particle’s handedness.

The Higgs boson, a massive excitation of a spin-0 field, arises due to spontaneous electroweak symmetry
breaking and couples to massive fermions and bosons. The Higgs boson introduces mass terms for fermions
and the vector bosons into the SM Lagrangian in way which preserves gauge invariance, completing the

modern-day picture of particle physics.

Table 1.1: Fermions included in the Standard Model. All of the fermions have a spin of 1/2. Quoted masses
are taken from the Particle Data Group [26]. The weak isospins in the table only correspond to fermions with
left-handed chirality and antifermions with right-handed chirality — all other fermions have weak isospins of 0.

Generation  Particle ‘Mass [MeV] Electric charge Weak isospin

Electron e 0.511 -1 -1/2

First Electron neutrino v, < 0.00046 0 +1/2
Down quark d 4.67 -1/3 -1/2

Up quark u 2.16 +2/3 +1/2

Muon u 106 -1 -1/2

Second Muon neutrino v, <0.19 0 +1/2
Strange quark s 93 -1/3 -1/2

Charm quark ¢ 1270 +2/3 +1/2

Tau 7 1777 -1 -1/2

. Tau neutrino v, < 18.2 0 +1/2
Third Bottom quark b 4180 -1/3 ~1/2
Top quark ¢ 172760 +2/3 +1/2

The SM has been highly successful in its physics predictions. In addition to predicting the existence
of the Higgs boson, the SM accommodates mixing between all three generations of quarks via the weak
interaction, and the strength of a particular interaction — within or between generations — is dictated by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [27, 28]. The CKM matrix is a 3 X 3 unitary matrix whose free
parameters [29, 30] have since been constrained to < O(1-10%) precision via independent and complementary
measurements of nuclear and flavour physics [26], the latter corresponding to the study of the interactions of

different flavours of particles.
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Table 1.2: Bosons included in the Standard Model. Quoted masses are taken from the Particle Data Group [26].

Particle ‘ Mass [GeV] Electric charge Spin  Weak isospin
Photon y 0 0 1 0
Charged vector boson W* 80.379 +1 1 +1
Neutral vector boson Z 91.1876 0 1 0
(8%) Gluon g 0 0 1 0
Higgs boson H 125.25 0 0 0

The SM also predicted the variation in the strength of the strong force as a function of the four-momentum
transfer of the interaction, qz. Gross and Wilczek [31] and Politzer [32] demonstrated quantum chromody-
namics to be “asymptotically free” whereby the strength of the strong force decreases with increasing g2, a
prediction in excellent agreement with experiment [33]. Asymptotic freedom is what permits the treatment of
quarks as quasi-free particles in high-¢? interactions, an assumption which is paramount to physics predictions
at the LHC.

Despite all of its successes, the SM is known to be an incomplete description of the universe. One
unexplained phenomenon is the origin of neutrino masses: the SM assumes neutrinos are massless. However,
the observation of neutrino oscillations, a variation in the probability of measuring a particular flavour of
neutrino as it travels, by the Super-Kamiokande [34] and SNO [35, 36] experiments has demonstrated that
neutrinos must be massive.

Another phenomenon unaccounted for by the SM is the universe’s matter-antimatter asymmetry. In the
early universe, it was expected that matter and antimatter should have been created equally by the process of
baryogenesis [37, 38]. However, there is a clear abundance of matter over antimatter in the universe today,
and so there is broad interest in understanding the ways in which matter and antimatter differ. The ALPHA
experiment [39, 40] at CERN is one such experiment probing the matter-antimatter differences and has so far
demonstrated consistency between matter and antimatter for various quantum mechanical transitions [41-43],
as predicted by charge-parity-time symmetry.

Galactic observations, including translational velocities of clusters of galaxies, rotational velocities of
individual galaxies, and gravitational lensing, indicate the presence of additional mass or “dark matter” in the
universe [44, 45]. However, there is no conclusive theory explaining the existence of dark matter or how it
interacts with the particles of the SM.

Lastly, it is theoretically appealing to construct a model of the universe where the gravitational force is
united with the existing forces of the SM. A massless spin-2 boson, the “graviton”, is postulated to be the
mediator of the gravitational force [46]. However, there is no experimental evidence supporting the existence

of the graviton or, as for dark matter, how it interacts with the particles of the SM.

1.1.1 Quantum Field Theory

Quantum field theory (QFT) is the framework used to describe the physics of multiparticle, relativistic quantum
mechanics. The usual Hilbert space occupied by the single-particle basis states is elevated to a Fock space,
which includes 2-, 3-, ..., and n-particle basis states as well.

The quantum field ¢ = ¢(x) is a local operator which acts upon the vacuum at spacetime coordinate x,
creating and annihilating particles in a manner analogous to the creation and annihilation operators of the

simple harmonic oscillator in non-relativistic quantum mechanics. And analogous to classical mechanics, the
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behaviour of the system is that which minimizes the action:

S =f£(¢,6ﬂ¢)d4x, (1.1)

where £ is the Lagrange density, integrated over a 4-dimensional spacetime volume, and the derivative 0, is
defined as:

8, = (0/0x°,0/0x",6/0x%,8/0x%) = (8, V). (1.2)

By varying the action and requiring 6S = O with fixed end points, one finds the Euler-Lagrange equation

governing the behaviour of the field:

ﬂ( az:) 0L _5m-2_y. (1.3)

Noup)) o9 " ¢
Here, IT = T1° is referred to as the “momentum conjugate to the field” and is similarly promoted to a local
operator as part of the canonical quantization of the theory. Analogous to quantization in non-relativistic

quantum mechanics, ¢ and IT are required to obey the equal-time commutation relations:

[¢(2, ), ¢(1, )] = [11(z, ), 11(1,5)] = 0,

s (1.4)
[¢(t’ /?)7 H(t’y)] =i ()?_ _)_;) s

where §° is the Dirac delta function in 3-dimensions. Bosonic fields, which have bosons as their quanta, obey
a set of relations similar to Eq. 1.4. In contrast, fermionic fields, which have fermions as their quanta, obey
equal-time anti-commutation relations.

Symmetry considerations are paramount to constructing QFTs. Noether’s theorem states that symmetries
of a system lead to conserved quantities [47], and this is no different for quantum fields. In particular, one can
consider a transformation ¢(x) — ¢(x, 1) with ¢(x, 0) = ¢(x), where A is some parameter of the transformation.

Such a transformation is a symmetry if and only if:
0
DL(¢,0.¢) = 0,F(¢,0,¢,1) where D = 7 , (1.5)
=0

where F is some function. When imposed on the Lagrangian, Eq. 1.5 leads to a conserved current:

JH =T"D¢ — F* . (1.6)

Examples of symmetries include spacetime translations or Lorentz transformations, which collectively define
the Poincaré group. As will be discussed in the following sections, imposing symmetries on the SM Lagrangian
results in conserved quantities like electric charge, weak isospin, and colour charge.

In QFT, it is common practice to assume natural units:

hec=1. (1.7)

where 7 is the reduced Planck’s constant and c is the speed of light. This convention will be adopted in all
subsequent sections and chapters. The choice of natural units implies energy, momentum, and mass to have

units of electron-volts (eV), length and time to have units of eV~!, and angular momentum to be dimensionless.
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1.1.2 Quantum Electrodynamics

Quantum electrodynamics (QED) describes the interactions of photons with electrically-charged matter. A
photon is a spin-1 massless boson with a corresponding vector field A,,, whose free-space behaviour is governed

by the Maxwell Lagrangian:

1
Lem = _ZF“”FW’ (1.8)

which consists of only a kinematic term, where F),, is the electromagnetic field tensor, F,, = 8,A, — 0,A,.
Electrically-charged matter is described by a spin-1/2 massive fermion field i/, whose free-space behaviour is

governed by the Dirac Lagrangian [48]:

Lp = u(id — myy, (1.9)

which consists of the kinematic term and the mass term, where m is the mass of the fermion. Additionally,
¥ = ¢y is the Dirac adjoint and ¢ = 0, y*. The famous “gamma” matrices, y*, obey the anticommutation
relation {y*,y"} = 2¢g"”, where g"” is the Minkowski metric.

It is worth noting that Eq. 1.9 has both positive and negative energy solutions moving forward in time. The
latter can also be understood as positive energy solutions moving backwards in time [49]. These negative
energy solutions correspond to antiparticles.

The QED Lagrangian is the sum of Egs. 1.8 and 1.9. An interaction term between the fields is introduced
via the “minimal coupling” prescription: the derivative d,, in Eq. 1.9 is replaced with the gauge covariant
derivative D, = 0, +ieQA,,, where e is the coupling strength of the interaction and Q is the electric charge of

the fermion. Such a replacement yields:

— 1
LQED = lﬁ(llz) - m)(/’ - ZFNVFIN

1 , (1.10)
= y(id — myy - 7 PP~ ey Ay
which is invariant under a U(1) local gauge symmetry:
Y(x) — exp(id(x))(x),
(1.11)

1
Ay(x) - A”(.X) - ;a,u/l(x) >

where A is a function of spacetime position x. If the Lagrangian for the vector field, Eq. 1.8, included a mass
term, +’§A#A“, then Eq. 1.10 would not be invariant under a U(1) local gauge symmetry. It is this symmetry of
the QED Lagrangian which leads to the conservation of electric charge, as per Noether’s theorem. The coupling
strength in Eq. 1.10 is therefore identified as the fundamental unit of electric charge, e = 1.602 x 10716 C.

Perturbation Theory: QED is regarded as an “interacting” theory, whereby the minimal coupling procedure
introduces an interaction term connecting the free field theories for  and A,,. With interacting theories, it is
typically impossible to exactly calculate observables of interest. Approximation methods must be used, the

most popular being perturbation theory. The underlying assumption of the use of perturbation theory is that
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the coupling strength of the interaction is “small”, allowing calculations to be expanded to some fixed order in

the coupling strength. In QED, for example, calculations are expanded in powers of the fine structure constant:
20,2 o

2 e (q ) q°=~0 1

= r — < 1. 1.12

W)= 137 (112

The power of 2 on the coupling strength e naturally arises when calculating the matrix element M for particular

observable O: I/\/(I2 = |(f IOIi)IZ, where i and f are the initial and final states, respectively.

1.1.3 Quantum Chromodynamics

Quantum chromodynamics (QCD) describes the interactions of coloured particles, quarks and gluons. Quarks,
coined by Gell-Mann [50], carry one unit of colour charge — red (r), green (g), or blue (b) — and antiquarks
carry one unit of anticolour charge. As such, quarks are represented by colour triplets:

q.
|Vji=1,...,6, (1.13)

0~

q; =

o~

q
q

~

where the index j runs over the six flavours of quarks. Gluons, in contrast, carry one unit of colour charge and
one unit of anticolour charge and are represented by colour octets. The colour confinement property of QCD
dictates that coloured particles are only found in composite particles called hadrons. Hadrons correspond to
colour-singlet states and can consist of two, in the case of mesons, or three, in the case of baryons, quarks.
Recently, measurements of five-quark resonances known as pentaquarks have been reported [51, 52].

QCD differs from QED in that its underlying symmetry is an SU(3) local gauge symmetry, as first proposed
by Greenberg [53] and Han and Nambu [54]. The SU(3) group is a non-Abelian group: its generators, T, do

not commute. As such, the quark and gluon fields transform as:

qi(x) — exp(if . Gﬁ(x))qj(x) Vj=1,...,6,

1 (1.14)
G(x) = Gix) = =0, () - Sl (DG (x) Y a=1,....8.

N

Here, G, are the gluon fields, g are functions of spacetime position x, gs is the coupling strength of the g; —
Gy, interaction, and f. are the structure constants of SU(3).! There are eight gluon fields as there are eight
generators of SU(3). These generators are typically written using the Gell-Mann matrices I T = 1/2. The
conserved quantities of the symmetry are the colour (C) charges, and so QCD is referred to as an SU(3)¢ local
gauge symmetry.

Writing the Lagrangian for QCD follows very nearly the same procedure as for QED. Quarks are governed

by the Dirac Lagrangian, Eq. 1.9, and gluons are governed by the Yang-Mills Lagrangian [55], leading to:

6 8
E . 1 § a auy
LQCD = C_Ij(llb - mj)qj — Z G;th M , (115)
j=1 a=1

where the g; — Gy interaction term is included via the minimal coupling prescription, Dy, = 8y, +igs 22:1 TGy,
and Gy, are the field tensors for the gluons, G}, = 9,Gy - 3,G}; — &s fabCGZGﬁ. The final term in the field

IThe structure constants f,. for a group are defined by [T“, T ] = ifapc T, where T are the generators of the group.
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tensor, —gs fachijﬁ, is due to the non-Abelian nature of QCD. One can see this term gives rise to 3- and
4-point gluon interaction terms not present in QED. As with QED, including a mass term for the gluons would

break the local gauge symmetry, and so such a mass term is excluded.

Analogously to QED, predictions in QCD rely on perturbation theory, expanded in terms of the strong
coupling constant:
8 (%)
4

as(q?) = (1.16)

The coupling constants for QED, «, and QCD, ay, depend on the four-momentum transferred during interac-

tions. For typical LHC proton-proton collisions, as ~ O(0.1).

1.1.4 The Weak Force and Electroweak Unification

The weak force describes the interactions of the spin-1 massive vector bosons, W* and Z, with the spin-1/2
fermions, leptons, neutrinos, and quarks. The boson-fermion interaction terms added to the SM Lagrangian
take the form of:

LD iy (gv — gays)WV, where gy # 0,84 # 0, (1.17)

where gy and g4 are the “vector” and “axial” coupling strengths, respectively, and V,, € [W;;, Z,]. Additionally,

¥y = —4% #eby vy¥ayp and e is a fully antisymmetric tensor with 9123 =1,

A key difference between Eq. 1.17 and the interaction term in Eq. 1.10 is the presence of nonzero axial
couplings, which indicates the weak interaction to be parity-violating. In particular, interactions involving Z
and W= bosons have |gy| < |ga| and gy = ga, respectively. The latter corresponds to an interaction containing a
left-handed chiral projection operator, 2igyyy* PLyyW, indicating that W* bosons couple only to left-handed
(LH) chiral particles and right-handed (RH) chiral antiparticles. In other words, the weak charged current is
maximally parity-violating.

In the 1960s, Glashow [56, 57], Weinberg [58], and Salam [59] postulated the existence of four vector
fields, B, and W;j Va € [1,2,3], which interact with the fermions of the SM and linearly combine to form
the observed bosons of QED and the weak force, a theory known as electroweak (EW) unification. The
symmetry group of the Lagrangian governing the vector field B, is a U(1) local gauge symmetry, where the
fields transform in the usual way:

Y
Y(x) - exp(izﬂ(x))wx),
1 (1.18)
B,(x) = Bu(x) - gaﬂ/l(x) s

where g’ is the coupling strength of ¢ — B,, interaction and Y is the weak hypercharge, the conserved quantity
of the symmetry. As such, the symmetry is labelled as U(1)y.
The symmetry group of the Lagrangian governing of the vector fields Wy, is an SU(2) local gauge

symmetry, where the fields transform as:
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W) = exp(iT - 600 y(x),

1 (1.19)
Wi(x) — Wi(x) - g—a,ﬂ“(x) ~ fa @ OW) YV a=1,....3

w

where gy is the coupling strength of the ¢ — Wy} interaction, T are the generators of SU(2), and g are functions
of spacetime position x. There are three components of the vector field as there are three generators of SU(2).
These generators are typically written using the Pauli spin matrices &*: T = #/2. Each generator has an
associated charge or weak isospin, T!, T2, and T3; however, only the third component of the weak isospin T3
and the total weak isospin T are conserved, the former referred to simply as the weak isospin. With respect to
this last point: only LH chiral particles and RH chiral antiparticles transform under this symmetry, which are

grouped according to generation into weak isospin doublets ¥y :

Ve Vi Ve u c t
TL € ’ ’ ’ ’ ’ ’ (1 ~2O)
¢y \HJ, 1), d L Yy b L
of total weak isospin 7 = 1/2 with a third component of weak isospin T3(v,) = T3(u) = ... = +1/2 and
T3(e) = T3(d) = ... = —=1/2. As such, the symmetry is labelled as SU(2),. RH chiral particles, alternatively,

are placed into weak isospin singlets /x:

YR € er, 1R, TR, UR, dr, CR, SR, IR, DR]. (1.21)

To decouple these states from the SU(2) symmetry, they are assigned T (yz) = T>(g) = 0.
Following the minimal coupling prescription, the Lagrangian governing the electroweak theory for a

spin-1/2 fermion  is:

3
71 - . 1 v 1 a a,uv
Lew = (YL + yYp)@D —m)(¥r + yg) - ZB,WB“ -1 Z Wy W H (1.22)
a=1
and:
Y 3 g
Dy =8+ ig 3By +igw ), W (1.23)
a=1

is the covariant derivative. The vector fields By, and Wj; are massless in order to preserve gauge invariance.

The terms for the ¥, — W;f interaction take the form:

3
8w w a Wy + -7 1 31473
-[:EW D — \PLO'aW \PL = —\PL(O'+W + 0 W + —O'W )lI”L, (124)
2 Z‘ V2 V2
where the following definitions have been used:
w* = L (W) +iw?)
n= Iz u’>
1‘/5 (1.25)
ot = E(O-l + 10'2)
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The first two terms of Eq. 1.24 lead to interaction terms proportional to ¥, W*e; and &, W™ v, 1, respectively,
using electrons and electron neutrinos as an example. Accordingly, W are identified as fields for the SM W*
bosons, albeit without mass.

In an analogous way, one can define the vector fields A, and Z,, which are linear combinations of the
vector fields B, and Wg:

A, = +B,cosby + w3 sin Gy ,
. g K (1.26)
Z, = —Bysinfy + W, cos Oy ,

where Oy is a parameter known as the weak mixing angle. These new fields have nonzero couplings to both LH
and RH chiral particles. The vector field A, is identified as the field for the SM photon. By fixing the couplings
of this field to those expected from QED, one finds the following relationship between weak hypercharge,
electric charge, and weak isospin: ¥ = 2(Q — T°). One also finds following relationship between the coupling
strengths of the various interactions: e = gw sin 6y = g’ cos fy. Accordingly, Z, is identified as the field for
the SM Z boson, albeit without mass. The coupling strength of the  — Z, interaction, gz = gw/ cos Oy, is
entirely determined by e and gy, and the electroweak theory is unified.

It is worth noting that the quarks’ mass eigenstates, the eigenstates of the free-field Lagrangian, are different
from the flavour eigenstates, the eigenstates of the interaction Lagrangian and what are observed in nature. In
particular, the flavour eigenstates are obtained via a unitary transformation of the mass eigenstates. The matrix
representing this unitary transformation is referred to as the Cabibbo-Kobayashi-Maskawa (CKM) matrix [27,
28]. This permits interactions between quarks of different generations via the weak force, albeit suppressed
by the magnitude of the off-diagonal elements of the CKM matrix. For simplicity, there will be no further
distinction between mass and flavour eigenstates in subsequent sections and chapters.

1.2 The Standard Model Higgs Boson

In Section 1.1.4, the electroweak Lagrangian, Eq. 1.17, has a fermion mass term —m(@L;bR + ZR‘I’L). However,
¥} transforms under the SU(2), gauge symmetry and iz does not, and so the mass term overall is not invariant
under the SU(2); gauge symmetry and necessitates m = 0. It was for the same reason that mass terms were not
included for the gauge bosons of the weak force, W* and Z. However, such a conclusion is clearly incorrect,
as both fermions and weak gauge bosons are experimentally known to have nonzero masses.

The Higgs mechanism, the spontaneous breaking of the local gauge symmetry of the electroweak sector
induced by the Higgs field, provides a theoretical resolution to this inconsistency by generating mass terms
for fermions and weak gauge bosons. It also generates interaction terms coupling the Higgs field to massive

particles known as Yukawa couplings.

1.2.1 Spontaneous Symmetry Breaking

Spontaneous symmetry breaking refers the process by which a Lagrangian’s symmetry becomes “broken” by
way of the system choosing to occupy a particular vacuum state out of two or more degenerate vacuum states
which are not invariant under the original symmetry.

As an example, consider a simple Lagrangian for a scalar field ¢:
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L= %(am)(a%) - V(¢) where V(¢) = %u%z + %*“’4’ (1.27)

where the mass of the field is \//? and A > 0 corresponds to the strength of the quartic self-interaction. The
Lagrangian is invariant under the global Z, symmetry ¢ — —¢.
The potential from Eq. 1.27 is plotted in Fig. 1.1 for both x> > 0 and ? < 0. In the former case, the

vacuum state occurs at ¢ = 0. In the latter case, the vacuum states occur at a nonzero value of the field,

¢p=+v= i' \/—,uz//l|.

V(e) V(¢)

(@p* >0 ()2 <0

Figure 1.1: Plots of the potential from Eq. 1.27 for different signs of .

Nature requires that the system is in a vacuum state. For the case of u?> < 0, an arbitrary choice must be
made be between +v and —v. Choosing +v for definiteness, the field may be expanded about its vacuum state:
¢ = ¢’ +v. Making this replacement in Eq. 1.27 and dropping constant terms recovers the original Lagrangian
but with an additional term proportional to ¢’>. This triplet interaction term is not invariant under the global

Z, symmetry of the original Lagrangian, and so the symmetry has been broken.

1.2.2 The Higgs Mechanism

The underlying theory of the Higgs mechanism was developed by Englert and Brout [60]; Guralnik, Hagen,
and Kibble [61]; and Higgs [62].> Embedded in the SU(2); ® U(1)y local gauge symmetry of the electroweak

sector, the model introduces two complex scalar fields which are placed into a weak isopin doublet ®:

¢t 1 (¢ +ido
®= = — , 1.28
[¢°] V2 (¢3 + i@) (1:28)

and as such transforms under the SU(2);, local gauge symmetry, ®(x) — exp(if . §(x))®(x). Here, ¢* is
electrically-charged and ¢° is electrically-neutral. The corresponding Lagrangian is:

Ly = (D,®)"(D*®) — V(@) where V(D) = (O’ ® + A(DD)?, (1.29)

where the vector fields B, and Wy are minimally coupled to scalar fields via the covariant derivative D, given

2The discussion in this section closely follows that of Chapter 17 in Thomson [63].
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by Eq. 1.23. For ? < 0, there are infinitely many vacuum states, ®'® = v?/2 = —u?/(21). The fields may be

expanded about one of these vacuum states as, breaking the local gauge symmetry:

1 ¢] + i¢2
O =— , 1.30
\/5((/1 +v)+ i¢4] (130

where ¢3(x) = h(x) + v and h(x) is a real scalar field and v is a real constant. When Eq. 1.30 is substituted into
Eq. 1.29, the fields ¢1, ¢», and ¢4 are now found to be massless. The bosons corresponding to these fields are
referred to as Goldstone bosons [64, 65]. The same substitution also demonstrates that the Goldstone bosons
have unphysical couplings to the gauge bosons of electroweak sector; however, the Goldstone bosons may be
removed by an SU(2);, local gauge transformation with a judicious choice of the gauge-fixing functions b(x).

This particular choice is know as the unitary gauge, and in the unitary gauge, Eq. 1.30 becomes:

1(0
o= $(h+v]_ (1.31)

Boson Masses and Couplings: The minimally-coupled kinematic term of the scalar field’s Lagrangian,
Eq. 1.29, may be expanded using the scalar field in the unitary gauge:

1 1
(D, ®)(D'®) = E(aﬂh)(aﬂh) + gg%V(W/l +iWHWHH — iW>)(h + v)*
(1.32)
1 ’ ’
+ 3@wW,i = & B)(gwW™ = ¢/ B')(h +v)?

The terms %vzg%,(Wli W+ W2W2#) are identified as mass terms for W'/2, and therefore the W* bosons, with

mass my = %ng. The mass terms for the Wg and B, fields are:

1 w3 1,
(DH(D)(DH(D) D E(W;j B#)M[B#] Where M = ZV (

i

g —swg
where M is the mass matrix. This matrix can be readily diagonalized to yield the mass eigenstates A, and
Z,, with eigenvalues mi = 0 and m% = %vz(g%, + g’z), respectively. If the ratio of the U(1)y-to-SU(2),,
fermion-boson couplings, g’/gw, is required to equal tan Oy, then the mass eigenstates correspond exactly to
those for the photon and Z boson fields, Eq. 1.26, with masses of m4 and my, respectively. Thus, all of the
gauge boson masses in the SM are accommodated by the Higgs mechanism.

Still working in the basis where the WS — B, mass matrix is diagonalized and using the definition of W7,

Eq. 1.25, the Higgs boson couples to massive gauge bosons with interaction terms:

1 1
(D, ®)(D*®) > 3 gV, VFh + Zg%,V”V”hh, (1.34)

where V, € [Wj, Z,]. It can be shown that coupling strength of the Higgs boson to massive gauge bosons is
proportional to the mass of the boson: % g%,v = gymy. There are no direct interaction terms coupling the Higgs
boson to pairs of photons or gluons as photons and gluons are massless. Instead, the 4 — A, / h — Gy, couplings

are indirectly generated via a massive fermion loop, typically a top quark, or a boson loop.

Fermion Masses and Couplings: The fermion masses in the SM are accommodated by coupling the Higgs

doublet to weak isospin doublets. The combination, ¥, ®, is invariant under an SU(2); local gauge symmetry.
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Invariance under a U(1)y local gauge symmetry is introduced by coupling this combination to a weak isospin
singlet. As the Hermitian conjugate of the total combination is also invariant, the Higgs-fermion interaction

terms must be of the form:

Lyukawa = —8y(PLOYg + yp@'¥,), (1.35)

where g, is referred to as the Yukawa coupling for . Following spontaneous symmetry breaking, the Higgs

doublet ® may be written in the unitary gauge and Eq. 1.35 becomes:

& s
v Vi
= _mw(EL'ﬁR + $R¢L) - %M@L%DR + ZR%”L)

h@uﬁR + JRlﬁL)
) (1.36)

V(JLWR + JR‘WL) -

LYukawa ==

where ;. is the lower spin-1/2 field of the corresponding weak isospin doublet and my = gy v/ V2 has been
identified as the mass of the fermion. In Eq. 1.36, the second term is referred to as a Yukawa interaction. The
corresponding coupling strength referred to as the Yukawa coupling.

To construct the mass terms for the upper spin-1/2 fields of the weak isospin doublets, the fermion fields

are coupled to the charge conjugate of ®:

- 1 (—¢3+i
D, = —io,®* =( 4 ]: L[t (1.37)
é V2\ ¢1 —ig>
via interaction terms of the form:
Lyikawa = 8y(PL O + Y 0IY)). (1.38)

Following spontaneous symmetry breaking and after writing @, in the unitary gauge, mass terms and Yukawa
interactions identical to Eq. 1.36 are obtained for the up, charm, and top quarks. Thus, through the Higgs
mechanism, fermion masses are accounted for in the SM.

1.2.3 Higgs Observables and Properties

Using the complete dataset obtained by the Tevatron at the end of its operation in late 2011, the mass of
a particle consistent the SM Higgs boson was limited to the range 115 < my < 140GeV [66], with a
maximum local significance of 30~ at 120 GeV. In late 2012, a particle consistent with the SM Higgs boson
was experimentally confirmed by the ATLAS [24] and CMS [25] experiments at the LHC, where a local
significance of 50~ at 125-126 GeV was observed. Since that time, there has been a strong program of precision
measurements of the Higgs boson’s properties as well as searches for di-Higgs production [67-73] and studies
of extended Higgs sector models [74-84].

Two of the most common observables reported by measurements in particle physics are production cross
sections and branching ratios for decay — this is no different for measurements characterizing the Higgs boson.
Both observables correspond to transitions between quantum mechanical states and are therefore understood
using the relativistic formulation of Fermi’s Golden rule [85, 86]. That is, the rate of transition is proportional

to the Lorentz-invariant matrix elements integrated over the Lorentz-invariant phase space.
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A production cross section describes the rate of two particles scattering to produce one or more daughter
particles and is given by [63]:

. number of interactions per unit time per target particle
Cross section = 0 = .

1.39
incident flux ( )

Cross sections are typically given in units of barns (b) where 1b = 10728 m?.

A branching ratio describes the relative rate of a particle decaying into two or more daughter particles. The
total rate of decay for a particle depends on its total transition rate or “width”, I', which is given by the sum of
the partial widths I'; for all possible sets of final state particles or “channels”:

dNn
=N Z I;=—NxT where I = Z I (1.40)

i € channels i € channels

For a particle species X, the branching ratio for the X — n channel, 8x_,,, is defined as the partial width for
that channel over the total width of X:

1—‘X—m

Branching ratio for X — n = 8x_,, = r
X

(1.41)

Observables for the Higgs boson, such as its production cross sections and branching ratios, are functions
of the properties of the Higgs boson, such as its mass and width. Measurements of the former may be used to

constrain the latter and vice versa.

Mass: The most precise measurements of the mass of the Higgs boson come from the ATLAS? [88] and
CMS [89] experiments. The world average is found by the PDG to be my = 125.25 + 0.17 GeV [26],
with the corresponding vacuum expectation value of the Higgs field v = 246 GeV. However, most physics
predictions which use my as an input parameter, including measurements of the production cross sections and
branching ratios, use the value obtained from the LHC Run 1 combination measurement by ATLAS and CMS:
125.09 + 0.21(stat.) + 0.11(syst.) GeV [90].

Width: The most precise measurements of the width of the Higgs boson come from the CMS experiment,
which has reported I'y = 3.2’:?:‘7‘ MeV using measurements of on- and off-shell Higgs couplings in the
H — Z7Z* — 4£/2£2y channels [91], in agreement with the SM expectation of 4.1 MeV. The ATLAS
experiment previously performed a similar measurement using only the 2015-16 LHC Run 2 dataset [92],

reporting a 95% upper limit of 14.4 MeV.

Cross Sections and Couplings: The tree-level Feynman diagrams for the main production modes of the
Higgs boson in pp collisions at centre-of-mass energy +/s = 13TeV are shown in Fig. 1.2. In order of

highest-to-lowest cross section, the main production modes are:

1. Gluon-gluon fusion (ggF or ggH), which corresponds to the coupling of gluons to a Higgs boson via a

heavy fermion loop;

2. Vector boson fusion (VBF or ggH), which occurs when scattering quarks radiate vector bosons which

then couple to a Higgs boson;

3 A more precise measurement by ATLAS has since been performed using the H — ZZ* — 4£ channel [87].
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3. Production in association with a vector boson (VH), which occurs when a vector boson radiates a Higgs

boson or couples to one via a heavy fermion loop;
4. Production in association with a top (tfH) or bottom (bbH) quark pair.

As the coupling strength of the Higgs boson to a particle is a monotonically increasing function of the
particle’s mass, the Higgs boson will preferentially decay into heavier particles. The leading decays include
H — bb, H > WW*, H — 7. However, measurements in these channels must contend with large hadronic
backgrounds or final states which cannot be fully reconstructed. The H — ZZ* and H — yy decays have

considerably smaller branching ratios but final states with clean experimental signatures.

q

______ H H
g9 q
(a) ggF (b) VBF
9 S ™ e H g9
9 VA g
(¢)gqg —» VH (d)gg - ZH
q t,b g t,b
q b g t,b

(e) ttH and bbH

Figure 1.2: Tree-level Feynman diagrams for the main production modes of the Higgs boson in pp collisions
at /s = 13 TeV [93].

State-of-the-art calculations are available for the production cross sections of the Higgs and its branching
ratios [94-97]. Figs. 1.3a and 1.3b show the predicted Higgs boson production cross sections and branching
ratios, respectively. Tables 1.3 and 1.4 list the cross sections and branching ratios, respectively, assuming fixed
values of my = 125.09GeV and +/s = 13 TeV.
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Figure 1.3: Higgs boson production cross sections in pp collisions as a function of centre-of-mass energy +/s
and (b) Higgs boson branching ratios as a function of the mass of the Higgs boson my [97]. In both plots,
the uncertainty bands correspond to a combination of theoretical uncertainties as well as uncertainties on the
parameters entering the calculations.

Table 1.3: SM Higgs boson production cross sections in pp collisions assuming a Higgs boson mass my =
125.09 GeV and a centre-of-mass energy /s = 13 TeV [97]. The uncertainties correspond to theoretical
uncertainties.

Production mode ‘ Cross section [pb]  Uncertainty [%]

ggF 485 +3.9
VBF 378 +2.1
WH 1.37 +2.0
ZH 0.882 +4.1/-35
1TH 0.507 +6.9/-9.9
bbH 0486  +20.1/-23.9

Cross sections measured by ATLAS in a recent combination measurement are shown in Fig. 1.4a, where
excellent consistency with the SM is observed. Fig. 1.4b shows the Higgs-boson and Higgs-fermion coupling
strengths as a function of the mass of the boson or fermion. For vector bosons as well as third generation

fermions, there is excellent consistency with the SM.

With the Yukawa couplings to third generation fermions well established, ATLAS and CMS have begun
studying the Yukawa couplings to second generation fermions, including H — pji [98, 99] and H — cc [100,
101]. The results obtained thus far are consistent with the SM but do not reach the same level of precision as
measurements of H — 77 and H — bb. As the LHC heads into Run 3 and beyond, improving the sensitivity
of these channels will be critical for testing the flavour universality of the Yukawa couplings — that is, that

there are no additional corrections to the Yukawa couplings beyond their mass dependence.
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Figure 1.4: (a) Measured cross sections for the production modes of the Higgs boson in pp collisions at
v/s = 13 TeV normalized to their SM expectations [102]. The yellow boxes include only the statistical
uncertainty, the blue boxes include only the systematic uncertainty, and the black error bars include both
statistical and systematic uncertainties (b) Measured coupling strengths for fermions, kg (mp/v) VY F € [t, b, T, u],
and bosons, /ky(my/v)¥YV € [W,Z], as a function of their mass [102]. The black error bars indicate the 68%
confidence intervals for the measured parameters.
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Table 1.4: SM Higgs boson branching ratios assuming a Higgs boson mass of my = 125.09 GeV [97]. The
uncertainties correspond to a combination of theoretical uncertainties as well as uncertainties on the parameters
entering the calculations.

Decay channel ‘ Branching ratio  Uncertainty [%]

H — bb 5.81x 107! +1.7
H— WW* 2.15x 107! +2.2/-2.1
H — gg 8.18 x 1072 +7.3/-7.2
H—- 1T 6.26 x 1072 +2.3
H — cc 2.88 x 1072 +6.6/-2.8
H— 77" 2.64 x 1072 +2.2/-2.1
H— yy 227x 1073 +2.9/-2.8
H— Zy 1.54 x 1073 +6.8/-6.9
H — pji 217 x 107 +2.4

1.3 Associated Production of Higgs Bosons in the H — WW* Decay
Channel

Higgs boson production in association with a W or Z boson, which are respectively denoted by WH and ZH
and collectively referred to as associated production, provides direct access to the Higgs boson’s couplings to
vector bosons given knowledge of the other branching fractions of the Higgs. The values of these couplings
are predicted by measurements of the electroweak coupling strengths and the vacuum expectation value of the
Higgs field, and so measurements of associated production provide stringent tests of the SM.

In this thesis, a measurement of associated production of Higgs bosons in the H — WW* decay channel is
described. The measurement utilizes the full LHC Run 2 dataset, corresponding to an integrated luminosity
of 139 fb~! recorded by the ATLAS detector using proton-proton collisions at centre-of-mass energy /s =
13TeV.

1.3.1 Channel Overview

The VH, H — WW* measurement is performed in several channels based on the decays of the W bosons from
the Higgs and the associated vector boson V. The channels are split according to the number leptons in the
final state as well as the charge configuration of those leptons. The channels are defined such that they are
“orthogonal” to one another — events found in one channel will not be found in any other channel, ensuring
independent measurements. The tree-level Feynman diagrams for the signal topologies of interest are shown
in Fig. 1.5.

Within each channel, one or more signal regions enriched in VH, H — WW" events are constructed.
W — tvand Z — 77 decays with leptonically-decaying tau leptons for any of the vector bosons in the VH,
H — WW* topology are also included as signal; however, VH, H — 77 is treated as background. For some
channels, control regions normalizing one or more of the dominant backgrounds to data are also defined.

To achieve the highest precision measurement possible, all channels use multivariate discriminants to
extract the VH, H — WW* signal within their respective signal regions. Multivariate discriminants are
capable of efficiently utilizing correlations between input variables to isolate target processes, making them
advantageous over kinematic selections alone. The multivariate discriminants in the signal regions as well as

the event yields in the control regions are fitted in the combined measurement, and the WH/ZH production



18 CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS AND THE HIGGS BOSON

cross sections times the H — WW* branching ratio are extracted as the final result.

ISy}

q

¢ q
(a) 2¢ different-flavour, opposite-sign VH (b) 2¢ same-sign WH
a v 7 &

(©)3¢ WH (d) 46 ZH

Figure 1.5: Tree-level Feynman diagrams for the signal topologies considered by the VH, H — WW*
analysis [103].

For final states with two leptons (2¢), there are two channels. The different-flavour, opposite-sign (DFOS)
VH channel targets two DFOS leptons, eu/ue, from the decay of the Higgs and two or more jets from the
decay of the associated vector boson. As there is no leptonic decay required of the vector boson, both WH and
ZH are included as a signal. The channel contends with large dilepton backgrounds, including top-antitop pair
production (#f), Z boson production in association with jets (Z+jets), and diboson production (g — WW).
Control regions are used to normalize the top, Z+jets, and gg — WW backgrounds to data.

The 2¢ same-sign WH channel targets two same-sign leptons and one or more jets. The 2¢ same-sign
channel is divided into three subchannels based on the flavours of the leading leptons: uu, ee, and eu/ue. The
largest backgrounds include trileptonic WZ and same-sign WW production. This channel also has considerable
contamination from the misidentified lepton background. This background is estimated using a data-driven
procedure common to the 2¢/3¢ channels. For the ee and eu/ue subchannels, the background attributed to
electrons with misidentified charge is estimated using a data-driven procedure specific to the 2¢ same-sign
WH channel.

The 3¢ channel is subdivided according to the number of same-flavour, opposite-sign (SFOS) lepton pairs
in the final state: the Z-depleted channel requires zero SFOS lepton pairs and the Z-dominated channel requires
one or more SFOS leptons pairs. Both channels are inclusive in the number of jets. There is greater background
contamination in the Z-dominated channel than in the Z-depleted channel. In the case of Z-dominated, the
background consists primarily of trileptonic WZ with much smaller contributions from ZZ and misidentified

leptons. In the Z-depleted channel, trileptonic WWW, trileptonic WZ, and misidentified lepton backgrounds
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contribute all roughly equally. Control regions normalizing the WZ background to data are shared between the
3¢ channels.

The 4¢ channel, following a similar approach to the 3¢ channel, is subdivided according to the number
of SFOS lepton pairs in the final state. The 1 SFOS (1SFOS) channel contends with backgrounds from
four-lepton ZZ, t#Z, and misidentified lepton processes, while the 2 SFOS (2SFOS) channel is dominated by
ZZ production. Both channels are inclusive in the number of jets. A data-driven procedure is used to estimate
the misidentified lepton background. This procedure is different from that used for the 2£/3¢ channels as the
composition of the misidentified leptons is different. A control region normalizing the ZZ background to data

is shared between the 4¢ channels.

1.3.2 Existing Results

Previous iterations of the analysis were performed by ATLAS and CMS using the LHC’s Run 1 dataset at +/s
=7 and 8 TeV [103, 104] as well as the 2015-16 Run 2 dataset at /s = 13 TeV [105, 106]. CMS has also
published results using the full Run 2 dataset [107, 108].

In its 2015-16 analysis [105], ATLAS measured the WH/ZH production cross sections, o w/zu, times the
H — WW?* branching ratio, By_,ww-, to be:

own X Buoww = 0.67033(stat.) 013 (sys.) pb,

+0.31 +0.15 (1.42)
Oz0 X Bu_ww+ = 0.54755,(stat.)” 5 ;7(sys.) pb,

However, this measurement only included the 3£/4¢ channels and utilized a much smaller fraction of the Run 2
integrated luminosity, 36.1 fb~'. As these results are limited by the statistical uncertainty in data, the inclusion
of the full Run 2 dataset will improve the precision significantly with an expected reduction in the statistical
uncertainty by a factor of 2. The signal region distributions following the statistical fit (or “post-fit”’) and the
2D likelihood contours for the measured cross sections from the 2015-16 analysis are shown in Fig. 1.6.

Given that VH production has been observed in the H — bb decay channel [109—-111] and H — WW*
has been observed from a combination measurement of ggF, VBF, and VH production [112], it is expected
that VH, H — WW* will be observed with sufficiently high statistics. However, there are still Beyond the
SM (BSM) effects which could lead to a modification of its cross section and couplings to vector bosons.
BSM particles — for example, additional Higgs bosons introduced via two-Higgs-doublet models [113, 114]
or new heavy vector bosons [115, 116] — sharing the same signature as VH can lead to enhancements to its
cross section [117, 118]. Pseudoscalar Higgs bosons can also mix with the SM Higgs boson and modify the
charge-parity (CP) structure of its couplings to vector bosons [119-122]; however, CP-odd contributions are
already significantly constrained by ATLAS [123, 124] and CMS [125, 126].
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Figure 1.6: The post-fit boosted decision trees (BDTs) for the 3¢ (a) Z-dominated and (b) Z-depleted WH
channels and (c) the post-fit yields for the 4¢ 1SFOS and 2SFOS ZH channels from the VH, H - WW*
measurement utilizing the 2015-16 Run 2 dataset measured by ATLAS [105]. The error bands include both
statistical and systematic uncertainties. (d) The 2D likelihood contours for the measured WH/ZH production
cross sections times the H — WW?* branching ratio from the same analysis.



Chapter 2

The ATLAS Detector at the Large
Hadron Collider

The ATLAS (A Toroidal LHC ApparatuS) detector [127] is one of four large detectors operating at CERN’s
Large Hadron Collider (LHC) [128], the others being the CMS (Compact Muon Solenoid) [129], LHCb (LHC
beauty) [130], and ALICE (A Large Ion Collider Experiment) [131] detectors. ATLAS and CMS are both
general purpose detectors designed for high-luminosity proton-proton collisions and measurements of a diverse
range of phenomena. LHCb studies flavour physics and specifically the interactions of b-hadrons, providing
insight into the asymmetries of nature. ALICE uses heavy ion collisions to study quark-gluon plasma, whose
conditions are similar to those in the earliest moments of the universe.

In this chapter, the design and operation of the LHC (Section 2.1) as well as the ATLAS detector

(Section 2.2) — the experimental apparatus of the VH, H — WW* measurement — are described.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [128, 132—-134] is a particle-particle collider located beneath the French-
Swiss border at the European Organization for Nuclear Research (CERN). The LHC is roughly circular in
design, with a circumference of 26.7 km which is divided into eight arcs, each with a radius of curvature of
2.8 km, and eight straight sections, each with a length of 528 m. Of the eight straight sections, four of which are
equipped with interaction points for particle-particle collisions and are instrumented by one of the LHC’s large
detectors: ATLAS, CMS, LHCb, or ALICE. Two of these interaction points, located diametrically opposite
one another along the LHC’s ring, support high-luminosity collisions and are instrumented by ATLAS and
CMS. A diagram of the LHC accelerator complex, including the positions of the LHC’s major experiments, is
shown in Fig. 2.1.

2.1.1 Design and Operation

The LHC was designed for proton-proton (pp) collisions with a beam energy of 7 TeV and a luminosity of
O(10**) cm~2s~! and heavy ion collisions with a beam energy of 2.8 TeV per nucleon and a peak luminosity
0(10"ycm=2s7!. As a particle-particle collider, the LHC consists of two independent rings with counter-

rotating beams. Each ring has its own magnetic field and vacuum chamber, with common sections only at the

21
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Figure 2.1: The LHC accelerator complex at CERN [135].

interaction points. Because there is insufficient room in the tunnel for two separate rings, the LHC utilizes
twin-bore magnets [136]. Each magnet contains two sets of coils and beam channels, both sharing the same
mechanical and cooling infrastructure. A cross section of a typical LHC magnet is shown in Fig. 2.2.

The LHC accelerator chain begins with hydrogen gas. Protons are stripped away from the gas and
accelerated to 50 MeV via Linac2 [138]. Coming from Linac2, protons are bunched into synchronous groups
or “bunches” by the Proton Synchrotron Booster (PSB) followed by the Proton Synchrotron (PS) [139]. The
bunches are spaced 25 ns apart and accelerated to 25 GeV. Coming from the PS, protons are accelerated to
450 GeV by the Super Proton Synchrotron (SPS) [140] and injected into the LHC. The bunches have an
intensity of 1.15 x 10'! protons/bunch at the injection, and the LHC is capable of supporting 2,808 bunches
per ring during collisions.

Once in the LHC, the beam is accelerated using a 400 MHz (RF) superconducting cavity system, with
eight multi-cavity cryomodules per beam [128, 141] and an energy gain of 485 keV per turn. Each cryomodule
consists of four single-cell cavities operating at a field strength of 5.5 MV/m and sharing a common cryostat
and klystron [142]. The cavities themselves are made of copper sputtered with superconducting niobium, which

has the benefit of being less susceptible to quenching than solid niobium. The cryostats maintain the cavities
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Figure 2.2: Cross section of an LHC dipole magnet [137].

at 1.9 K using superfluid helium. Additionally, niobium couplers are used to dampen the higher-order modes
(HOMs) of the RF cavities, preventing beam instabilities [143]. A cross section of an LHC RF cryomodule is
shown in Fig. 2.3.
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Figure 2.3: Cross section of an LHC RF cyromodule [132].

Dipole magnets are responsible for bending the beams along the arcs of the LHC. For a proton beam energy
of 7TeV, the required field strength is 8.33 T. This necessitates the use of superconducting magnets — the LHC
uses magnets with niobium-titanium windings and cooled to 1.9 K with superfluid helium. Complementing
the dipoles are the main quadrupole magnets, which are responsible for focusing each beam in the transverse
plane. The main quadrupoles have a nominal field gradient of 223 T/m [128]. In total, there are 1,232 dipoles
and 392 main quadrupoles along the length of the LHC [144]. Additional magnets perform further refinement
of each beam’s optics, including modifying their chromaticity, matching different sections of the accelerator,
and ultimately colliding the beams in the interaction regions [145]. There are approximately 6,000 of these
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additional magnets for corrections, matching, and collisions.

During collisions, there is O(1) GJ of energy stored in the circulating beams and the magnet system. The
LHC’s beam dump system is used to safely dispose of the beam at the end of a run or during a malfunction
or an emergency. The beam dump system consists of kicker magnets [146] which instrument a dedicated
interaction region, deflecting each beam above and away from the LHC cryostat with a rise time of 3 us when
a beam dump is triggered. Each beam travels towards a beam dump cavern, ~750 m away from the kicker
magnets, where they enter a 7.7 m long carbon absorber. The carbon absorber is water-cooled and surrounded
by ~900 tonnes of radiation shielding [128].

During the LHC’s Run 1 (2009-2013), the beam energy was 3.5 or 4 TeV. During the LHC’s Run 2 (2015
2018), the beam energy was increased to 6.5 TeV, corresponding to a centre-of-mass energy /s = 13 TeV [147].

2.1.2 Luminosity

Exploration of the energy frontier of particle-particle interactions necessitates a sufficiently large set of

measured events. In particular, the event rate dN/dt for a particular physics process is given by:
dN
e

where L is the instantaneous luminosity and o is the cross section for the physics process of interest. The

Lo, 2.1

instantaneous luminosity is given in units of flux (e.g., cm~2s~!). To indicate the amount of collision data

measured by a detector, the (time) integrated luminosity, £, is typically reported:

.EEdet, (22)

and so the total event yield may be written as N = Lo — that is, the event yield is proportional to the integrated
luminosity. The integrated luminosity is given in units of inverse area and typically inverse femtobarns (fb™")
where fb~! = 10* m~2. Measurements of precision physics and searches for rare processes therefore benefit
greatly from the LHC’s high instantaneous luminosity and long data-taking periods.

Assuming Gaussian beam distribution, the instantaneous luminosity at the LHC is given by:

L= NgnbﬁeVYr

F, 2.3
4dre,B* 2.3)

where N, is the number of particles per bunch, n; is the number of bunches per beam, fi.y is the revolution
frequency, vy, is the relativistic gamma factor, g, is the normalized transverse beam emittance, 5* is the beta
function at the interaction point, and F' is the geometric reduction factor due to the crossing angle of the beams
at the interaction point, 150-200 urad. The revolution frequency and relativistic gamma factor are fixed by
the beam energy of 6.5 TeV, fi., = 11.245kHz and y, = 7460.5. The Run 2 values for all other parameters in
Eq. 2.3 are given in Table 2.1.

Due to loss of beam during collisions, multiple Coulomb scattering within bunches or “intrabeam” scat-
tering, and emittance growth, the luminosity decays exponentially with a lifetime of 14.9 hours. In order to
maximize the luminosity achievable, the LHC is operated in runs of length 5.5 or 12 hours with turnaround
times of 1.15 and 7 hours, respectively [128]. Gas ionization chambers monitor the luminosity at the LHC [151].

The ATLAS detector has its own dedicated subsystems for luminosity measurements, the primary detector
being LUCID-2 [152]. LUCID-2 consists of two modules placed +17 m longitudinally from the interaction

point, and each module is composed of sixteen photomultiplier tubes using quartz windows as Cherenkov
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Table 2.1: Design [128] and actual [148—150] LHC beam parameters for pp collisions at /s = 13 TeV during
Run 2. The bunch spacing was 25 ns for all years. The variables are described in Section 2.1.2.

Parameter ‘ Design 2015 2016 2017 2018
N, [x10!! protons/bunch] 1.15 1.1 1.1 1.1 1.1
ny, [bunches/beam] 2,808 2,232 2,208 2,544 2,544
&, [um] 3.75 3.5 2.5 2.0 2.0
B [m] 0.55 0.8 04 0.3 0.3
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Figure 2.4: The cumulative integrated luminosity provided by the LHC (“LHC Delivered”) and measured by
ATLAS (“ATLAS Recorded”) using pp collisions at +/s = 13 TeV for the full Run 2 data-taking period [155].
The “Good for Physics” fraction requires the reconstructed physics objects to be of good quality.

media. LUCID-2 measures the per-bunch visible interaction rate, s, by counting hits. The visible inelastic
cross section, ojs, represents an absolute calibration and is measured from special LHC runs where the
colliding beams are scanned in the transverse plane, also known as van der Meer scans [153, 154]. Using ptyis

and o, the per-bunch instantaneous luminosity, L, may be calculated:

_ ,uvisﬁ"ev
Tvis

Ly 2.4)
The total instantaneous luminosity is obtained by summing Eq. 2.4 over all colliding bunch pairs, and the total

integrated luminosity is obtained by integrating the total instantaneous luminosity over the data taking period:

L= fdt Z L. (2.5)

period bunches

For the LHC’s Run 2, ATLAS measured a total integrated luminosity of £ = 139fb™' with a relative
uncertainty of 1.7% [148]. This number represents the fraction of the total measured luminosity passing data
quality monitoring and corresponds to a data quality efficiency of 95.6% [155]. Fig. 2.4 shows the integrated
luminosity delivered by the LHC and measured by ATLAS as a function of time over Run 2.
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2.2 The ATLAS Detector

The ATLAS detector [127] is a cylindrically-symmetric detector with a near 4 solid angle coverage. It is
situated at Interaction Point 1 at the CERN LHC, 100 m below ground. ATLAS reconstructs collisions with

high efficiency and precision using a diverse array of subsystems including:

e An inner tracking system (Section 2.2.1) for reconstructing charged particle tracks, which bend in the

field of a central solenoid, as well as primary and secondary vertices;

o A calorimetry system (Section 2.2.2) for reconstructing electrons, photons, jets, and missing transverse

momentum;

e A muon spectrometer (Section 2.2.3) for reconstructing muons deflecting in the field of a toroidal

magnet system.

A trigger and data acquisition system (Section 2.2.4) uses a combination of hardware-based and software-based
triggers to reduce the event rate from 40 MHz to ~1.2kHz. A diagram of the ATLAS detector is shown in
Fig. 2.5. In terms of scale, ATLAS is 44 m in length, 25 m in diameter, and weighs 7,000 tonnes.

ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre
of the detector. The z-axis points along the beam pipe, the x-axis points from the interaction point to the
centre of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, ¢) are used in the transverse
plane, where r is the radial extent and ¢ is the azimuthal angle around the z-axis. The polar angle 8 is defined
relative to the z-axis, and the pseudorapidity is defined in terms of the polar angle as 7 = —Intan(6/2). The
pseudorapidity is approximately equal to the rapidity at LHC beam energies. Angular distance is measured in
units of AR = +/(An)? + (A¢)2. Additional details on the four-momentum parameterization adopted at hadron

colliders can be found in Appendix A.

25m
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Figure 2.5: The ATLAS detector [156].
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2.2.1 Inner Tracking System

The inner tracking system [157, 158], also known as the inner tracker or inner detector, performs the recon-
struction of charged particle tracks and vertices, providing momentum measurements, lepton identification,
and flavour tagging capabilities in the region || < 2.5 and for track momenta as low as 500 MeV. The design

momentum resolution of the inner tracker is:

% =0.05% X pr ® 1% for |y| < 2.5 [127]. (2.6)
T

Situated closest to the interaction point, the inner tracker utilizes a highly segmented design with radiation-
tolerant components to handle the high occupancy of hits, O(10?) particles every 25 ns, and the high fluence of
radiation, up to an integrated fluence of o010 neq/cm2 at end-of-life, delivered during pp collisions. The
inner tracker’s low material budget helps minimize particle scattering and ensures optimal performance of the
detector [127].

Three subdetectors comprise the inner tracker: the pixel detector, the SemiConductor Tracker (SCT), and
the Transition Radiation Tracker (TRT), in order of increasing radial distance from the beam axis. The pixel
detector and the SCT are collectively known as the silicon tracker. A diagram of the inner tracker is shown in
Fig. 2.6a and its relative layout is shown in Fig. 2.6b.

The inner tracker is enveloped by the central solenoid [159, 160], which provides a 2 T magnetic field [161]
and enables measurements of a track’s momentum and the sign of its charge. The central solenoid consists of

a single niobium-titanium superconducting coil and is cooled to 4.5 K using liquid helium [162].

Silicon Tracker: For the pixel detector and the SCT, the operation relies on reverse-biased silicon sensors:
the sensor’s readout implants (i.e., the anode) are biased with —150 V relative to the sensor’s backplane (i.e.,
the cathode) at the start of operation and up to —600 V at end-of-life [127]. Ionizing particles traversing the
depletion layer in the silicon’s bulk generate electron-hole pairs, O(100) pairs/um [164]. The electrons and
holes drift in the electric field within the silicon and are measured as a current by readout electronics. If the
total deposited charge exceeds a set threshold, it is regarded as a “hit”. The thickness of the sensors is typically
a compromise between the operating voltage, signal strength, and design complexity, while the segmentation
of the sensors is chosen for the desired precision, particle occupancy, and noise performance [127].

The pixel detector [165] is closest to the interaction point in radius and has the highest granularity of the
tracking subdetectors. The pixel detector consists of three concentric cylinders or “barrels” surrounding the
beam axis and two “endcaps”, each consisting of three disks perpendicular to the beam axis and longitudinally
placed at opposite ends of the barrel. The barrel layers and endcaps are composed of units called modules [166],
and each module performs the readout of a 256 um thick n*-in-n-type silicon sensor [167]. Each sensor is
segmented as a 328 X 144 array of pixels of size 50 x 400 um? in r — ¢ x z with intrinsic accuracies of 10 um in
r—¢ and 115 um in r/z. The readout electronics [168] provide time-of-arrival information such that each hit
can be uniquely associated to a specific bunch crossing. A schematic view of a barrel pixel module is shown in
Fig. 2.8a.

During the long shutdown between the LHC’s Run 1 and 2, the pixel detector was expanded by the
installation of the Insertable B-Layer (IBL) [169—171] at a radius of 33.5 mm. The IBL consists of a single
barrel layer of modules built from 200 pm thick n*-in-n-type silicon sensors. Each sensor is segmented as
a 336 x 80 array of pixels of size 50 x 250 um? in r — ¢ X z. As the IBL’s end-of-life expected fluence is 20

times larger than that of the innermost pixel detector layer, the readout electronics of the IBL were redesigned
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Figure 2.6: (a) The ATLAS inner tracker [163]. (b) Quarter section in » — z showing the relative layout of the
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major detector elements [127]. The Insertable B-Layer is not shown.
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with an improved radiation hardness with respect to the pixel detector [172]. A 3D rendering of the IBL is
shown in Fig. 2.7. Collectively, the IBL and pixel detector provide typically four hits per track [127].
Following the pixel detector is the SCT [173, 174]. The SCT consists four barrel layers and two endcaps,
each consisting of nine disks. Analogous to the pixel detector, the barrel layers and endcaps are composed
of modules [175, 176] which perform the readout of 285 um thick p-in-n-type silicon sensors [177]. Each
sensor is segmented longitudinally into strips with a mean pitch of 80 pm and intrinsic accuracies of 17 um in
r—¢ and 580 um in r/z. A single module, shown schematically in Fig. 2.8b, consists of two sensors mounted
back-to-back with a 40 mrad stereo angle rotation for simultaneous measurements of ¢ and r/z. A binary
readout architecture is used for all modules [178, 179]. The SCT provides typically eight hits per track [127].
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Figure 2.7: The ATLAS Insertable B-Layer [171].
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Figure 2.8: (a) Schematic view of a barrel pixel module [166]. The front-end chips (FEs), module control chip
(MCQ) [180], temperature monitoring (NTC), and sensor elements are indicated. (b) Schematic view of a
barrel SCT module [175].
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Transition Radiation Tracker: The outermost subdetector of the inner tracker is the TRT [181, 182],
whose basic detection units are 4 mm diameter gaseous drift (“straw”) tubes. Each tube contains a gold-plated
tungsten anode wire, which runs along the tube’s axis of symmetry, and an associated aluminum cathode layer,
which is embedded in the tube’s polyimide wall and biased at —1.53 kV relative to the anode. The volume of
each tube is filled with a 70% Xe / 27% CO; / 3% O, gas mixture [183, 184]. When a charged particle passes
through, the gas ionizes and generates a cluster of charge. The cluster avalanches with a gain of 2.5 x 10* as it
drifts in the electric field towards the anode, where its arrival time is measured by readout electronics [185].
Using knowledge of the drift velocity of electrons in the gas mixture, the track’s position may be determined.

The TRT consists of a barrel detector [186], with straw tubes arranged parallel to the beam axis, and two
endcap detectors [187], with straw tubes arranged radially into layers. The barrel detector is divided into three
concentric rings, with the readout of each ring instrumented by 32 modules. Each endcap detector is divided
into twenty wheels, each constituting a single module. Interspersed between the barrel straw tubes and the
endcap straw layers are polypropylene wires and foils, respectively, which act as transition radiation materials.
The transition radiation emitted by charged particles can result in further ionization and additional hits. The
TRT provides typically 36 hits per track [127].

Environmental Control: Evaporative cooling is used to maintain the temperature of the inner tracker [127,
188]. In order to minimize the impact of radiation damage on the silicon sensors, the pixel detector and the
SCT are both operated at —7 °C. The coolant, C3Fj, is circulated through capillaries located on each detector.
Additionally, the volume enclosing each detector is flushed with dry nitrogen gas to prevent condensation on
the cold surfaces. The TRT, in contrast, is operated at room temperature, 20 °C. Carbon dioxide is circulated in
the volume between the straw tubes, acting as a thermal conduit to the edges of each module where capillaries

carrying C¢F4 remove excess heat.

2.2.2 Calorimetry System

Surrounding the inner tracker and the central solenoid is the calorimetry system [189, 190], which performs
the reconstruction of electrons, photons, jets, and missing transverse momentum as well as the identification of
electrons and photons in the region || < 4.9.

The electromagnetic calorimeters measure the electromagnetic showers created by electrons, which lose
energy primarily through bremsstrahlung, and photons, which interact primarily through pair production [26,
191]. The electromagnetic calorimeters have sufficient depth, >22 and >24 radiation lengths in the barrel and
endcaps, respectively, to contain the showers [127]. The energy resolution of the electromagnetic calorimeters

is:

10%
A ® 0.5% |nl <3.2[189] 27

E W ©3.5% 3.1 <Inl <4.9[192]

In contrast, the hadronic calorimeters measure the hadronic showers created by charged or neutral hadrons
interacting via the strong or electromagnetic interactions. The hadronic calorimeters have sufficient depth,
9.7 and 10 interaction lengths in the barrel and endcaps, respectively, to contain the hadronic showers [127],
shielding the muon system from punch-through and providing good measurements of missing transverse

momentum. The energy resolution of the hadronic calorimeters is:
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50%
op _|NE®3% Il <32[190] 08)

E 2L ©7.5% 3.0< il <49[192]

In general, the response of a hadronic calorimeter for the electromagnetic (e) and non-electromagnetic (k)

components of a shower are not equal. The ratio, e/h, is a function of the fraction of the electromagnetic
component [193], which in turn is a function of the energy of the incident particle [194, 195], as well as
depends on the calorimeter’s material.

All of the calorimeters in ATLAS are sampling calorimeters, consisting of absorber layers, which reduce
the energy of the incident particle, interleaved with active layers, which produce a measurable signal dependent
on the energy of the incident particle [191]. In contrast, homogeneous calorimeters — for example, the CMS
electromagnetic calorimeter [196] — are composed of a single material which acts as both the absorber and
the active material. The intrinsic energy resolution of homogeneous calorimeters is typically better than
that of sampling calorimeters. In sampling calorimeters, the energy deposited in the active layers fluctuates
event-by-event due to the presence of independent absorber layers, and so oz/E o« +t/E where t is the
thickness of the absorber layers [191].

The calorimetry system is divided into three subsystems: the electromagnetic calorimeters, the hadronic
calorimeters, and the forward calorimeters. The central solenoid is enveloped by the electromagnetic barrel
calorimeter, which in turn is enveloped by the hadronic barrel calorimeter. The forward calorimeters instrument
the region close to the beam axis. A diagram of the calorimetry system is shown in Fig. 2.9a and its relative
layout is shown in Fig. 2.9b.

Electromagnetic Calorimetry: The electromagnetic calorimetry subsystem is composed of a barrel calorime-
ter [199], which instruments || < 1.475, and two endcap calorimeters [200], which instrument 1.375 < |n| <
3.2. Tt utilizes liquid argon (LAr) as an active material, which possesses good linearity, stability, and radiation
tolerance, between accordion-shaped layers of lead absorbers, which offer high granularity and good azimuthal
coverage. The thickness of the absorbers varies from 1.13 to 1.53 mm in the barrel and from 1.7 to 2.2 mm in
the endcaps, and the spacing between the absorbers is 4.2 mm in the barrel and varies from 0.9 to 3.1 mm in
the endcaps. Both the thickness and the spacing vary with location in |57] and ». Copper-polyimide electrodes
are placed halfway between subsequent absorber layers [201]. The electrodes consist of two high-voltage
copper layers capacitively coupled to an inner copper layer at ground potential, which performs signal readout.
The high-voltage layers are biased with +2kV in the barrel; in the endcaps, the potential varies from +1 to
+2.5kV as the spacing between the absorbers also varies. All of ATLAS’s liquid argon calorimeters utilize a
common set of readout electronics [202, 203].

The barrel calorimeter is divided into two halves at z = 0. Each half-barrel consists of sixteen identical
sectors or modules [204] and each endcap calorimeter consists of eight identical modules [205]. Modules
are further divided into three sampling layers of varying An X A¢ segmentation. The first sampling layer is
segmented finely as 0.025/8 x 0.1. The second sampling layer collects the majority of an electromagnetic
shower’s energy and is segmented as finely as 0.025 x 0.025. The third sampling layer collects the tail of
a shower and has uniform segmentation, 0.050 x 0.025 [127]. A sketch of an electromagnetic calorimeter
module is shown in Fig. 2.10a.

A presampler, placed immediately in front of the electromagnetic calorimeter and instrumenting |n| < 1.8,
is used to correct for the energy lost by incident particles upstream of the calorimeter [206]. It consists of two

half-barrels and two endcaps, each composed of 32 modules with uniform An X A¢ segmentation, 0.025 x 0.1.
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Figure 2.9: (a) The ATLAS calorimetry system [197]. (b) Cross section in r — z showing the relative layout of
the major detector elements [198].
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Each module utilizes a thin active layer of liquid argon enveloped by readout electrodes.

Hadronic Calorimetry: The hadronic calorimetry subsystem is composed of a barrel calorimeter [207-209],
which instruments || < 1.7, and two endcap calorimeters [210], which instrument 1.5 < || < 3.2. Unlike the
electromagnetic calorimetry system, the hadronic calorimetry system uses different active and absorber layers
in the barrel versus the endcaps.

The barrel calorimeter, known as the tile calorimeter, utilizes steel as the absorber and scintillating tiles as
the active layers. It is divided into a central barrel and two extended barrels, each composed of 64 modules.
Special modules instrument the gap regions between the barrel and each extended barrel [127]. The scintillating
tiles are made of polystyrene [211] and are arranged radially and normal to the beam axis. The tiles are built
into the steel bulk of each module in a staggered fashion to ensure good azimuthal coverage, resulting in a 4.7:1
steel-scintillator volume ratio. Wavelength-shifting fibres are used to collect the scintillation light produced
by each tile, and groups of fibres are bundled together and read out by photomultiplier tubes [212, 213].
The granularity of bundling is used to define three radial sampling depths of varying An X A¢ segmentation,
0.1 x 0.1 for the inner and middle layers and 0.2 x 0.1 for outer layer [127]. A sketch of an tile calorimeter
module is shown in Fig. 2.10b.

The endcap calorimeters utilize liquid argon an active material between plates of copper absorbers. Each
endcap is divided into a front wheel and a rear wheel, each composed of 32 identical modules. The absorber
plates have a typical thickness of 25 and 50 mm in the front and rear wheels, respectively, leading to finer
and coarser sampling of hadronic showers [210]. The liquid argon gaps between the plates have a uniform
thickness of 8.5 mm, and each gap is segmented into four drift zones of equal width by three copper-polyimide
electrodes. The outer electrodes are biased with +2kV relative to the central electrode, which performs signal
readout [210]. By etching these electrodes, readout cells of varying An X A¢ segmentation are defined, 0.1 x 0.1
for |n| < 2.5 and 0.2 x 0.2 for || > 2.5 [127]. The calorimeter’s signal-to-noise ratio is optimized by its

integrating front-end electronics into the cold mass of the endcaps [214].
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Figure 2.10: (a) Sketch of an electromagnetic calorimeter barrel module [189]. The three sampling layers of
varying An X A¢ segmentation are indicated. (b) Sketch of a tile calorimeter module [127].
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Forward Calorimetry: The forward calorimetry subsystem [192] instruments the region close to the
beam axis, 3.1 < || < 4.9. It is composed of two endcaps calorimeters, each of which is composed of an
electromagnetic module and two hadronic modules. Each module consists of a 45 cm long cylindrical absorber
with liquid argon as the active material. For the electromagnetic module, the absorber is built from a stack of
copper plates as copper provides the optimal resolution and thermal control [192]; for the hadronic modules,
the absorber is built from a matrix of tungsten slugs as tungsten provides good containment of showers and
minimizes their lateral spread [127]. A 45 cm long cylindrical brass plug is placed directly behind the third
module of each endcap to shield the muon system from radiation damage. The relative layout of the forward

calorimetry subsystem is shown in Fig. 2.11a.

The modules are segmented parallel to the beam axis by cylindrical bores housing the readout elec-
trodes [127]. Each readout electrode consists of a grounded copper tube enclosing a high-voltage coaxial
rod. The rod is composed of copper, in the case of electromagnetic modules, or tungsten, in the case of
hadronic modules, and biased such that a 1 kV/mm electric field is generated. The gap between the tube and
the rod constitutes the active liquid argon volume. The gap thickness, which varies from 0.27 to 0.51 mm, is
nearly an order of magnitude smaller than that of the other liquid argon subsystems to avoid problems due
to positive ion build-up [215]. Each module is segmented in Ax X Ay by ganging together varying numbers
of electrodes [192]. The segmentation can be as fine as 2 and 3.5 cm? in the electromagnetic and hadronic
modules, respectively [127]. A schematic of the electrode structure is shown in Fig. 2.11b.
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Figure 2.11: (a) Quarter section of the ATLAS endcap calorimeters showing the relative layout of the
major detector elements [127]. The electromagnetic endcap (EMEC), the hadronic endcap (HEC), and the
electromagnetic (FCal 1) and hadronic (FCal 2 and FCal 3) forward calorimeters are indicated. (b) Schematic
of the forward calorimeter electrode structure [127]. The relative size of the Moliere radius (Ry,) is also
indicated.

Environmental Control: All of ATLAS’s liquid argon calorimeters are housed in cryostats which maintain
the liquid argon at a cold and stable temperature, 87 K. The central solenoid and electromagnetic barrel
calorimeter share a common cryostat [216], where an inner cavity houses the solenoid and an outer cavity
houses the calorimeter. Each set of endcap calorimeters, including the electromagnetic endcap, hadronic

endcap, and forward calorimeters, share a common cryostat [217].
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2.2.3 Muon Spectrometer:

The muon spectrometer [218] is the outermost system of the ATLAS detector. It performs the reconstruction
of charged particle tracks exiting the barrel and endcap calorimeters, providing momentum measurements and
lepton identification in the region |r7| < 2.7 and for track momenta as low as 3 GeV and as high as 3 TeV. The

design momentum resolution of the muon spectrometer is:

% =0.01% x pr for pr > 300GeV [218]. (2.9)
T

Additionally, it designed to trigger on tracks in the region || < 2.4 [127].

The muon spectrometer is divided into a barrel, which consists of three concentric cylindrical shells, as
well as two endcaps, each of which consists of four wheels. The operation of the muon spectrometer is realized
through a suite of detector technologies embedded within large air-core toroid magnets sharing the ¢ symmetry
of the spectrometer. A diagram of the muon spectrometer is shown in Fig. 2.12a, and its relative layout in  — z
and x — y is shown in Figs. 2.12b and 2.12c, respectively.

Precision tracking measurements are performed by the Monitored Drift Tubes (MDTs). The MDTs measure
a track’s coordinates in the bending (r — z) plane of the toroid, adopting the coordinate in the non-bending
(x —y) plane from a matched trigger chamber [127]. In the more forward regions of the spectrometer, the MDTs
are complemented by the Cathode Strip Chambers (CSCs). The CSCs are segmented both longitudinally and
transversely relative to the bending plane and therefore provide coordinates in the bending and non-bending
planes simultaneously. An optical alignment system [219-221] is used to monitor the positions and internal
deformations of the precision tracking chambers, ensuring the locations of the detector elements are known to
better than 40 pm.

The Resistive Plate Chambers (RPCs) and the Thin Gap Chambers (TGCs) perform fast triggering on tracks
in the barrel and endcaps, respectively. Both the RPCs and the TGCs are capable of delivering information on
a track within a few tens of nanoseconds following its passage [127]. Their spatial resolution enables excellent
discrimination of muon pr both centrally and forwardly, and their timing resolution enables bunch crossing
identification with an accuracy of 99%. Owing to their longitudinal and transverse segmentation relative to the
bending plane of a track, the coordinates measured by the trigger chambers complement those measured by
the precision tracking chambers.

The air-core toroid magnet system consists a barrel [222] and two endcap [223] toroids, each divided in
eight octants and providing magnetic fields of 0.5 and 1 T, respectively. The toroid magnets are built from
niobium-titanium-copper superconducting coils [224]. They are contained within individual stainless-steel
cryostats [225-227] and cooled to 4.6 K using liquid helium [228]. The magnetic field of the toroid magnet
system is continuously monitored by 1,700 3D Hall sensors distributed throughout the muon spectrometer [229].

The geometry of the magnet system is shown in Fig. 2.13.

Monitored Drift Tubes: The MDTs [231, 232] instrument precision tracking in the region || < 2.7. A
single MDT consists of a 3 cm diameter aluminum tube filled with a 93% Ar / 7% CO, / < 0.1% H,O gas
mixture [233]. A gold-plated, tungsten-rhenium wire runs along the tube’s axis of symmetry [234]. The wire,
which acts as the anode, is biased at +3.08 kV relative to the tube, which acts as the cathode. As ionizing
particles traverse the volume of the tube, their deposited charge avalanches with a gain of 2 x 10* as it drifts
in the electric field towards the anode. Readout electronics measure the leading edge of the resulting signal,

which yields the distance of the track from the wire with an accuracy of 80 um [235]. A cross section of a
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Figure 2.12: (a) The ATLAS muon spectrometer [230]. (b) Quarter section in r — z and (c) cross section in
x —y showing the relative layout of the major detector elements [218].
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Figure 2.13: Geometry of the ATLAS magnet system [127], showing the windings of the central solenoid
(red, innermost), the steel of the tile calorimeter and the return yoke (blue, purple, orange, and green), and the
windings of the barrel and endcap toroids (red, outermost). To give a sense of the scale, the central solenoid’s
outer diameter is 2.56 m and its axial length is 5.8 m, while the barrel toroid’s outer diameter is 20.1 m and its
axial length is 25.3 m [127].

MDT is shown in Fig. 2.14a.

Groups of MDTs are assembled into rectangular (in the barrel) or trapezoidal (in the endcaps) multi-layer
chambers [236], each with a combined accuracy of 35 um in the bending plane. The shapes and dimensions
are chosen such the solid angle coverage is maximized [237]. The multi-layer chambers, in turn, are assembled
into three barrel layers and two endcaps, each consisting of four disks. In both the barrel and the endcaps,
the axis of symmetry of each MDT points along the ¢ direction [127]. The mechanical structure of a MDT
chamber is shown in Fig. 2.14b. The MDTs provide 20 coordinate measurements per track in both the barrel
and the endcaps [127].

Cathode Strip Chambers: In the region 2 < || < 2.7 for the innermost wheel of each endcap, the counting
rates exceed the limit for safe operation of the MDTs; instead, the CSCs [238] instrument this region due to
their higher rate capability and timing resolution [127]. A CSC is a multi-wire proportional chamber with
gold-plated, tungsten-rhenium anode wires arranged radially from the beam axis and planes of cathode strips
arranged perpendicular and parallel to the anode wires, enabling simultaneous measurements of 77 and ¢. The
anode wires are biased with +1.9kV relative to the cathode strips, and the volume of each CSC is filled with
an 80% Ar / 20% CO, gas mixture. Ionizing particles traversing the gas generate clusters of charge which
avalanche with a gain of 6 x 10*. The clusters are collected at the anode, and the induced charge distribution
on the cathode strips is read out by radiation-hard electronics [239]. A cross section of a CSC cell is shown in
Fig. 2.15a.

Four planes of CSCs are assembled into chambers of large and small volume designs [127]. To maximize
the precision of the charge distribution measurement while minimizing the number of readout channels, every
two neighbouring strips which are read out have two floating strips between them [240, 241], resulting in
an average readout strip pitch of 5.4 mm. The capacitive coupling of the floating strips to the readout strips

reduces the non-linearity of the position measurement [127]. Each CSC additionally uses the relative charge
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Figure 2.14: (a) Cross section of a MDT [127]. (b) Mechanical structure of a MDT chamber [218]. The
aluminum frame carries two multi-layers, each with three or four layers of MDTs. The width of the frame
varies from 1 to 2 m, and the length of the frame varies from 1 to 6 m [127].

distribution across the cathode strips to obtain the precision coordinate, making the measurement immune to
fluctuations in the gas. Altogether, the spatial resolution in the bending plane is 40 um. The cathodes strips
parallel the anode wires have a coarser resolution of 5 mm in the non-bending plane [127]. The time of arrival
of the clusters is obtained using the logical OR of the signals in the corresponding cathodes strips of each
plane, resulting in a timing resolution of 7 ns and ensuring reliable bunch crossing identification [127].

The CSC system consists of two endcap disks, each composed of eight large chambers and eight small
chambers. A 3D view of an endcap disk is shown in Fig. 2.15b. The CSCs provide four coordinate measure-

ments per track [127].
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Figure 2.15: (a) Left: the structure of a CSC cell, looking down the wires; right: the structure of a CSC cell
in the bending plane, looking down the strips [127]. The wire pitch s is equal to the anode-cathode spacing
d =2.5mm. (b) A 3D view of the CSC chamber layout [218].
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Resistive Plate Chambers: The RPCs [242-244] comprise the trigger system in the central region of the
muon spectrometer, || < 1.05. A RPC consists of two parallel resistive plates, each composed of phenolic-
melaminic plastic laminate with a thin graphite coating and spaced 2 mm apart [245]. The gap between
the plates is filled with a 94.7% C,H,F4 / 5% iso-C4H;o / 0.3% SF¢ gas mixture [246], and the plates are
biased such that a uniform 4.9 kV/mm electric field is generated. When an ionizing particle traverses the
gaseous volume, the resulting avalanche current induces a signal on planes of copper pick-up strips flanking
the outermost edges of each plate. The strips have a 25-35 mm pitch, with one plane segmented along the
direction and the other plane segmented along the ¢ direction. The layout of a readout strip plane is shown in
Fig. 2.16a. Gallium-arsenide readout electronics, chosen for their reliability, are mounted directly onto the
RPCs [247, 248]. The RPCs have a good spatial resolution, 10 mm in both z and ¢, and an excellent timing
resolution, 1.5 ns [127]. Additionally, they are capable of operating at high counting rates, up to a maximum
of 700 Hz/cm? [249].

Two independent detector layers, each with a gaseous volume and two planes of readout strips, are
embedded in a paper honeycomb matrix and constitute a unit [127], as shown in Fig. 2.16b. Contiguous units
are joined to form sectors, and three barrel layers are built from sixteen sectors each.! The large transverse
separation between the innermost and outermost barrel layers, 2.4—-3 m, enables triggering on high-pr tracks,
9-35GeV. In contrast, the small transverse separation between the innermost and middle layers, ~0.5m,

enables triggering on low-pr tracks, 6-9 GeV. The RPCs provide six coordinate measurements per track [127].
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Figure 2.16: (a) Layout of a RPC pick-up strip plane [127]. (b) Cross section of a RPC sector showing
units [127]. The dimensions are given in millimeters.

Thin Gap Chambers: The TGCs [242, 251] comprise the trigger system in the forward regions of the muon
spectrometer, 1.05 < || < 2.4. A TGC is a multi-wire proportional chamber with gold-plated, tungsten anode
wires arranged azimuthally to the beam axis [218]. The wires, which are spaced 1.8 mm apart, are sandwiched
halfway between two cathode planes, which are spaced 2.8 mm apart. Each cathode plane is composed of a
fiberglass laminate (G-10) plate with a thin graphite coating. One of the planes is etched with copper pick-up
strips extending radially from the beam axis, segmented with an azimuthal granularity of 2—3 mrad [127].
The volume of the chamber is filled with a 55% CO, / 45% n-CsH;, gas mixture [252]. The gas confers an

'During the LHC’s shutdown between Run 1 and Run 2, a fourth layer of RPCs were installed in the detector feet region, —2.16 < ¢ <
—1.77 and —-1.37 < ¢ < —0.98, to cover holes in the geometrical acceptance caused by support structures [250].
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avalanche gain of 3 X 10> when the anode wires are biased with +2.9kV relative to the cathode strips. Anode
wires are ganged together in groups of 6-31 wires and measure the coordinate in the bending plane with
a resolution of 2—6 mm, while the cathode strips measure the coordinate in the non-bending plane with a
resolution of 3—7 mm [127]. Owing to the high electric field between cathode planes and the small anode
wire pitch, the TGCs have an excellent timing resolution, 3.7 ns [253]. A cross section of a TGC is shown in
Fig. 2.17a.

The TGCs are embedded in a paper honeycomb matrix and assembled into doublet and triplet modules
with two and three TGCs, respectively, as shown in Fig. 2.17b. The modules are then assembled into an inner
endcap instrumenting 1.05 < || < 1.92 and an outer endcap instrumenting 1.92 < |n| < 2.4. The inner endcap
is composed of a single layer of doublet modules, while the outer endcap is composed of one layer of triplet
modules followed by two layers of doublet modules. The TGCs provide nine coordinate measurements per
track [127].
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Figure 2.17: (a) Cross section of a TGC [127]. (b) Cross sections of TGC triplet (left) and doublet (right)
modules [127]. The relative width of the gas gaps is increased for clarity.

2.2.4 Trigger and Data Acquisition System

The trigger and data acquisition (TDAQ) system [254-257] performs the online processing, selecting, and
storing of collision events of interest for offline analysis. The TDAQ system utilizes a two-stage trigger,
consisting of a Level-1 (L1) trigger and High-Level Trigger (HLT), and is responsible for reducing the data rate
from the LHC bunch crossing frequency, 40 MHz, to a level acceptable by bandwidth and storage constraints.
A diagram of the TDAQ system during Run 2 is shown in Fig. 2.18.

The L1 trigger [254], the first stage, is a hardware-based trigger and uses reduced-granularity information
from the calorimeters and muon detectors [257]. In particular, the RPCs and TGCs are used to trigger on
muons, and the calorimeters are used to trigger on electrons/photons, taus, jets, missing transverse momentum,
and total transverse energy [127]. The L1 trigger accepts events with a maximum read-out rate of 100 kHz and
a latency of 2.5 us [257].

The HLT [255] is a software-based trigger. The HLT uses fast trigger algorithms for early event rejection
followed by regional reconstruction using information seeded by the L1 trigger to reduce the read-out rate to
~1.2kHz [257]. The latency of the HLT is O(200) ms due to the CPU-intensive algorithms used [258].
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Figure 2.18: The ATLAS TDAQ system during the Run 2 [257]. The Fast TracKer (FTK) system [259] was
not used.

Level-1 Trigger: The L1 calorimeter (L1Calo) trigger [260] is a pipelined digital system using custom
electronics. As input, the L1Calo trigger works with ~7,200 analog trigger towers, primarily of granularity
Anx A¢ = 0.1 x 0.1, from the electromagnetic and hadronic calorimeters. A pre-processor [261, 262] digitizes
the analog signals, associates them with specific LHC bunch crossings using a digital filter, and converts the
digital signals into measurements of transverse energy [260]. These measurements are sent in parallel to the
Cluster Processor (CP) and the Jet/Energy-sum Processor (JEP), both of which use sliding window algorithms

to search for trigger features [263].

The CP system implements the electron/photon and tau trigger algorithms, identifying 2 x 2 trigger tower
clusters as Regions-of-Interest (Rols) by requiring the sum of the transverse energy for at least one of the four
possible nearest neighbour towers, 1 X2 or 2 X 1, to pass a programmable threshold [258, 260]. As an isolation-
veto, the twelve towers surrounding the Rol are summed and required to be less than a programmable threshold.
Both the Rol and the isolation-veto clusters are shown schematically in Fig. 2.19a. In order to resolve the
ambiguity due to overlapping trigger tower windows, the total sum of the 2 X 2 core towers, calculated for
both the electromagnetic and hadronic calorimeters and added together, must be a local maximum with respect
to its eight nearest neighbours [260]. The local maximum test is shown pictorially in Fig. 2.19b.

The JEP system implements the jet trigger algorithm and produces global sums of the missing transverse
momentum and the total transverse momentum. Jet elements, the sum of 2 X 2 trigger towers in the elec-
tromagnetic calorimeter added to the sum of 2 X 2 trigger towers in the hadronic calorimeter, are the basic

units of the trigger algorithm. The transverse energy is summed within a window of 2 x 2, 3 x 3, or 4 X 4 jet
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elements, depending on the desired jet multiplicity, and the total sum is required to be above a programmable
threshold [260]. Within each window, a 2 X 2 region is required to be a local maximum in order to resolve
ambiguous hits — this region is identified as the Rol [260]. The different window sizes are shown in Fig. 2.19c.

The L1 muon (L1Muon) trigger [250], like the L1Calo trigger, is a pipelined digital system using
custom electronics. The momentum of a muon, estimated using the degree of deviation from the hit pattern
expected for a muon with infinite momentum, is required to pass a programmable threshold to yield an accept
decision [250]. The region of the detector associated with the trigger is identified as the Rol, typically of
granularity An X A¢ = 0.1 X 0.1 and 0.3 X 0.3 in the barrel and endcaps, respectively [250].

In the barrel region, || < 1.05, the accept decision is based on the coincidence of hits in two or three
RPC barrels for the low- and high-pr thresholds, respectively [264]. The high-pt thresholds are used for
single-muon signatures, while the low-pt thresholds are used in conjunction with other triggers for multi-object
signatures [250]. A schematic of the barrel trigger is shown in Fig. 2.20a.

In the endcap region, 1.05 < || < 2.5, the accept decision is based on the coincidence of hits in the inner
and outer TGC endcaps, which reduces the trigger background due to low-py charged particles emerging from
the endcaps [250]. A coincidence between the TGCs and the tile calorimeter is used to further reject fake
muon triggers in the region 1.05 < || < 1.3 [250]. A chamber-by-chamber optimization of the coincidence
windows is performed to account for the alignment of the detector [250]. Like the barrel trigger, the L1Muon
endcap trigger instruments both low- and high-pr thresholds. A schematic of the endcap trigger is shown in
Fig. 2.20b.

To cope with the increased instantaneous luminosity and therefore the increased background rate during the
LHC’s Run 2, the L1 trigger was updated to include topological information on each trigger object’s direction
in space in addition to multiplicity [265]. This updated system, the L1 topological (L1Topo) trigger [265, 266],
receives energy/momentum and topological information for each trigger object, enabling accept decisions
which select on high-level variables such as the invariant mass or angular distance [267].

The L1-Accept (L1A) trigger decision is formed by the Central Trigger Processor (CTP) [268, 269].
The CTP receives inputs from the L1Calo, L1Muon, and L1Topo trigger systems as well as other detector
subsystems including the LUCID-2 Cherenkov counters [152], the Minimum Bias Trigger Scintillators? [270],
and the Zero-Degree Calorimeters® [271]. For each L1-accepted event, the front-end data is read out for all
subdetectors, transferred to the associated ReadOut Drivers (RODs) for initial processing, and finally buffered
in the ReadOut System (ROS) [257]. In parallel, the Rols identified by the L1 trigger are transferred to the
HLT for regional reconstruction. The CTP additionally applies a preventative dead time between subsequent

L1As to avoid overlapping readout windows and overflowing front-end buffers [257].

High-Level Trigger: The HLT selects events using trigger chains, each of which consists of a L1 trigger and
a sequence of HLT algorithms which reconstruct physics objects, apply kinematic selections, and form the
HLT-accept decision [257]. Most HLT algorithms use fast reconstruction for initial event rejection followed

by slower precision reconstruction for the final selection [258]. As input, the HLT receives the event data

2The Minimum Bias Trigger Scintillators, which instrument the region 2.08 < || < 3.75, provide an efficient and unbiased trigger
during low-luminosity runs. They consist of 2 cm thick polystyrene scintillator disks mounted in front of the electromagnetic endcap
calorimeters at z ~ £3.6 m. The scintillation light is guided via optical fibers to photomultiplier tubes, which measure the arrival time of
the signal as well as the total charge collected [270].

3The Zero-Degree Calorimeters, located at z = £140m and 6 ~ 0° (|| > 8.3), enhance ATLAS’s acceptance for diffractive processes
and provide an minimum bias trigger during pp collisions [127]. Each calorimeter consists of one electromagnetic module and three
hadronic modules, and each module consists of tungsten absorber plates perforated by an array of quartz rods. Incident particles emit
Cherenkov light in the quartz, and the light is subsequently measured by photomultiplier tubes to yield energy and transverse position
information with a 100 ps timing resolution [271].
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Figure 2.19: (a) A schematic view of the trigger towers used as input to the L1Calo electron/photon and tau
trigger algorithms [127]. (b) The local maximum test used for ambiguity solving in the L1Calo electron/photon
and tau trigger algorithms [127]. The possibility of equal digital values are accounted for by the “greater-
than-or-equal-to” operators. The horizontal and vertical axes correspond to 1 and ¢ axes, respectively. Each
square represents a 2 X 2 cluster of trigger towers and the square labelled “R” indicates the Rol. (¢) Window
sizes used by L1Calo jet trigger algorithm [127]. Each square corresponds a jet element and the shaded area
indicates the Rol.

measured within the Rols identified by the L1 trigger [257]. For some trigger chains — for example, those
relying on missing transverse momentum — the event data from the full detector is used [267]. Events accepted
by the HLT are transferred to the Tier-0 facility at CERN for offline reconstruction [272].

The available trigger chains cover diverse range of physics signatures, including electrons [273], pho-
tons [273], muons [250] taus [274], jets [275], b-jets [276], missing transverse momentum [277], total
transverse energy [267], and B-mesons [267]. The list of trigger chains used during data-taking constitutes
the trigger menu [257]. The main goal of the trigger menu during Run 2 was to maintain single-electron and
single-muon triggers with pr thresholds around 25 GeV to collect the majority of events with leptonic W/Z
decays [257]. In order to accommodate increases in the LHC’s instantaneous luminosity, the trigger menu was
adjusted yearly over the duration of Run 2 [278-281].

For the VH, H — WW* measurement described in this thesis, the data is selected using only single-electron

and single-muon triggers. The precision reconstruction of electron and muon candidates in the HLT closely
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Figure 2.20: A schematic of the L1Muon trigger in the r — z plane for (a) the barrel and (b) the endcaps [127].
Both low- and high-pt muons as well as their associated coincidence windows are shown. In (a), “RPC1”,
“RPC2”, and “RPC3” refer to the three RPC barrel layers. In (b), “T” indicates the TGC doublet of the inner
endcap and “M1”, “M2”, and “M3” indicate the single TGC triplet and two TGC doublets of the outer endcap.

follows that used in offline reconstruction. The trigger efficiencies for the single-electron and single-muon

triggers used by the VH, H — WW"* measurement are shown in Fig. 2.21.

For the single-electron triggers, the fast electron reconstruction proceeds via a cut-based algorithm
(Etr < 15GeV) or a neural-network-based (“Ringer’””) algorithm (Et > 15GeV) [273]. The cut-based
algorithm builds clusters using calorimeter cells from the electromagnetic calorimeter within the Rol. Each
cluster is centered on the most energetic cell of the second sampling layer and is required to be a local
maximum in its transverse energy sum. Additionally, each cluster must pass electron identification based on
its transverse energy and shower shape parameters [273]. The Ringer algorithm [282] relies on the fact that
electromagnetic showers develop laterally in a conic fashion, receiving as input the transverse energy sums
for concentric rings centered on the most energetic cell of each sampling layer [273]. The Ringer algorithm
ensures optimal fake rejection while maintaining a high trigger efficiency. For both algorithms, electron
candidates must be matched to tracks reconstructed by the inner detector within the Rol [283].

The precision electron reconstruction proceeds via a sliding window algorithm operating on a grid of
projective towers within a given sampling layer of the electromagnetic calorimeter [284]. Windows sizes
of An x A¢ = 0.075 x 0.175 and 0.125 % 0.125 are used in the barrel and endcaps, respectively [258]. The
algorithm scans the grid until the transverse energy contained within the window is found to be a local
maximum. If the local maximum is above a set threshold, the window is identified as an electromagnetic
cluster. This process is repeated for each sampling layer [258]. A multivariate technique is then used to
calibrate the energy of each cluster to the electron energy scale [285], and a likelihood-based discriminant is
used to identify electrons [286]. Tracks reconstructed by the inner detector are assigned to the clusters using
distance matching, |An(track, cluster)| < 0.05 and |A¢(track, cluster)| < 0.05 [273]. An isolation criterion is
optionally applied by requiring the pr-sum of the inner detector tracks within a cone of size AR = 0.2 centered

on and excluding the electron candidate to be less than 10% of the electron candidate’s pr [273].
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For the single-muon triggers, the fast muon reconstruction proceeds by fitting standalone muon candidates
within the Rol, using a parameterized function to reconstruct each candidate’s transverse momentum [250].
The MDT hits, excluding noise hits, are provided as input to the fit and are complemented by hit information
from the endcap MDTs and the CSCs in the regions 1.05 < || < 1.35 and 2.0 < || < 2.4, respectively [250].
The standalone muon tracks are back-extrapolated to the interaction point and combined with inner detector
tracks to produce combined muon candidates with refined track parameter resolutions [250].

The precision muon reconstruction proceeds by building combined muon candidates in a manner analogous
to fast reconstruction; however, if no combined muons are found, they are searched for by extrapolating tracks
from the inner detector to the muon spectrometer [250]. The transverse momentum of the muon candidate is
required to be above a set threshold. Additionally, an isolation criterion is applied by requiring the pr-sum
of the inner detector tracks within a longitudinal distance of 6 or 2 mm of the primary vertex to be less than
6 or 7% of the muon candidate’s p [250]. The muon track is excluded from the pr-sum, and the particular
choice of distance and fractional pr cut varies between data-taking years. To recover missing muons due to L1
trigger inefficiencies, the muon candidates are searched for in all muon detectors and provided to the precision
reconstruction algorithm as additional Rols [250].
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Figure 2.21: Single-electron [273] and single-muon [250] trigger efficiencies in Run 2 data and simulation. In
(a) and (b), the efficiencies correspond to the logical OR of all single-electron triggers and are obtained using
Z — ee events. The efficiencies are plotted as a function of offline electron E1 and 5. The errors bars include
both statistical and systematic uncertainties. In (c) and (d), the efficiencies correspond to the logical OR of
the single-muon triggers with pr thresholds of 26 and 50 GeV and are obtained using Z — ujt events. The
efficiencies are plotted as a function of offline muon pr. The error bars indicate the statistical uncertainty.



Chapter 3

Monte Carlo Simulation

In high-energy scattering experiments, Monte Carlo (MC) simulation is used to make predictions for the rates
and kinematics of the physics processes involved, incorporating theoretical and experimental knowledge of the
phenomenology of particle physics with computational tools. The programs used to make these predictions are
known as MC event generators. Examples of commonly used MC event generators include Pownec Box [287-
289], PytHaia [290], SueErpA [291], MaDGrAPHS _aMC@NLO [292], and HErwiG [293, 294].

MC event generation corresponds to a random sampling of the underlying probability density function
governing the physics. Each sampling is realized as an exclusive event. To allow for direct comparisons with
data, the effect of each event on the ATLAS detector is simulated and digitized, allowing physics objects to be
reconstructed in the same way as collision data. The simulation and digitization is typically performed using
the GEant4 toolkit [295-297].

This chapter provides an overview of the MC simulation used to model proton-proton (pp) collisions at
Vs = 13 TeV (Section 3.1) as well as describes the simulated samples used as inputs to the VH, H —» WW*
analysis (Section 3.2).

3.1 Event Generation and Detector Simulation

MC simulation is a stochastic simulation of fully exclusive collision events. It seeks to factorize the short-range
(high-¢?) and long-range (low-¢?) physics into a series of discrete steps. These steps correspond to the matrix

element calculation, parton showering, hadronization, and finally detector simulation.

3.1.1 Matrix Element Calculation

Physics predictions at hadron colliders are complicated by the fact that hadrons are composite particles — any
of the quarks or gluons inside the hadrons may interact with one another during collisions, each carrying an
indeterminate amount of the parent hadron’s momentum. It is necessary, then, to integrate over the possible
interacting constituent particles as well as over the momentum fractions carried by those constituents. These
constituents are referred to as partons [298, 299], and the momentum fraction x of a parent hadron 4 carried by
a constituent parton p is described by a probability density function known as a parton distribution function
(PDF), f,/n. PDFs are not known a priori and must be measured experimentally. Examples of commonly used
PDFs include the NNPDF3.0 [300] and PDFALHC15 [301] PDF sets, and proton PDFs for various flavours of

partons are shown in Fig. 3.1.

46
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Figure 3.1: Proton PDFs xf(x, g*) for various flavours of partons from the NNPDF3.0 PDF set [300]. The
PDFs are plotted as a function of the momentum fraction x for two different values of the four-momentum
transfer ¢2, 10 GeV? (left) and 10* GeV? (right). Figure obtained from the Particle Data Group [26].

The pp collision with the highest four-momentum transfer, the hard-scatter collision, consists two initial
state partons scattering to produce # final state particles. The cross section for the hard-scatter collision, o,
is given by [302, 303]:

1 1
Gppﬁn(s,u,zg,,uiﬁzz:fo fo dx; dx; fi(xis () £ s 13) Gijsn(Xis X S, s T (3.1)
P

———
(a) (b)

where the partonic cross section J;;_,, is given by:

1 7 d*pi 2
R 2 2N )
Gijon(Xis Xj, S, Mg, Up) = m H( W |Mij_>n| (D15 s Py Ry UF) (3.2)
~——— _

(© (d) ©

Egs. 3.1 and 3.2 may be broken down into several logical blocks:
(a) The summation over the initial state parton flavours, i and j, for each proton;

(b) The integration over the proton PDFs for parton flavours i and j, f;(x;, ,u%) and fi(x;, ,u%), respectively.
Here, ur corresponds to the factorization scale, which is introduced to cure infrared divergences due to
collinear and soft parton emissions;

(c) The parton flux, where x; and x; are the momentum fractions carried by partons i and j, respectively,
and s is the centre-of-mass energy squared,

(d) The product of the Lorentz-invariant phase space integrals for all outgoing particles, 1,...,n;
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(e) The Lorentz-invariant matrix element squared for the scattering of initial state partons i and j, which is
a function of the final-state phase space ¢y, ..., ¢,, the renormalization scale ug, and the factorization

scale ur. The renormalization scale is introduced to cure ultraviolet divergences due to loop integrals.

The partonic cross section, Eq. 3.2, is evaluated through a perturbative expansion in the strong coupling

constant g :

& afley, (3.3)
i=0

Q

where n = 0 denotes the leading-order calculation, n = 1 denotes the next-to-leading-order calculation, and
so on. For four-momentum transfers typical of the hard-scatter collision, |g| ~ O(0.1-1) TeV, the strong
coupling constant is small, s ~ O(0.1), and so the perturbative expansion is valid. However, during the
evaluation of the contributions or “diagrams” to the partonic cross section at fixed-order, one will encounter
multidimensional phase space integrals which are impossible to solve exactly — instead, MC integration
algorithms are used for their fast convergence in many dimensions, ability to integrate arbitrary regions, and
straightforward error estimates [304]. The integration proceeds by generating sets of final state particles whose
kinematics are drawn from a uniform distribution. Sets of final state particles accepted by the algorithm
correspond to exclusive events which are kinematically consistent with the physics process being simulated.
A problematic aspect of the perturbative expansion is the appearance of ultraviolet divergences in the
matrix element calculation due to loop integrals. These divergences are renormalized using dimensional
regularization [305, 306] to yield well defined poles and minimal subtraction [307, 308] to cancel the poles
using counter terms added to the Lagrangian. In using dimensional regularization, a renormalization scale ug is
introduced; in using minimal subtraction, a dependence of the strong coupling constant on the four-momentum
scale ¢ is introduced such that:
21
as(q) = as (1) X (1 + boas (1) log(q—z]) : (3.4)
Hg
where by is just a number. By including counter terms for all 1-loop diagrams in the perturbative expansion, it
can be shown that by is greater than 0 and therefore @y decreases with increasing qz. In other words, QCD is
asymptotically free [31, 32]. The so-called running of @y is shown in Fig. 3.2. Asymptotic freedom justifies
the treatment of quarks as quasi-free particles in high-g” inelastic scattering, as would be the case for pp
collisions at /s = 13 TeV.

Normalization: Each exclusive event produced by an MC generator has an associated event weight, w;,
which corresponds to the differential cross section of the point in phase space represented by the event [309].
The sum-of-weights per physics process is normalized to the predicted number of events, Npredicted, fOr that

same process:

N predicted W Lo
l’ =
i Wi i Wi

where £ is the integrated luminosity and o is the predicted cross section for the process of interest. The

w; = w; = wiVi, 3.5)

number of generated MC events is typically very large, O(10°~107), in order to yield statistically significant

stat

results. In particular, the statistical uncertainty on the predicted number of events, oy’
predicte

, follows weighted

Poisson counting statistics:
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Figure 3.2: Measurements of the strong coupling constant @ plotted as a function of the four-momentum
scale |g|. The accuracy in QCD used for the extraction of ag for each measurement is indicated in the brackets.
Figure obtained from the Particle Data Group [26].
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calculated per bin for differential distributions.

3.1.2 Parton Showering and Jets

Point-like quarks and gluons at high four-momentum scales are what remain at the end of the matrix element
calculation. Parton showering describes the evolution of these partons from the high scales, |g| ~ O(0.1-1) TeV,
to the low scales, |g| ~ O(1) GeV. It proceeds by the repeated emission of gluon radiation from the incoming
and outgoing partons [302, 303], resulting in collimated sprays of hadronic particles known as jets. A key
assumption of parton showering is that it is independent of the initial hard-scattering process.
At the crux of parton showering is probability of a parton emission occurring. In particular, the differential
probability of a parton i splitting into partons j and k, dP;_, j, is given by:
dq?
2

@
dPis(q’,2) = Z_S_Pi—v'k(z),l 3.7
T q

where ¢ is the four-momentum transfer of parton i, z is the momentum fraction of parton i carried by parton
J» and P, is a universal splitting kernel for the i — jk emission [303]. The functional behaviour of the
splitting kernel is dependent on the flavour of the emission: ¢ — ¢gg, ¢ — g¢q, § — qq, or g — gg, where g and

g correspond to quarks and gluons, respectively. Eq. 3.7 is infrared divergent in two distinct ways: the g*> — 0

IN.B. in Egs. 3.7 and 3.8, the flavour of parton k is entirely determined by the flavours of partons i and .
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or “collinear emission” limit, which corresponds to a parton emission at an angle § — 0 with respect to the
parent parton, and the z — 0 or “soft gluon emission” limit, which is implicit in the P,_,¢, and P,_,,, splitting

functions due to factors of 1/z [310].

Parton showering only concerns resolved emissions as physical measurements cannot distinguish between
two collinear partons and a single parton with the same total momentum [303]. As a result, the collinear and
soft divergences are cured by introducing a cutoff scale, Qyp ~ O(1) GeV. Two partons are resolved if their
relative pr is greater than Qp and unresolved otherwise. Equipped with this cutoff scale, parton showering
proceeds by calculating the Sudakov form factor [311], Pi(q?, Qé), which corresponds to the probability of a

parton with four-momentum transfer ¢> producing no resolved emissions in the range Qé < k* < ¢* [303]:

2 qr2 -0k
Pi(q. Q) = exp [—‘2”—; f s G ) P (3.8)
0 0 Jj€lg. 8l
The second integral’s limits ensure the momentum fraction of the emitted parton z respects the first integral’s
limits. A random number p may be drawn from a uniform distribution between 0 and 1 to decide if an emission
occurs. If p > Pi(q?, QS), an emission occurs and the momentum fraction of the emitted parton z may be
chosen according to the splitting kernels P;_, jx(z). The process repeats by calculating the Sudakov form factors
for each daughter parton. If p < P;(¢°, Q(z)), the shower terminates for the current parton [303].

The same collinear and soft singularities arise when studying additional radiation emitted by initial state
partons. The solution is to regularize the associated phase space integral by introducing a factorization
scale pp [302]. The divergent behaviour is subsequently absorbed into the PDFs, which become “running”
functions of yr whose evolution is governed by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)

equations [312-315]:

D Pl fi0 ) Vi € (g, g1 (3.9)

J€lg. 8l

dfiCepp) _ as fld_y
dlogu? 2nJ, vy

The summation includes all partons j which can split into parton i, and the integration is such that only partons
with momentum fraction y > x may split into a parton with momentum fraction x. The flow of the proton

PDFs in x — ¢ space, so-called “Bjorken scaling”, is shown in Fig. 3.3.

The fixed-order matrix elements and parton showers complement one another: the matrix elements best
simulate well-separated and hard partons, while the parton showers best simulate soft or collinear partons [302,
303]. However, matrix elements are inclusive in the number of partons at fixed-order in ag and parton showers
are exclusive in the number of partons to all orders in ag. To prevent undercounting or overcounting the
number of partons in different regions of phase space, jet matching [316] and merging [317] procedures
are used. With matching, the parton shower expression is computed at fixed-order and subtracted from the
higher-order matrix element, allowing the subtracted result to be processed by the parton shower with no
double counting [318]. Commonly used matching methods include aMC@NLO [319] and Pownec [287, 288].
With merging, a separate tree-level calculation is performed for each parton multiplicity of interest, using
cutoff scales to regulate the soft and collinear singularities. The parton shower is then combined with these
calculations, using vetoes on shower branchings to prevent double counting [318]. Commonly used matching
methods include the Catani-Kuhn-Krauss-Webber (CKKW) [317] and MEPS@NLO [320, 321] methods.

As a final note, the integration of the soft and collinear divergences can lead to potentially large logarithmic

enhancements to the partonic cross section, whose perturbative expansion to all orders now takes the form:
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(3.10)

If ag ln2(|q| /Qo) > 1, aresummation of the dominant logarithmically-enhanced terms to all orders in ay is

required [322], where summing the terms with m = 2n corresponds to leading-logarithm accuracy, summing

the terms with m = 2n — 1 corresponds to next-to-leading-logarithm accuracy, and so on [26].
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Figure 3.3: Measurements of the proton structure function F. g plotted as a function of the momentum fraction
x and the four-momentum transfer ¢>. The measurements come from a variety of collision and fixed-target
experiments [323-333]. The structure function is defined in terms of the convolution integral of the proton
PDFs for each flavour of parton and summed over all parton flavours. For clarity, Fg is multiplied by a
factor of 2+, where i, is the index of the bin in momentum fraction x. Figure obtained from the Particle Data

Group [26].
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3.1.3 Hadronization and Decays

Hadronization or jet fragmentation describes the process of producing colour-singlet final states using the
quarks and gluons left-over from the hard-scatter collision and the parton shower [334]. These partons
exist at the scale of non-perturbative QCD, |g| ~ O(1) GeV, and so the description of the physics relies on
phenomenological models. The two models in use today are the string and cluster models.

The (Lund) string model [335-337] is based on the observation that the quark-antiquark potential is linear,
V(r) = (1 GeV/fm) X r [334]. A Lorentz-covariant and causal treatment of energy flow due to this potential is
achieved by treating the longitudinal axis of the quark-antiquark system as a massless relativistic string [338],
with each quark corresponding to an endpoint of the string. As the quark and the antiquark move apart at
the speed of light, the stored potential energy can lead to the creation of a new quark-antiquark pair (or
diquark-antidiquark pair, in the case of baryon production) by introducing a “break” in the string [334]. This
process may be repeated until no further breaks are possible. In the string model, gluons are treated as “kinks”
on the string and assigned a sum of one colour charge and one anticolour charge [303, 339]. A benefit of the
string model is that the hadronization proceeds unaffected by the emission of collinear or soft gluons [340].
PytHia [290] is the only MC event generator which applies the string model to hadronization.

The cluster model [341] is based on the preconfinement property of QCD: colour-singlet combinations of
partons or “clusters” may be formed at any point in the parton shower and the invariant mass distribution of
the clusters is universal [342]. That is, the invariant mass distribution only depends on the cutoff scale of the
parton shower, Qp ~ O(1) GeV, and the scale at which QCD becomes non-perturbative, Agcp = 300 MeV ~
1 fm~! [303, 334]. Following parton showering, gluons undergo non-perturbative splitting into quark-antiquark
(or diquark-antidiquark) pairs [343, 344]. Clusters with an invariant mass less than 4 GeV or “light” clusters,
formed from colour-connected pairs, transform into hadrons through two-body decays. In contrast, heavy
clusters must first undergo non-perturbative splitting into two light clusters [303, 334]. This process repeats
until there are no remaining clusters. SHErRpa [291] and HErwiG [293, 294] both apply the cluster model to
hadronization.

The string and cluster models both offer a good description of hadronization. The cluster model has
fewer free parameters than the string model, but the string model has better modelling of the physics [303].
The parameters of a hadronization model are typically not known a priori and must be measured using data.
A particular choice for the parameters is known as a tune. Examples of tunes used in ATLAS include the
AZNLO [345], A14 [346], and A3 [347] tunes.

3.1.4 Detector Simulation

The final step in the simulation chain is simulating the physics interactions of the final state particles with the
ATLAS detector and simulating the response of the ATLAS detector to those interactions [348, 349]. The
latter step is known as digitization. To be considered by the detector simulation, the final state particles must
be stable, ct > 10 mm, or decayed into stable secondaries, where c is the speed of light and 7 is the proper
lifetime of the particle [26, 349].

To simulate the physics interactions of the final state particles with the ATLAS detector, the GEant4 toolkit
is used [295-297]. A comprehensive model of the ATLAS detector is provided as input. This model details
the geometry and the granularity of the ATLAS detector as well as encodes the materials which comprise the
sensitive detector elements, the shielding, and the support structures [349]. Such a description is necessary

for accurately modelling the detector’s response and its efficiencies [349] — for example, its reconstruction
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and identification efficiencies for each type of physics object. GeanT4 uses a fourth-order Runge-Kutta
method to solve the equations of motion governing the trajectory of each particle in ATLAS’s magnetic field,
which is provided to GeanT4 as a 3D map [295, 349]. As a particle is transported through the detector’s
geometry, GEaNT4 simulates the relevant physical interactions in each material through which the particle
passes including [295]:

e Decay processes, and specifically those of pions and short-lived hadrons;

o Electromagnetic processes, including Compton scattering, pair production, the photoelectric effect,

bremsstrahlung, ionization, and electron-positron annihilation;

e Hadronic processes, including inelastic scattering, capture of neutral particles, induced fission, and

elastic scattering;

e Optical processes, including Cherenkov radiation, scintillation, absorption and Rayleigh scattering,

reflection and refraction, and transition radiation.

The physical interaction of a particle with a sensitive detector element — for example, its energy deposition
in that element — is tracked by GeanTt4 as a “hit” [295]. The conversion of a hit into a “digit” or digitization
— for example, the voltage or current over threshold induced by the hit — is performed by ATLAS’s offline
software framework, Athena [350]. The digitization is optimized such that only the necessary information for
reproducing the performance of each of ATLAS’s subsystems is stored [349]. At the end of digitization, the
simulated digits are equivalent to those measured during actual operations. A simulated event display is shown
in Fig. 3.4.

At this point, it is useful to make a distinction between the “particle-level” event and the “reconstruction-
level” event. The particle-level event corresponds to the state of a simulated event after hadronization but
before detector simulation. In the particle-level event, all of the final state particles are required to be stable.
The reconstruction-level event corresponds to the state of a real or simulated event after detector digitization
and reconstruction. It is assumed that a quantity or distribution is given at the reconstruction-level unless

specified otherwise.

3.2 Simulated Samples

The MC generators used to model the signal and background processes for the VH, H — WW* measurement
are listed in Table 3.1. In general, PowHEG is used to generate Higgs and top samples, while SHERPaA is used to
generate Z+jets and multiboson samples. PyThia 8 and HErwiG 7 are only used to model the parton shower and
non-perturbative physics.

As aresult of the LHC’s high instantaneous luminosity, typically more than one pp collision occurs per
bunch crossing: there is a single hard-scatter collision accompanied by any number of low-pry collisions known
as pile-up. Pile-up, which is part of the larger class of soft processes known as the underlying event, affects
the reconstruction of the hard-scatter collision and therefore must be included in the event modelling [352].
Fig. 3.5 shows the mean number of interactions per bunch cross measured by ATLAS during the LHC’s Run 2.
There are ~30 pile-up collisions per bunch crossing, on average.

For all MC samples, the effect of pile-up is modelled by overlaying simulated inelastic pp events

onto the hard-scatter collision. The inelastic pp events are generated with PyTthia 8.186 [353] using the
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Figure 3.4: A simulated VP1 [351] event display of a H — ZZ* — 4u decay [349]. The muons are shown in
red, the inner detector tracks are shown in green, and the calorimeter energy deposits are shown in yellow.

NNPDF2.3r0 [300] PDF set and the A3 tune [347]. A reweighting procedure is applied to the pile-up distribu-
tion in MC to better match that observed in data. Additionally, a scale factor of 1.037! is applied to data prior
to reweighting. This is done because the MC simulation for a given pile-up best models data with a higher

pile-up.

Table 3.1: Overview of simulation tools used to generate the signal and background processes in the VH,
H — WW* measurement. Also summarized are the corresponding PDF sets as well as the models used for the
underlying event/parton shower (UE/PS) simulation. When higher-orders are specified, QCD is implied if not
explicitly stated.

Process Generator PDF set UE/PS model Accuracy

q3/q8 — VH Pownec Box v2 [287-289, 354] PDF4LHCI5nc0 [301]  PyrHia 8.212 [290] NNLO QCD + NLO EW [355-359]
88 > ZH PowHnEG Box v2 [287-289, 354] PDF4LHC15NnL0 PytHiA 8.212 NLO + NLL [360, 361]

ggF Pownec Box v2 [287-289, 362, 363]  PDFALHCI15~NLo [301]  Pyrhia 8.212 N*LO QCD + NLO EW [97, 364-373]
VBF PownEec Box v2 [287-289, 374] PDF4LHC15N8NLO PytHia 8.230 [290] NNLO QCD + NLO EW [375-377]
ttH PownEeG Box v2 [287-289, 378, 379]  NNPDF3.0nLo [300] PyrHia 8.230 NLO QCD + NLO EW [97]

qq > VV SHERPA 2.2.2 [291] NNPDF3.0nNLo [300] SHERPA 2.2.2 [317, 321, 334, 339, 380, 381]  NLO [382-384]

gg > VV SHERPA 2.2.2 NNPDF3.0nNLO SHERPA 2.2.2 NLO [385, 386]

vvv SHERPA 2.2.2 NNPDF3.0nNLO SHERPA 2.2.2 NLO [382-384]

V+y SHERPA 2.2.8 [291] NNPDF3.0nNNLO SuerrA 2.2.8 [317, 321, 334, 339,380, 381]  NLO [382, 383, 387]

qq —» WWqq  MapGrapu5_aMC@NLO [292] NNPDF3.0nL0 Pyrhia 8.244 [290] LO

V+jets SHeErPA 2.2.1 [291] NNPDF3.0nNLO SuerrA 2.2.1 [317, 321, 334, 339,380, 381] NNLO [388]

I3 PownEG Box v2 [287-289, 378] NNPDF3.0nL0 PytHia 8.230 NNLO + NNLL [389-395]

Wt PownEG Box v2 [287-289, 396] NNPDF3.0nL0 Pyrhia 8.230 NLO [397, 398]

v MapGrapa5_aMC@NLO 2.3.3 [292] NNPDF3.0xLo0 Pyrhia 8.212 NLO QCD + NLO EW [97]

tZ MapGrapu5_aMC@NLO 2.3.3 NNPDF3.0nLO PyTHia 8.212 NLO

tWZ MapGrapu5_aMC@NLO 2.3.3 NNPDF3.0nLO PyTHia 8.212 NLO

3.2.1 Higgs Samples

Higgs boson production in association with a vector boson (VH) was simulated using PowHeG Box v2 [287—
289, 354]. The PowHEG prediction is accurate to next-to-leading-order (NLO) in QCD for VH plus one-jet
production. The loop-induced gg — ZH process was generated separately at leading-order (LO) accuracy.
The MC prediction was normalized to a cross section calculated at next-to-next-to-leading-order (NNLO)
accuracy in QCD with NLO electroweak corrections for gg/qg — VH [355-359] and at NLO and next-to-
leading-logarithm (NLL) accuracy in QCD for gg — ZH [360, 361].
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Figure 3.5: Luminosity-weighted distribution of the mean number of interactions per bunch crossing, y,
measured by ATLAS using pp collisions at /s = 13TeV [155]. Here, u corresponds to the mean of the

Poisson distribution of the number of interactions per bunch crossing and calculated for each bunch. Also
shown is the average u, (u), for each year.

Higgs boson production via gluon-gluon fusion (ggF) was simulated at NNLO accuracy in QCD using
PowneG Box v2 [287-289, 362, 363]. The ggF prediction from the MC samples was normalized to a cross
section calculated at next-to-next-to-next-to-leading-order (N*LO) accuracy in QCD with NLO electroweak
corrections [97, 364-373]

Higgs boson production via vector boson fusion (VBF) was simulated using Pownec Box v2 [287-289,
374]. The PownEg prediction is accurate to NLO in QCD. It was tuned to match calculations with effects due
to finite heavy-quark masses and soft-gluon resummation up to next-to-next-to-leading-logarithm (NNLL)
accuracy. The MC prediction was normalized to an approximate NNLO-accurate QCD cross section with
NLO electroweak corrections [375-377].

For VH, ggF, and VBF production, the PDF4LHC15~L0 (VH) or PDF4LHC15n8nNL0 (ggF and VBF) [301]
PDF sets were used. The generators were interfaced with Pytria 8.212 (VH and ggF) or 8.230 (VBF) [290] for
parton showering and hadronization, with parameters set according to the AZNLO tune [345]. Additionally, the
normalization for each sample accounts for the branching ratio for decay calculated with HDECAY [399-401]
and PropHECY4F [402—-404].

Higgs boson production in association with a top quark pair (1#fH) was simulated using Pownec Box v2 [287-
289, 378, 379] at NLO accuracy in QCD and the NNPDF3.0nLo [300] PDF set. The generator was interfaced
with PyThia 8.230 using the A14 tune [346] to model the parton shower, hadronization, and underlying event.
The decays of bottom and charm hadrons were simulated using EvrGen 1.6.0 [405]. The MC prediction was
normalized to a cross section calculated at NLO accuracy in QCD with NLO electroweak corrections [97].

All of the Higgs boson cross sections and branching ratios are calculated assuming a Higgs boson mass of
125.09 GeV [90].

3.2.2 Multiboson Samples

The production of diboson (VV) final states was simulated with Suerpa 2.2.2. Fully leptonic final states were
generated using matrix elements at NLO accuracy in QCD for up to one additional parton and at LO accuracy

for up to three additional parton emissions. Samples for the loop-induced processes (gg — VV) were generated
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using matrix elements at LO accuracy for up to one additional parton emission.

The production of on-shell triboson (VVV) final states was simulated with SHerpa 2.2.2 using factorized
gauge-boson decays. The matrix elements are accurate to NLO in QCD for the inclusive process and to LO for
up to two additional parton emissions.

The production of V+y final states was simulated with SHErPA 2.2.8 [291]. The matrix elements are
accurate to NLO in QCD for up to one additional parton and to LO for up to three additional parton emissions.

The matrix element calculations were matched and merged with the SHERPA parton shower [380, 381] using
the MEPS @NLO prescription [317, 321, 334, 339] and the set of tuned parameters developed by the SHERPA
authors. The virtual QCD corrections for matrix elements at NLO accuracy were provided by the OpenLoops
(VV and VVV) or OpexLoops 2 (V+y) libraries [382-384, 387]. All of the samples were generated using the
NNPDEF3.0nnLoO [300] PDF set.

Electroweak WW production in association with two jets (WWgqg) was generated by MapGrapaS _aMC@NLO [292]
with LO-accurate matrix elements [385] and using the NNPDF3.0nxLo [300] PDF set. The events were inter-
faced to PyTHia 8.244 [290] using the A14 tune to model the parton shower, hadronization, and underlying

event.

3.2.3 V+jets Samples

The production of V+jets was simulated with SHERPA 2.2.1 [291] using matrix elements at NLO accuracy in
QCD for up to two partons and at LO accuracy for up to four partons, calculated with the Comix [381] and
OrpenLoops 2 libraries [382, 383, 387]. They were matched and merged with the SHERPA parton shower [380,
381] using the MEPS @NLO prescription [317, 321, 334, 339] and the set of tuned parameters developed by
the SHErPA authors. The samples were generated using the NNPDF3.0nnLo PDF set, and they were normalized

to a cross section calculated at NNLO accuracy in QCD [388].

3.2.4 Top Samples

The production of ¢ dilepton events was modelled using Pownec Box v2 [287-289, 378] at NLO accuracy in
QCD with the Agamp parameter2 set to 1.5 X myqp [406]. In order to correct for a known mismodelling of the
leading lepton pr due to missing higher-order corrections, an NNLO reweighting procedure is performed [407].
The MC prediction was normalized to a cross section calculated at NNLO accuracy in QCD including the
resummation of NNLL soft gluon terms calculated using Top++ 2.0 [389-395].

The associated production of top quarks with W bosons (Wr) was modelled using Pownec Box v2 [287-289,
396] at NLO accuracy in QCD using the five-flavour scheme and the NNPDF3.0nLo PDF set.

The production of top quark pairs with vector bosons (tfV), the production single top quarks with
Z bosons (tZ), and the production of single top quarks with WZ (tWZ) were modelled using the Map-
Grapu5_aMC@NLO 2.3.3 [292] at NLO accuracy in QCD. For ¢V, the MC prediction was normalized to a
cross section calculated at NLO accuracy in QCD with NLO electroweak corrections [97].

For all top processes, the NNPDF3.0nLo PDF set was used. Additionally, the events were interfaced to
PytHia 8.230 (¢f and Wt) or 8.212 (¢tV, tZ, and tWZ) using the A14 tune to model the parton shower, hadroniza-
tion, and underlying event. The decays of bottom and charm hadrons were simulated using EvrGen 1.6.0 (17
and Wr) or 1.2.0 (17V, tZ, and tWZ) [405].

>The hdamp parameter is a resummation damping factor and one of the parameters that controls the matching of Pownec matrix
elements to the parton shower, effectively regulating the high-pt radiation against which the #7 system recoils.



Chapter 4

Reconstruction and Selection of Physics
Objects

Reconstruction describes the process of building physics objects using the digitized measurements obtained
from detector operation or simulation — it is the final step before a physics measurement is performed. The
reconstructed objects are subject to calibrations as well as quality selections. The calibrations better match
the kinematics of the reconstructed objects to the kinematics of the underlying physics processes as well as
improve the modelling between data and simulation. The quality selections are typically a balance between
selecting desired objects and rejecting undesired objects. ATLAS’s offline software framework, Athena [350],
contains a suite of sophisticated algorithms and tools for reconstructing, calibrating, and selecting all physics
objects of interest.

This chapter describes the reconstruction of physics objects pertinent to the VH, H — WW* analysis
(Section 4.1) as well as the selections placed on those physics objects (Section 4.2).

4.1 Object Reconstruction

The physics objects entering the VH, H — WW* measurement include tracks, vertices, electrons, muons,
jets, and missing transverse momentum. Fig. 4.1 sketches how each type of object interacts with ATLAS’s

subdetectors.

4.1.1 Tracks

A track corresponds to the trajectory of a charged particle as it passes through the ATLAS detector. Tracks
are used in the reconstruction of nearly every other physics object, and so reconstructing tracks with high
efficiency and precision is an imperative.

A track is described by a set of five parameters at its perigee, the point of closest approach to the interaction
point. The first parameter is the transverse impact parameter (dy), given by the displacement of the track in
the transverse plane relative to the beam axis at the track’s perigee. The second parameter is the longitudinal
impact parameter (zo), given by the displacement of the track in the longitudinal plane relative to the interaction
point at the track’s perigee. The other three parameters are the polar (¢) and azimuthal (¢) angles as well as the

charge-to-momentum ratio (g/p) of the track, each given at the track’s perigee [409].

57



58 CHAPTER 4. RECONSTRUCTION AND SELECTION OF PHYSICS OBJECTS

\ roton
nedtron 2

ATLAS

EXPERIMENT

Figure 4.1: Slice of the ATLAS detector showing the interactions of different particles with the various
subdetectors [408]. Protons and neutrons correspond to jets and neutrinos correspond to missing transverse
momentum.

Charged particles traversing the sensitive detector elements of the inner tracker deposit energy, resulting
in the separation (“‘deposition”) of electric charge. Charge deposition above a threshold set in the readout
electronics yields a detector “hit”, the fundamental unit for track reconstruction, for the associated channel.
In ATLAS, track reconstruction [410, 411] begins by assembling clusters of hits in the pixel detector and
the SCT. A connected-component analysis' [412] groups hits with common edges or corners into clusters,
and the clusters are used to create 3D measurements known as space-points [410, 411]. Each space-point
corresponds to the coordinates where a charged particle traversed the detector. In the pixel detector, each
cluster corresponds to a single space-point; in the SCT, clusters from each sensor of a double-sided module are
combined to form a single space-point [410, 411].

In the pixel detector, incident particles typically deposit charge across multiple adjacent pixel sensors.
In a sufficiently dense environment, it can happen that charge deposits associated with multiple particles
are reconstructed as a single cluster known as a merged cluster [410]. In contrast, clusters whose charge is
attributed to a single particle are known as single-particle clusters. Both types are shown pictorially in Fig. 4.2.
A third type, a shared cluster, is shared among multiple reconstructed tracks but is not sufficiently compatible
with the properties of a merged cluster to be identified as such [410].

Seeds are formed using sets of three space-points on different detector layers [410, 411]. An estimate
of each track’s momentum and impact parameters is obtained by assuming a perfectly helical trajectory
originating from the interaction point. The seeds are further subject to selections on their momentum, impact
parameters, and multiplicity of additional compatible space-points to improve the quality of the resulting
tracks. A combinatorial Kalman filter? [413] is then used to build track candidates from the seeds by
incorporating additional space-points compatible with the preliminary trajectory. A seed may have multiple
track candidates [410, 411].

A connected-component analysis corresponds to a sequence of local operations performed on a binary image which divide the image
into a set of “connected” regions [412].

2 A Kalman filter is a progressive method for track finding and fitting using time-ordered hits, propagating both the track’s trajectory
and its covariance [413]. A Kalman filter combines forward filtering: estimating each “present” hit using all measured “past” hits;
backward smoothing: estimating each past hit using all measured hits between it and the present; and outlier rejection [411, 413].
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(a) Single-particle cluster (b) Merged cluster

Figure 4.2: Tllustration of (a) a single-particle cluster and (b) a merged cluster on a pixel module [410]. The
charged particle trajectories are shown as arrows and the different colours correspond to charge deposited by
different particles.

Each track candidate is assigned a track “score” based on quality metrics including the number of assigned
space-points, the number of holes, the y? of the fit, and the logarithm of the track’s pr [410]. The scored
tracks are ranked and provided to the ambiguity solver [414], which immediately rejects tracks with low scores;
the accepted tracks are subsequently fitted. If a cluster is assigned to multiple tracks, a neural network [415] is
used to identify the cluster as merged or shared. Clusters may only be shared with tracks previously accepted
by the ambiguity solver. Additionally, clusters can be shared with no more than two tracks and a track can have
no more than two shared clusters — a shared cluster is removed from a track candidate if it causes the candidate
to fail these requirements [410]. The updated candidates are subsequently re-scored. Lastly, the ambiguity
solver applies basic quality criteria to all tracks before final acceptance including pt > 500 MeV, || < 2.5,
and selections on the minimum number of silicon hits, maximum number of silicon holes, and maximum

number of shared clusters [410]. The logic of the ambiguity solver is shown pictorially in Fig. 4.3.

Input tracks
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Figure 4.3: The flow of tracks through the ambiguity solver [410].

3A “hole” is defined as the absence of an expected detector hit. If the intersection of a track’s trajectory with a sensitive detector
element does not contain a matching cluster within uncertainty, it is identified as a hole [410].
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A high-resolution fit is performed for each track candidate accepted by the ambiguity solver. For these high-
resolution fits, the position and uncertainty on the intersection of each track with each of its assigned clusters
are obtained using additional neural networks [415]. TRT measurements are included in track reconstruction
by extrapolating each track’s fit into the TRT and adding hits compatible with its trajectory. A sequence of
outside-in track reconstruction is also performed by identifying TRT segments using a Hough transform* [416]
and backtracking the segments into the silicon tracker, improving efficiency by recouping silicon seeds missed
during inside-out track reconstruction [411]. The average number of tracks reconstructed by ATLAS in 2017

data is shown in Fig. 4.4.
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Figure 4.4: Average number of tracks reconstructed by the ATLAS detector in 2017 data as a function of
the average number of interactions per bunch crossing [417]. The “Loose” and “TightPrimary” selections
correspond to different sets of quality track criteria [418].

4.1.2 Vertices

Vertices are defined as the points in space where proton-proton interactions have occurred [419]. Per event,
there are two types of vertices: the hard-scatter or primary vertex, which corresponds to the hard-scatter
collision, and the pile-up vertices, which correspond to the pile-up collisions. The reconstruction of the primary
vertex and the correct assignment of its tracks is an essential aspect of event reconstruction at the LHC.

Vertex reconstruction [419-421], also known as vertex finding and fitting, starts with the track collection
passing the ambiguity solver’s quality selections. This track collection constitutes the track pool available. A
vertex seed is identified (i.e., the finding) as the position of maximum track density along the longitudinal axis
of the beam spot, the luminous region where collisions occur, using an iterative mode-finding algorithm [422].
Tracks are associated to the seed using a distance metric based on impact parameters.

The seed is then fitted (i.e., the fitting) using an adaptive Kalman filter [423]. Using the seed’s position
as the starting point and its associated tracks as the input measurements, an iterative y> minimization is
performed to find the optimal vertex position [419]. The vertex is fitted, and each input track is assigned
a weight reflecting its y*> compatibility with the vertex’s position estimate. The vertex is refitted using the

weighted tracks, with low weights having less of an impact on the fit than high weights [419]. Each track is

4A Hough transform is a method for detecting patterns in binary image data by identifying local maxima in a parameter space, which
is constructed using a back-projection equation relating the curve parameters and the image points [416].
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subsequently re-weighted, and the algorithm is repeated. The tracks are re-scored once more following the
final iteration, and tracks incompatible with the vertex by more than seven standard deviations, /\(2 > 49, are
removed from vertex candidate and returned to the track pool [419]. The tracks used in vertex’s fit are not
returned to the pool.

The procedure of vertex finding and fitting repeats until the track pool is empty or no additional vertices
may be reconstructed. All vertices are required to have at least two associated tracks. The size of the beam
spot may also be used to constrain each fit, resulting in improved transverse position resolution [419]. The
vertexing algorithm described is known as the Iterative Vertex Finder (IVF) [424], whose logic is shown
pictorially in Fig. 4.5. The average number of vertices reconstructed by ATLAS in 2018 data, along with a
distribution of longitudinal position, is shown in Fig. 4.6.

Finally, the primary vertex is identified as the vertex whose associated tracks result in the largest p%—
sum. Additional track-to-vertex association (TTVA) criteria based on impact parameters are used during the
reconstruction of electrons, muons, and jets for assessing compatibility of tracks with the primary vertex.
These criteria include selections on a track’s transverse impact parameter, |dy|, transverse impact parameter
significance, |dy|/o4,, and absolute displacement from the primary vertex in the y — z plane, |[Azsin §]. Here,
04, 1s the measured uncertainty on dy and Az is the longitudinal displacement between a track’s perigee, zo,

and the primary vertex, zpy: Az = 79 — zpy.
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Figure 4.5: The flow of tracks through the Iterative Vertex Finder [424].

4.1.3 Electrons

An electron consists of a cluster of energy deposits in the electromagnetic calorimeter known as a super-cluster,
which corresponds to the electromagnetic shower resulting from the electron’s bremsstrahlung, and a matched
track in the inner detector, which corresponds to the electron’s trajectory through the inner detector [286, 426].

A diagram of the electron reconstruction algorithm is shown in Fig. 4.7.

Reconstruction: Reconstruction of electrons [286, 426] begins by forming electromagnetic topo-clusters [284,

427] by seeding and iteratively merging calorimeters cell based on their signal-to-noise ratio, considering only
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Figure 4.6: (a) Average number of vertices reconstructed by the ATLAS detector in 2018 data as a function of
the average number of interactions per bunch crossing [425]. Two different average pile-up fills are shown.
The errors bands are statistical with a +4% systematic uncertainty included. (b) Normalized distribution of
the longitudinal position of vertices reconstructed by the ATLAS detector in 2018 data [425]. Two different
average pile-up fills are shown, and each is fitted with a Gaussian function.
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Figure 4.7: Diagram of the algorithm used for electron and photon reconstruction [426].
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the second and third sampling layers of the electromagnetic calorimeter. Pattern recognition [411] is used
to form track candidates in the inner detector, which are seeded by and subsequently matched to fixed-size
electromagnetic clusters. If standard pattern recognition fails, a modified algorithm allowing for up to 30%
energy loss at each material intersection is used instead [286, 426]. Track candidates are then fitted using a
global y? fitter [428], while tracks loosely matched to fixed-size clusters are refitted using a Gaussian sum
filter [429], a generalization of the Kalman filter which accounts for bremsstrahlung [286]. Each track is
extrapolated from its perigee to the second sampling layer of the electromagnetic calorimeter and matched to
a topo-cluster by requiring |An(track, cluster)| < 0.05 and —0.10 < g X A¢(track, cluster) < 0.05, where ¢ is
the reconstructed charge of the track [426]. If a significant amount of energy is lost due to bremsstrahlung,
arescaling of the track momentum to the cluster energy is performed. If multiple tracks are matched to the
same cluster, priority is given to the track with the highest number of hits in the innermost tracking layers and
closest to the topo-cluster in AR [426].

Super-clusters [430] are reconstructed using the topo-clusters and their matched tracks. The topo-clusters
are first sorted according to Et, and clusters with Ep > 1 GeV and a matched track with at least four silicon hits
are identified as seeds. For each seed cluster, satellite clusters within a window of size Anp X A¢ = 0.075x0.125
(or Anp X A¢ = 0.125 x 0.300, if the clusters share a matched track) around the seed barycenter are added to the
seed cluster. The seed clusters and their associated satellite clusters constitute super-clusters. Tracks are then
matched to super-clusters following the same procedure as for the topo-clusters. Finally, an ambiguity solver
is used to determine the “author” of particles reconstructed as both electrons and photons (i.e., sharing a seed
cluster): the author can be an electron, a photon, or ambiguous [426]. The electron reconstruction efficiency in

simulation is shown in Fig. 4.8.
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Figure 4.8: Reconstruction efficiencies in simulation for super-clusters, tracks, super-clusters and tracks, and
electrons as a function of the particle-level electron transverse energy, ET" [426].

Calibration: The electron energy scale calibration, which restores the reconstructed electron energies to that
of particle-level electrons, is performed using a boosted decision tree (BDT). Trained using Z — ee events and

utilizing shower energy and topological inputs, the BDT corrects for energy lost upstream/downstream of the
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electromagnetic calorimeter or not contained within the clusters [285]. Distributions of the calibrated electron
energy, Ecaip, divided by the particle-level electron energy, Egeq, are shown in Fig. 4.9a. The energy resolution
is extracted as the interquartile range of the distribution of Ecaiib/ Egen. As shown in Figs. 4.9b and 4.9c, the use
of super-clusters over fixed-size clusters leads to an improvement in the energy resolution as a super-cluster
collects more of an electron’s deposited energy [426]. Additional n-dependent corrections, measured in
Z — ee/uu events, are applied to match the energy scale and resolution in data and simulation [285]. In data,
these corrections account for the intercalibration of different sampling layers and the energy shifts induced by
pile-up as well as improve the uniformity of the energy response; in simulation, these corrections constitute an

offset to the energy resolution [426].
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Figure 4.9: (a) Distributions of the calibrated electron energy, E..ib, divided by the particle-level electron
energy, Eqeq [285]. The (E4) scintillators [127] instrument the transition region between the electromagnetic
barrel and endcap calorimeters, leading to an improved energy resolution. (b, c) Calibrated electron energy
resolution as a function of the particle-level electron transverse energy, ET" [426]. The energy resolution is
given by the interquartile range (“IQE”) of the distribution of E b/ Erye-
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Identification: Identification criteria are used to improve the purity of selected electrons [286, 426]. A
likelihood-based discriminant is constructed using J/ — ee and Z — ee candidates. The discriminant utilizes
inputs relating to the primary electron track, the lateral and longitudinal development of the electromagnetic
shower, and the spatial compatibility of the primary electron track and the super-cluster. Selections are
placed on the likelihood discriminant in bins of || — Et such that three working points are defined: “Loose”,
“Medium”, and “Tight”, corresponding to average identification efficiencies of 93%, 88%, and 80%, respec-
tively, for electrons from electroweak processes [426]. The identification efficiencies in Z — eé events for all
three working points are shown in Fig. 4.10a.

Isolation: To quantify the activity near electrons, two isolation variables are defined. The calorimeter-based
isolation variable E%‘“‘BXX is defined as the sum of the transverse energy of positive-energy topological clusters
whose barycenters are within a cone of radius AR = XX/100 centered on the electron cluster barycenter [426].
The transverse energy of the electron cluster’s core is subtracted from the sum, and corrections accounting
for energy leakage and pile-up/underlying-event contributions [431] are applied. The track isolation variable
p%monexx is defined as the sum of the transverse momentum of selected tracks whose trajectories are within a
variable-size cone of max radius AR,,x = XX/100 centered on and excluding the electron track [426]. The
tracks must be of a good quality as well as satisfying pr > 1 GeV, || < 2.5, and |Azsin 8] < 3 mm. The radius
of the cone is given by AR = min((10 GeV)/prt, ARnax), where pr is the transverse momentum of electron
track. A cone radius inversely proportional to pr is optimal for topologies where other objects are in close
proximity to an energetic lepton [286, 432]. The track- and calorimeter-based isolation variables complement
one another, the former having a good resolution and low pile-up dependence and the latter accounting for
neutral particles and particles below the track pr threshold [432].

Isolation criteria are used to select prompt leptons, which result from the “prompt” decays of W/Z bosons
originating from the hard-scatter vertex, while rejecting non-prompt leptons, which result from the “non-
prompt” decays of b/c-hadrons or photons or due to the misidentification of a jet. Non-prompt leptons are
typically characterized by a higher level of nearby activity. Two electron isolation working points, “Loose” and
“Tight”, are defined using fixed cuts on the E%"“ezo and p%“m"“ezo isolation variables [426]. The Loose working
point corresponds to E%‘mezo /pr < 0.20 and p%a“"“ezo /pt < 0.15, while the Tight working point corresponds
to ES™20/pr < 0.06 and pye°™20/pr < 0.06. The isolation efficiencies in Z — e& events for the Loose and
Tight working points are shown in Fig. 4.10b.

As an alternative to the fixed-cut working points, lepton isolation is also applied using a multivariate
discriminant, the Prompt Lepton Improved Veto (PLIV). The PLIV utilizes inputs from the lepton, including
its pr, isolation variables, calorimeter cluster energy, and lifetime variables. The lifetime variables capture
features of b-hadron decays. The PLIV also utilizes inputs from the closest track jet® in AR, including the
lepton pr relative to the jet p, the lepton pt projected onto the jet pr, the lepton-jet AR, and the number of
tracks contained within the jet. BDTs are trained separately for barrel (|| < 1.37) electrons, endcap (] > 1.52)
electrons, and muons. Selections are placed on each BDT discriminant as a function of lepton pt, chosen such
that the signal sensitivity is maximized when applied to the 2¢ same-sign WH, t#(H/W) multilepton [435], and
same-sign WW [436] analyses. This procedure has resulted in two working points, “PLImprovedTight” and
“PLImprovedVeryTight”, for both electrons and muons. The isolation efficiencies in simulated 77 events for the

PLIV working points are shown in Fig. 4.11. In the ee same-sign WH channel, the use of PLImprovedTight

STrack jets are reconstructed from inner detector hits using the anti-k, algorithm [433] with radius parameter R = 0.4. The tracks must
be of a good quality as well as satistying pt > 500 MeV, |dp| < 0.5 mm, and |Azsin 6| < 1.5 mm [434].
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Figure 4.10: (a) Electron identification efficiencies in Z — ee events as a function of Et for the Loose,
Medium, and Tight working points [426]. The inner error bars include only the statistical uncertainty and
the outer error bars include both statistical and systematic uncertainties. (b) Electron isolation efficiencies in
Z — ee events as a function of Et for the Loose, Tight, Gradient, and HighPtCaloOnly working points [426].
The electrons are required to pass Medium identification. The errors bars include both statistical and systematic
uncertainties.

over the Tight working point improves the non-prompt rejection by a factor of 1.4 while rejecting only 9.2%
more signal events.

Charge Misidentification: The electric charge of a reconstructed electron is determined using the curvature
of its associated track in the inner detector [286, 426]. Interactions of the electron with the detector can
lead to distortions of the primary electron track and an incorrect determination of the sign of the track’s
curvature, and the presence secondary particles can pollute the region near the primary electron track and
lead to an incorrectly matched track — either case may result in incorrect charge reconstruction [286, 426]. In
order to suppress charge misidentification, a BDT is trained to separate Z — ee data events with opposite-
and same-sign electrons, utilizing the electron’s Et, n, charge, and impact parameters as well as the charge,
momentum, and topological information for its matched track. A selection on the output of this BDT, known as
electron charge identification selection (ECIDS), leads to a 98% efficiency for selecting events with correctly
reconstructed charge while rejecting 90% of events with incorrectly reconstructed charge [426]. The ECIDS

efficiency in Z — eé events is shown in Fig. 4.12.

Efficiency Scale Factors: Efficiency scale factors (SFs) are used to used to correct a particular selection’s

efficiency in simulation, &)c, to that observed in data, €4q,:

Edata (P’J )

emc(p?)’

SE(p*) = 4.1

where the efficiencies, and therefore the efficiency scale factors, are functions of the kinematics of the physics

object under study, p*.
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Figure 4.11: (a, b) Prompt and (c, d) non-prompt electron isolation efficiencies in simulated #7 events as
a function of pr for the PLImprovedTight, PLImproved VeryTight, Tight (“FCTight”), FixedCutPflowTight,
and PLVTight working points. The electrons are required to pass Loose identification. The error bars indicate
the statistical uncertainty.



68 CHAPTER 4. RECONSTRUCTION AND SELECTION OF PHYSICS OBJECTS

> 11— T > 1 R ARR RSB S AR R ARARE e e
) H B ) H B
c L i c L 4
3 fprorarot®—— o ] 3 r ha F ]
2 Fe- ! ’ = [ 1o L] ]
E 0.95 2 E 0.95 - . .
L ] L [=u=} o ]
r ] Lo & ]
09— — 0.9 =g ]
0.85 L ATLAS B 0.85 - ATLAS 3
I Vs=13Tev,37.1fb" B + Vs =13 TeV, 37.1 fb™* i
0.8 [ Charge BDT selection efficiency € 7 0.8 L Charge BDT selection efficiency € 7
SO " Data i L —&— Data b
F —e— MC B r —&— MC B
C ] N L]
L ] e E; > 25 GeV ]
075 | | | | | [ 0-757"\""\""\HTi""?‘mmumumumﬁ
0 1.05 T T T T T T 0 1-05 T T T T T T T T T
E 1 E 1=t e
o] L ] ol L ]
< 0.95 I ] < 0.95 I
a a - -
0.9 0.9
0.85 Il Il Il Il Il Il 0.85 Il Il Il Il Il Il Il Il Il
40 60 80 100 120 140 -25 -2 -15 -1 -05 0 05 1 15 2 25
E; [GeV] n
(@ (b)

Figure 4.12: Election ECIDS efficiency in Z — ee events as a function of (a) Et and (b) 17 [286]. The electrons
are required to pass Medium identification. The errors bars are smaller than the markers and therefore not
visible.

Efficiency scale factors are estimated using the tag-and-probe method, which directly measures a particular
selection’s efficiency in data and simulation. A tightly-selected physics object known as the “tag” is used to
select only the events of interest, and a loosely-selected physics object know as the “probe” is used to measure
the efficiencies, which are given as the number of probe objects passing the selection under study over the total
number of tag (and therefore probe) objects [286].

Simulation-to-data scale factors for the electron trigger, reconstruction, identification, and isolation
efficiencies are applied to the simulated yields containing reconstructed electrons. The scale factors and their

associated uncertainties are estimated from J/y — ee and Z — ee events using the tag-and-probe method.

4.1.4 Muons

The VH, H — WW* analysis uses only combined muons — that is, muons reconstructed using a combination
of hits in the inner detector and muon spectrometer [432, 437]. Muons can also be reconstructed using only
the muon spectrometer (“muon-spectrometer-extrapolated”) or only the inner detector and electromagnetic
calorimeter (*“calorimeter-tagged”). However, they are not considered in this thesis.°

Reconstruction: Reconstruction of combined muons [432, 437] begins by identifying linear track segments
within the muon spectrometer by means of a Hough transform [416]. Track segments are loosely combined
on the basis of a parabolic trajectory originating from the interaction point, which provides better matching
between segments than a straight-line trajectory [432]. Muon candidates are built by assigning coordinates to
the track segments using hit measurements in the bending and non-bending planes obtained from the precision

tracking and trigger chambers, respectively. A global y? fit [428] of the muon trajectory in the magnetic field is

SThis is not entirely true — muon types other than combined muons are used during E{.“iss building (Section 4.1.6) and overlap removal
(Section 4.2). However, only combined muons enter the VH, H — WW™ measurement.
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performed, accounting material effects and detector alignment [438, 439]. The fit is performed a second time,
after removing outliers and adding missing hits, as well as a third time, after removing low quality tracks. The
third fit additionally accounts for energy loss in the calorimeters and loosely constrains the muon trajectory to
originate from the interaction point. Finally, the muon candidates are back-extrapolated and matched to inner
detector tracks and all hits are iteratively refitted. The resulting py of the muon candidate is expressed at the

interaction point [432].

Calibration: Combined muons in simulation are calibrated to the muon momentum scale and resolution ob-
served in data using fits to the dimuon invariant mass distributions for J/¢ — pji and Z — uji candidates [437],
as shown in Fig. 4.13. The scale and resolution corrections are derived in regions of 17 — ¢ and independently
for the transverse momentum measured using only the inner detector and the transverse momentum measured
using only the muon spectrometer. In the latter case, the momentum imbalance between the inner detector
and the muon spectrometer measurements is also fitted. The corrected momentum of the combined muon is

assumed to be a weighted average of the two independent measurements [437].
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Figure 4.13: Dimuon invariant mass distributions reconstructed using combined muons from (a) J/y¥ — uji
and (b) Z — pji candidates [437]. Both the uncorrected and corrected simulated mass distributions are shown.
The error band indicates the systematic uncertainty on the MC momentum corrections.

Identification: Identification proceeds by applying quality requirements to muon candidates such that prompt
muons are selected with high efficiency while suppressing backgrounds from in-flight decays of pions and
kaons [432, 437]. The quality requirements are based on the number of hits/holes in precision tracking detectors
of the muon spectrometer, the charge-over-momentum compatibility between the momentum measurements in
the inner detector and the muon spectrometer, the absolute difference between the momentum measurements
in the inner detector and the muon spectrometer divided by the momentum of the combined muon, and the
normalized y? of the combined track’s fit. Three working points, each associated with a particular set of

selections, are defined: “Loose”, “Medium”, and “Tight”, corresponding identification efficiencies of 99%,
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97%, and 93%, respectively, for muons with py > 20 GeV [432]. The identification efficiency in J/y¥ — uji
and Z — pji events for the Medium quality working point is shown in Fig. 4.14a.

Track-To-Vertex Association: TTVA requirements are applied to further reject muons originating from
in-flight decays of hadrons or pile-up interactions. In particular, the muon tracks are required to pass association
to the primary vertex: |do|/04, < 3 and |Azsin 6] < 0.5 mm [432].

Isolation: For muon isolation, two working points, “Loose” and “Tight”, are defined using fixed cuts on the
E%On"zo and p}am’“em isolation variables [432]. The Loose working point corresponds to E%"“ezo/ pr < 0.30
and p%ﬁrc"“em /pt < 0.15, while the Tight working point corresponds to E%Onezo /pt < 0.15 and p%ﬁrc"“em /pT <
0.04. Both working points prioritize high efficiency for prompt muons over low efficiency for non-prompt
muons [432]. The isolation efficiency in Z — uji events for the Loose working point is shown in Fig. 4.14b,
and the isolation efficiencies in simulated 7 events for the PLIV working points are shown in Fig. 4.15. In
the pu same-sign WH channel, the use of PLImprovedTight over over the Tight working point improves the
non-prompt rejection by a factor of 2.1 while rejecting only 6.5% more signal events.
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Figure 4.14: (a) Muon reconstruction and identification efficiencies in J/y — pjt and Z — pji events as a
function of pr for the Medium working point [432]. The error band includes both statistical and systematic
uncertainties — the statistical component is not visible. (b) Muon isolation efficiency in Z — uji data events as a
function of pr for the Loose working point [432]. The blue error band includes only the statistical uncertainty
and the yellow error band includes both statistical and systematic uncertainties.

Efficiency Scale Factors: Simulation-to-data scale factors for the muon trigger, reconstruction/identification,
TTVA, and isolation efficiencies are applied to the simulated yields containing reconstructed muons. The
scale factors and their associated uncertainties are estimated from J/y — up and Z — uji events using the

tag-and-probe method.

4.1.5 Jets

ATLAS reconstructs jets [440] using the particle-flow algorithm, which incorporates measurements from the

inner detector and the calorimeter in a complementary manner. Low-pt charged particles are best measured
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Figure 4.15: (a) Prompt and (b) non-prompt muon isolation efficiencies in simulated 7 events as a function of
pr for the PLImprovedTight, PLImproved VeryTight, Tight (“FCTight”), FixedCutPflowTight, and PLVTight
working points. The muons are required to pass Medium identification. The error bars indicate the statistical
uncertainty.

by the inner detector, while charged and neutral particles at high energies are best measured by the calorimeter.
The integration of tracking has additional advantages, including improved clustering of low-pt charged
particles as well as improved rejection of pile-up jets by identifying jets associated to the primary vertex [440].

The ALEPH experiment at LEP pioneered the use of particle-flow algorithms for object reconstruc-
tion [441]. The ATLAS [442] and CMS [443-445] experiments have used particle-flow algorithms to
reconstruct hadronic taus and, in the case of CMS, jets since Run 1. However, jet reconstruction via particle-
flow in ATLAS was a development introduced during Run 2, with most analyses previously utilizing jets built
from topological clusters of calorimeter cells [427].

Reconstruction: A flow chart for the particle-flow algorithm is shown in Fig. 4.16. Analogous to the
reconstruction of electrons, the particle flow algorithm starts by forming topo-clusters [284, 427] by seeding
and iteratively merging calorimeter cells in a given sampling layer based on their signal-to-noise ratio. Both
electromagnetic and hadronic calorimeter cells are used, and the resulting topo-clusters are calibrated to the
electromagnetic energy scale. Tracks reconstructed by the inner detector are matched to topo-clusters such that
the AR-based significance, calculated using the track’s position and the topo-cluster’s barycenter in the second
sampling layer of the electromagnetic calorimeter, is minimized. The tracks must be of good quality as well as
satisfying 0.5 < pr < 100GeV and |7 < 2.5. Additionally, tracks matched to candidate electrons or muons
are excluded [198, 440]. Only topo-clusters satisfying E¢uster/ Prrack > 0.1 are considered for matching, where
Eluster 18 the topo-cluster’s energy and py.ck is the track’s momentum. Tracks with a minimum significance of
1.64 or greater are not matched to any topo-cluster [440].

For tracks matched to topo-clusters, a combination of the inner detector and the calorimeter measurements
is used. The energy deposited by each track in the calorimeter must therefore be subtracted to avoid double-
counting [440]. For each track matched to a topo-cluster, the average energy deposited in the calorimeter,
(Eqgep), and its associated spread, o-(Eqep), are calculated using calibrations measured in single-particle samples
without pile-up. The significance of the difference between the measured and the expected energy of the

matched topo-cluster, (Eciuster — (Eqep)) / 0(Eqep), 18 required to be greater than —1. Otherwise, the track’s
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energy is likely split across multiple topo-clusters, and a split-shower recovery procedure is performed by
matching topo-clusters to the track if they fall within a cone of radius AR = 0.2 centered on the track’s position
in the second sampling layer of the electromagnetic calorimeter [440].

For each track, the subtraction step is only performed if the calorimeter energy in a cone of radius AR = 0.15
around the extrapolated track, E¢juseer, satisfies (Eciuster —(Edep)) / 0 (Egep) < 33.2xlog;(((40 GeV)/ ptTraCk) [198].
This condition avoids subtraction in very dense environments, where the accurate removal of the track’s energy
is difficult. The subtraction step is executed in two parts: the first step is cell-by-cell subtraction [440]. If
0 (Egep) exceeds the total energy of the matched topo-clusters, the topo-clusters are removed. Otherwise, rings
in 7 — ¢ are formed around the extrapolated track such that they contain at least one cell, and the rings are
then ranked in descending order according to their contained energy density, Eyye. Starting with the ring with
the highest energy density, rings are successively removed until 3} .moved Ering = (Edep)» Where the energy
of the final ring is scaled down instead of removed if },.oved Ering > (Egep) [440]. In situations where no
subtraction has been performed, the track momentum is scaled down to avoid double-counting. Further scaling
is applied to all particle-flow objects to smooth the transition between the low- and high-energy scales [198].
The second step is remnant removal [440]. If the energy of the cells surviving cell-by-cell subtraction is less
than 1.50(Eqep), the energy is assumed to originate from shower fluctuations of a single particle and the cells
are removed. Otherwise, the energy is likely attributed to multiple particles and the cells are retained [440].
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Figure 4.16: A flow chart of ATLAS’s particle-flow algorithm for jet reconstruction [440].

The particle-flow algorithm results in a set of selected tracks, modified topo-clusters, and unmodified
topo-clusters. The tracks are required to be matched to the primary vertex, |Az sin 6] < 2 mm, in order to reject
tracks from pile-up interactions [440]. Particle-flow jets are then reconstructed from this ensemble of objects
using the anti-k, jet clustering algorithm [433] with radius parameter R = 0.4 using FastJeT [446]. A key aspect
of the anti-k, algorithm is its infrared and collinear safety, resulting in jets whose boundaries are unaffected by
the addition of soft radiation. The anti-k, algorithm produces hard jets with approximately circular shapes of
radius R in 7 — ¢ and softer jets with complex shapes [433]. Examples of jet properties in Z — uji events are
shown in Fig. 4.17.

Calibration: The jet energy scale (JES) calibration, shown diagrammatically in Fig. 4.18, restores the
reconstructed jet energy to that of particle-level jets’ [198] — that is, the “true” jet energy. Pile-up corrections
remove excess energy due to pile-up interactions and are applied to the jet py in two steps [198]. The first
step is a correction based on jet area (in 7 — ¢) and pr density in the central region of the detector; the second
step is a residual correction to account for pile-up sensitivity in the forward regions of the detector and in the
core of high-pr jets. The residual correction, which is derived in different regions of ||, is function of the
mean number of interactions per bunch crossing as well as the number of reconstructed vertices in the event.

7Particle-level jets are built from stable, particle-level objects originating from the hard-scatter vertex.
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Figure 4.17: Examples of jet properties in Z — uji events, including (a) the number of tracks in the jet
which originate from the primary vertex and (b) the energy removed by the second sampling layer of the
electromagnetic barrel calorimeter (“EMB2”) relative to the total energy of the constituents of the matched
calorimeter jet [440]. The error bands indicate the statistical uncertainty.

Following pile-up corrections, an absolute JES and 7 calibration is applied to account for the non-compensating
calorimeter response, energy losses in passive materials, out-of-cone effects, and biases in jet 17 reconstruction
due to transitions in calorimeter granularity or technology [198]. Both calibrations are derived using simulated
dijet events. A global sequential calibration, also derived using simulated dijet events, consists of a series
of multiplicative corrections to reduce the dependence of the jet pr response on observables reconstructed
using the tracking, calorimetry, and muon subsystems [198]. In doing so, the global sequential calibration
improves the jet resolution without changing the average jet response. The pile-up correction, absolute JES/n
calibration, and global sequential calibration are applied to both data and simulation. A final in situ calibration
is applied to the jet response in data to correct for the remaining differences between data and simulation
due to imperfect event generation and detector simulation [198]. The in situ calibration is derived using
well-measured reference objects, including photons, Z bosons, and calibrated jets. The ratio of the jet response

in data to that in simulation obtained from the in situ measurements is shown in Fig. 4.19a.

Reconstructed pr-density-based Absolute MC-based
jets pile-up correction calibration

Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum
tracking- and/or event pile-up p; density dependence, as a to the particle-level energy
calorimeter-based inputs. and jet area. function of iy and N, scale. Both the energy and

direction are calibrated.

Global sequential Residual in situ
calibration calibration

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

Figure 4.18: The flow of stages through the jet energy scale calibration [198].
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The jet energy resolution (JER) is measured using the dijet balance method, which relies on the approximate
scalar balance between the transverse momenta of the two leading jets in dijet events [198]. Measurements
of the pr asymmetry between a probe jet and a well-measured reference jet are iteratively fitted, accounting
for event-by-event physics effects such as additional radiation or non-perturbative processes, to extract the
resolution in regions of pr and 1. The noise contribution to the JER is constrained using measurements of the
fluctuations in the energy deposited due to pile-up [198]. Using data events collected with random unbiased
triggers, the calorimeter energy deposits contained within two cones at random ¢ and opposite 7 are computed.
The noise resolution is extracted as the width of the distribution of the random cone balance, the energy sum
difference between the two cones, as a function of 77 and the average number of interactions per bunch crossing.
The random cones measurement is applied as a constraint to the dijet balance measurement and the JER,

shown in Fig. 4.19b, is obtained from the combined statistical fit [198].

QLIS — T T T 3 r 0.4p————rry ————rrrry —
2 F (s=13Tev, 801 ATLAS § =2 ATLAS Anti-k, R = 0.4 (PFlow+JES)]
< 1.1 Antik, R = 0.4 (PFlow+JES) . 0.35{s = 13 Tev, 44 fb™ 0.2<|7/<0.773

» E B

ks C E= Total uncertainty 3] 0.3 L
o 1.05( E= Statistical component E t  Diltinsitu

1 = 0.25 £ Noise term in situ, N/p_

In situ combination,
N/p OS/fp OC
""""" MC prediction

0.95

0.9 .
Z - ee+jet

T[T T[T

0.85 v Z - pptjet 0.05
o Multjet —+ 3 8 TS TEEEEE
L L o] L L o] L L L ool n L L -
20 30 10 2x10? 10°  2x10° 20 30 10> 2x10? 10° 2x10°
P [Gev] P [Gev]
(a) Response (b) Resolution

Figure 4.19: (a) Ratio of the jet response in data, Ryyy,, to that in simulation, Ryic, as a function of jet pr for
the combination of the in situ measurements [198]. For the in situ measurements (i.e., data points), the inner
error bars include only the statistical uncertainty and the outer error bars include both statistical and systematic
uncertainties. For the final correction (i.e., solid line), the error band includes both statistical and systematic
uncertainties — the statistical component is not visible. (b) Relative jet energy resolution as a function of jet pt
for the combination of the dijet balance and random cones measurements [198]. The error bars/bands include
both statistical and systematic uncertainties.

Pile-Up Jet Tagging: A likelihood-based discriminant, the Jet Vertex Tagger (JVT) [447], is used to suppress
jets originating from pile-up in the central region of the detector. The JVT is constructed using simulated dijet
events and describes the relative probability of a jet originating from the hard-scatter vertex. For each input jet,
the pr-sum of the tracks contained within the jet and associated to the hard-scatter vertex is calculated. The
resulting quantity is expressed relative to the pr-sum of the tracks contained within the jet and associated to
any vertex (the jet vertex fraction or JVF) as well as relative to the jet’s pr (R,,) [447]. The JVT is evaluated
at this point in the JVF — R, plane and returned as the output score. For jets satisfying 20 < pr < 60 GeV and
In| < 2.4, the JVT output score is required to be greater than 0.5, corresponding to the “Tight” working point.
The JVT selection efficiency in Z — pji events for the Tight working point is shown in Fig. 4.20a.

A second discriminant, the Forward JVT (fIVT) [448, 449], is used to suppress jets originating due to
pile-up in the forward regions of the detector. The fJVT constructs a discriminant based on the missing

transverse momentum per vertex, utilizing the JVT to remove central hard-scatter jets with high efficiency.
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For each forward jet, the missing transverse momentum per vertex is projected onto the jet pr, and the
maximum value of the normalized projection across all vertices corresponds to the fJVT output score [449].
The normalized projection is close to 0 for a forward hard-scatter jet as the jet’s momentum is not expected to
be balanced by the missing transverse momentum. For jets satisfying 20 < pt < 60 GeV and 2.5 < || < 4.5,
the fJVT output score is required to be less than 0.5, corresponding to the “Loose” working point. The fIVT
selection efficiency in simulated Z — pji events is shown in Fig. 4.20b.

Simulation-to-data scale factors for the JVT and fJVT selection efficiencies are applied to the simulated
yields containing reconstructed jets. The scale factors and their associated uncertainties are estimated from
Z — uji events using the tag-and-probe method, where the Z boson and the leading jet are used as the tag and
the probe, respectively [447, 448].
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Figure 4.20: (a) JVT selection efficiency in Z — uj events as a function of jet pr for the Tight working
point [450]. The jets used in this plot are calorimeter jets, reconstructed from topological clusters [284, 427]
using a local cluster weighting algorithm [451]. Accordingly, the selection on the JVT output score is different
from that used for particle-flow jets. The error band includes both statistical and systematic uncertainties. (b)
Hard-scatter and pile-up jet selection efficiencies using the fJVT in simulated Z — puji events as function of jet
pr [449].

Flavour Tagging: The identification of jets containing b-hadrons (“b-jets”) is critical in identifying top
quark processes, which primarily decay via t — Wb [452, 453]. Algorithms for doing so — b-tagging or, more
generally, flavour tagging algorithms — exploit the long lifetime ({ct) ~ 458 um), high mass (m; = 4.2 GeV),
and high decay multiplicity of b-hadrons as well as the properties of b-quark fragmentation [454]. In ATLAS,
low-level algorithms are first used to reconstruct properties of b-jets, and these properties are subsequently
provided to a high-level algorithm consisting of a multivariate classifier. The output of the classifier corresponds
to the relative probability of a jet containing a b-hadron [454].

In this thesis, b-jets are identified using the DL 1r tagger [455, 456], a deep neural network with a multidi-
mensional output for concurrently identifying b-jets, jets containing c-hadrons but no b-hadrons (“c-jets”),
and jets containing neither b- or c-hadrons (“light-jets”). Per jet, the DL1r tagger receives information relating

to the jet’s pr and ||, the impact parameters and their correlations for the tracks contained within the jet,
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and any displaced vertices [456]. A displaced vertex has a significant transverse displacement relative to
the longitudinal axis of the beam spot due to the in-flight decay of a long-lived particle, such as a b-hadron.
Displaced vertices are reconstructed using the tracks contained within the jet [457, 458]. Properties of displaced
vertices utilized by the DL1r tagger include displacement from the primary vertex, invariant mass, energy
fraction, track multiplicity, and track p and n [454]. The DLI1r tagger is trained using b-, c-, and light-jets in
simulated #f events.

Working points are defined using cuts on the output of the DLI1r tagger such that specific b-tagging
efficiencies are achieved for the b-jets in simulated #7 events [454]. In this thesis, the 85% (b-tagging) efficiency
working point is used. The 85% efficiency working point has rejection factors of 2.6 and 29 for ¢- and
light-jets, respectively [454]. The corresponding b-tagging efficiencies are measured in data using dileptonic
1f events and assuming c- and light-jet mistag rates obtained from independent measurements [455, 459].
A maximum-likelihood fit is performed to extract the efficiencies as function of jet pr. Simulation-to-data
scale factors are derived to correct the tagging efficiency in simulation to data [454, 455, 459]. Additionally,
as the b-tagging efficiency varies between event generators due to usage of different fragmentation models,
simulation-to-simulation scale factors are derived to correct the tagging efficiency in simulation when the
event generator is different from that used to derive the simulation-to-data scale factors [454]. These scale
factors are applied to the simulated yields when a requirement is placed on the number of b-jets.

The b-tagging efficiency for the DL1 tagger [456] at the 85% efficiency working point is shown in
Fig. 4.21a. The corresponding simulation-to-data scale factors are shown in Fig. 4.21b. Strictly speaking, the
DL1 tagger is an earlier iteration of the DL 1r tagger; however, the former’s performance is representative of
the latter’s.

4.1.6 Missing Transverse Momentum

Missing transverse momentum is an experimental proxy for the momentum carried by undetected parti-
cles [460]. In the context of the VH, H — WW"* measurement, these particles are neutrinos. The missing
transverse momentum is calculated as the negative vectorial sum of the transverse momenta for all hard objects
in the event (i.e., the “hard” term) as well as for tracks associated to the primary vertex but not to any of the

hard objects (i.e., the “soft” term):

Epv= = 3 Bim ) M- X B X M- 3 - A @D

selected selected accepted accepted accepted unused
electrons muons taus photons jets tracks
hard term soft term

The x and y components of the vectorial missing transverse momentum are denoted by E™* and E;“i“,

respectively, leading to the definition of the magnitude of the missing transverse momentum:

- \/<Em>2 + (Ems)’, (4.3)

miss _ |z7miss
Eps = |E

and its azimuthal angle:

oM = arctan(E;niSS / E;niss) . (4.4)

In the remainder of this thesis, the phrase “missing transverse momentum” refers exclusively to its magnitude.

Where applicable, the phrase “vectorial missing transverse momentum” is used to refer to Eq. 4.2.
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Figure 4.21: (a) The b-tagging efficiency in simulated #7 events as a function of jet py [454]. The 85% efficiency
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(b) The simulation-to-data efficiency scale factors for the DL1 tagger at the 85% working point [454]. The
scale factors are shown as a function of jet py. The error bars include only the statistical uncertainty and the
error band includes both statistical and systematic uncertainties.
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The E‘Tmiss definition, Eq. 4.2, explicitly depends on the selections applied to the objects entering the
sum [460]. The objects must be reconstructed using mutually exclusive detector signals and so a priority
is assigned to their reconstruction: electrons, photons [286, 426], hadronically-decaying taus [461, 462],
muons, jets, and tracks, from highest-to-lowest priority. Lower-priority objects are typically removed when
overlapping with higher-priority objects. Muons have little overlap with the other objects, the exception being
non-isolated muons. Tracks associated to the primary vertex and matched to a jet are added to the soft term if
the jet is removed [460].

The usage of fully-calibrated hard objects and tracks originating from only the primary vertex ensures
that E’T‘rliSS reconstruction is insensitive to pile-up effects [460]. Neutral particle signals from the calorimeter
are significantly affected by pile-up and are therefore excluded from the soft term. Due to the limitations of
detector acceptance and resolution, not all physics objects originating from the primary vertex are reconstructed,
resulting in an observation bias towards nonzero E%‘iss values [460].

The E‘TniSS energy response and resolution are measured in Z — pji events, where the particle-level missing

miss,true
T

is nonzero [460]. In latter case, the relative deviation of the reconstructed E’Tniss from its particle-level value is

iss,t . . . . -
E}"™™€ is zero, as well as in W — ev/uv and semileptonic 7 events, where E.

transverse momentum,
largest at low values of E"**"°, where the observation bias leads to a nonzero offset in the reconstructed E}™s*

— E’Tmss’m‘e) distribution,

as shown in Fig. 4.22a. The corresponding resolution, given as the width of the (E%‘iSS

is shown in Fig. 4.22b. Generally, the resolution is poorer in #7 final states than in W — ev/uv final states [460].
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Figure 4.22: (a) Deviation of the E%‘iss response from linearity, (E‘TniSS - E’T“i“’""e) / E‘Tniss’true, and (b) the E%’iss

resolution, extracted as the width (“RMS”) of the (EJ™ — E?iss’m’e) distribution, in simulated W — ev/uv
and 17 events [460]. Both the response and resolution are shown as functions of the particle-level missing
transverse momentum, E7"**"™°. The error bars indicate the statistical uncertainty.

An object-based E?i“ significance [463] is used to reject events where the E%liss arises due to the mis-
reconstruction of the physics objects entering the calculation and not due to the presence of neutrinos. The pr
and ¢ resolutions for the input objects, shown in Fig. 4.23a, are used to derive E?iss resolutions in the planes
transverse and longitudinal to its direction [463]. The transverse and longitudinal resolutions are used as

inputs to a hypothesis test asserting that the momentum carried by invisible particles is zero, and the associated
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significance is calculated [463]. The object-based E%ﬁss significance in Z — ee events is shown in Fig. 4.23b.
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Figure 4.23: (a) Relative momentum resolutions for the physics objects entering E%‘i“ reconstruction, including
jets, combined muons (“CB ), electrons, unconverted photons (“N.C. y”), and hadronically-decaying taus
(Hadr. 7”) [463]. (b) Distribution of the object-based E‘T’fliSS significance in Z — ee events [463]. The error
band includes both statistical and systematic uncertainties.

4.2 Object Selection

The selections applied to the physics objects entering the VH, H — WW* measurement are shown in Table 4.1.

Electrons are collected using the logical OR of single electron triggers. They are required to have a
minimum p7 of 10 GeV and to be reconstructed in region || < 2.47 — electrons reconstructed in the transition
region between the electromagnetic barrel and endcap calorimeters, 1.37 < || < 1.52, are excluded. The
primary electron tracks are required to pass association to the primary vertex: |[Azsinf| < 0.5mm and
|dol/o 4, < 5. An author cut of 1 ensures electrons are reconstructed exclusively as electrons, removing possible
electron-photon ambiguity due to photon conversions. The choice of identification and isolation working
points is channel-dependent, chosen such that the expected sensitivity of the measurement is maximized. In
the 2¢/3¢ channels, electrons are required to pass Tight identification and PLImprovedTight isolation; in the
4¢ channels, electrons are required to pass Medium identification and Loose isolation. In the 2¢ same-sign
WH and 3¢ Z-depleted WH channels, electrons are additionally required to pass ECIDS in order to reject
electrons with misidentified charge.

Muons are collected using the logical OR of single muon triggers. They are required to have a minimum
pr of 10 GeV and to be reconstructed in the region || < 2.5. The muon tracks are required to pass association
to the primary vertex: |Azsin 6] < 0.5 mm and |dy|/o4, < 3. Muons are required to pass Medium identification
as well as PLImprovedTight and Loose isolation in the 2£/3¢ and 4¢ channels, respectively.

Jets are required to have a minimum pt of 20 GeV and to be reconstructed in the region || < 4.5. Jets
with 20 < pr < 60 GeV in the region || < 2.4 are required to pass the Tight JVT working point, and jets with
20 < pr < 60GeV in the region 2.5 < || < 4.5 are required to pass the Loose fJVT working point. For the

purposes of jet counting, jets are required to have a minimum pt of 30 GeV. In the region |n| < 2.5, b-jets
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are identified using the DL 1r tagger at the 85% b-tagging efficiency working point. For the purposes of b-jet
counting, jets are required to have a minimum pr of 20 GeV.
Prior to the “final” selections described above, physics objects are required to initially pass a set of looser

selections® followed by an overlap removal procedure [464]. The overlap removal proceeds as follows:

e Electron-electron: if two electrons have overlapping clusters in the second sampling layer of the

electromagnetic calorimeter or share a matched track, the electron with the lower pt is removed;

e Electron-muon: if a combined muon shares an inner detector track with an electron, the electron is
removed; if a calorimeter-tagged muon [432] shares an inner detector track with an electron, the muon

is removed;

e Electron-jet: if AR(jet, electron) < 0.2, the jet is removed. For any surviving jets, the electron is removed
if AR(jet, electron) < min(0.4,0.04 + (10 GeV)/ p%l“m’");

e Muon-jet: if AR(jet, muon) < 0.2, the jet is removed if it has less than three associated tracks or if both
of the following conditions are met: p"°"/ pJTet > 0.5 and "/ Yo PN > 0.7, where Yo pi is the
pr-sum of the tracks contained within the jet with pyr > 500 MeV. For any surviving jets, the muon is
removed if AR(jet, muon) < min(0.4,0.04 + (10 GeV)/p*").

If a jet is b-tagged, it is always saved from removal.

Table 4.1: The selections applied to all of the physics objects utilized by the VH, H — WW* analysis. The
details for each selection are described in the text. Additionally, all objects are required to pass overlap
removal.

Object Selection | 2¢/3¢channels | 4¢ channels
Transverse momentum pr > 10GeV
Pseudorapidity (Il < 1.37) || (1.52 < || < 2.47)

Electrons Impact parameters [Azsin 0] < 0.5 mm && |dol/og, < 5
Author Author =1
Identification Tight Medium
Isolation PLImprovedTight Loose
Transverse momentum pr > 10GeV
Pseudorapidity [l < 2.5

Muons Impact parameters [Azsin ] < 0.5 mm && |dol/og, <3
Identification Medium
Isolation PLImprovedTight ‘ Loose
Transverse momentum pr > 20GeV (pr > 30GeV for counting)

Jets Pseudorapidity ] < 4.5
VT Tight
fIVT Loose
Transverse momentum pr > 20GeV

. Pseudorapidity [l < 2.5

b-jets VT Tight

Flavour tagger DLIr @ 85% b-tagging efficiency

8The only differences are for leptons: electrons are required to satisfy pr > 10GeV, || < 2.47, VeryLoose identification [286],
|Azsin 6] < 0.5 mm, and |do|/o g, < 5; muons are required to satisfy pt > 10GeV, || < 2.7, Loose identification, |Az sin 6| < 0.5 mm, and
|d()|/0'd0 < 15.



Chapter 5

Estimation of Data-Driven Backgrounds

The VH, H - WW* analysis utilizes a data-driven estimation of the misidentified lepton background and
the electron background with misidentified charge. Both backgrounds are attributed to incorrect object
reconstruction, a phenomenon which is typically difficult to simulate. The usage of data-driven estimation,
where the misidentification rates are directly measured in data, is a more reliable approach than simulation.

Misidentified leptons, also known as non-prompt or “fake” leptons, come from various sources, including
jets incorrectly reconstructed as leptons and leptons resulting from decays which are not directly related
to hard-scatter collision, including leptonically-decaying hadrons or y-conversions. Fake leptons are often
characterized by a high level of track- or calorimeter-based activity around the lepton, and so identification
and isolation criteria are powerful tools for rejecting fake leptons.

Electrons with incorrectly measured or “misidentified” charge, also known as “charge-flip” electrons, are a
result of an incorrect determination of the sign of an electron track’s curvature or the usage of an incorrectly
matched electron track with curvature opposite to that of the “true” track. In either case, the reconstructed
charge of an electron is “flipped”. Charge-flip electrons are rejected using electron charge identification
selection (ECIDS).

In this chapter, the estimation of the data-driven backgrounds is described. The fake factor method
(Section 5.1) is used in 2£/3¢ channels (Section 5.2) for estimating the fake muon background. The fake
electron background is estimated using a scale factor method multiplying MC predictions. For the 4¢ channel
(Section 5.3), the fake factor method is used for the estimating both flavours of the fake lepton background.
In the 2¢ same-sign WH channel, the electron charge-flip rates in data are measured using Z+jets events

(Section 5.4). The muon charge-flip rates are negligible in the pr range relevant to this analysis.

5.1 The Fake Factor Method

The fake factor method is a widely-used technique for estimating fake lepton backgrounds. It begins with
the construction of a control region targeting the source of the fake leptons. Within the fake lepton control
region, two sub-regions are defined: the identified (ID) control region, where all of the leptons in the event
are required to pass the nominal lepton selections, and the anti-identified (anti-ID) control region, where at
least one of the leptons is required to pass a looser set of lepton selections. The usage of a looser set of lepton
selections enriches the anti-ID control region in fake leptons.

The number of fake events in the ID control region divided by the number of fake events in the anti-ID
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CR SR

ID

NID,SR = FF x Nantl—lD,SR

_ AIDCR ; psanti-ID,CR
FF =N / N, fakes fakes

fakes fakes

Anti-ID

Figure 5.1: A pictorial representation of the fake factor method: fake lepton control regions (“CR”) with
anti-ID (“anti-ID”) or ID (“ID”) selections applied to one lepton are used to calculate the fake factor (“FF”).
The fake factor is then applied to the anti-ID fake yields in the signal region (“SR”) to estimate the ID fake
yields. Event yields are denoted by N.

control region corresponds to an anti-ID-to-ID extrapolation factor known as the fake factor. In particular, the

data-driven fake factor (FF), measured using the fake lepton control region, is given by:

ID,CR ID,CR _ A7ID,CR
FF = Nfakes _ Ndata NEW (5 1)
- nti-ID.CR - Nt-IDCR _ pganti-ID.CR * )
fakes data EwW

where N 18 the data-driven estimate of the number of fake events: Nges = Ngata — Ngw, Where Nyu, 1 the
measured number of data events and Ngw is the simulated number of events with only electroweak (EW), or
prompt, leptons. Whether a given event yield corresponds to the ID or anti-ID control region is indicated by
the superscript.

A key assumption of the fake factor method is that the fake lepton efficiency only depends on the properties
of the lepton and not on the remainder of the event, as lepton reconstruction uses information from a localized
area of the detector. The implication of this assumption is that the fake factor derived in the fake lepton control
region is equally applicable in a channel’s signal region which, in this context, refers to any region where the
fake lepton background estimate will be applied. One may analogously define ID and anti-ID sub-regions of

the signal region, naturally leading to an expression for the number of fake events in the ID signal region:

ID,SR _ anti-ID,SR __ anti-ID,SR __ a7anti-ID,SR
Nfakes = FF x Nfakes = FF x (Ndata NEW ) . (52)

Whether a given event yield corresponds to the ID or anti-ID signal region is indicated by the superscript. A
diagram summarizing the fake factor method is shown in Fig. 5.1.

5.2 Misidentified Lepton Estimation for the 2¢/3¢ Channels

For the 2¢ same-sign WH and 3¢ WH channels, the primary sources of fakes are V+jets, t7, and V+y; for the
2¢ DFOS VH channel, the primary sources of fakes are W+jets and W+y.

The ID and anti-ID selections for the 2¢/3¢ channels are detailed in Table 5.1. Anti-ID muons have a looser
cut on the significance of the transverse impact parameter and an absent isolation working point selection
with respect to ID muons; anti-ID electrons have looser identification and isolation working point selections

as well as no author cut with respect to ID electrons. The absence of the author cut increases the fraction of
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electrons resulting from photon conversions. Additionally, all lepton pairs are required to pass a minimum
angular separation cut, ARy, > 0.1. This is because fake events were sometimes found to have overlapping

leptons, AR, < 0.1. Overlapping leptons in prompt lepton events, on the other hand, were found to be rare.

Table 5.1: The ID and anti-ID criteria applied to leptons for the fake lepton estimation in 2£/3¢ channels. For
electrons, the crack region between the barrel and endcap electromagnetic calorimeters, 1.37 < || < 1.52,
is excluded. An author cut of 1 ensures electrons are reconstructed exclusively as electrons. ECIDS is only
applied to electrons in the 2¢ same-sign WH and 3¢ Z-depleted WH channels. “Veto ID” indicates that a
lepton is not classified as anti-ID if it passes the ID criteria.

Muons Electrons

Criteria ID Anti-ID ID Anti-ID

pr [GeV] > 15 > 15
il <25 < 2.47, excluding crack region
|Az sin 6] [mm)] <0.5 <0.5
|dol/ o, <3 <15 <5
Author - Author = 1 -
Identification Medium Tight Loose

Isolation PLImprovedTight - PLImprovedTight Loose && PLVLoose

ECIDS - - No (Yes) -

Veto ID - Yes - Yes

5.2.1 Misidentified Muons

The fake muon background is estimated using the fake factor method for the 2¢/3¢ channels. A 3¢ control
region enriched in #7 events is constructed for the estimation of the fake factors. The selections for the 77 control
region are shown in Table 5.2. Two same-sign muons, one electron, and one b-jet are selected, making the
control region orthogonal to the 3¢ Z-depleted WH signal region.

The fake factors are measured in two fake muon pt bins: 15 < pr < 30GeV and pr > 30GeV. In the ID
control region, the subleading muon is selected as the fake muon, as the muon from the decay of the b quark is
expected to be softer than that from the decay of the W boson. In the anti-ID control region, the anti-ID muon

is selected as the fake muon.

Table 5.2: Event selections for the #7 control regions used to estimate the muon fake factors in 2£/3¢ channels.

tf control region
ID control region ‘ Anti-ID control region

Exactly 3 leptons with at least 1 ID lepton matched to a single lepton trigger
Lepton flavour/charge: u*e®u*
N, b-jets = 1
3 ID leptons ‘ 2 ID leptons and 1 anti-ID muon

Following the procedure used in the ATLAS same-sign WW measurement [436], the pr of the anti-ID
muon, p%‘"‘“”, is corrected using its p%arc"“e” isolation variable, typically 5 GeV or 20% of the anti-ID muon’s
pr:

/anti-ID » Canti-
e = p o+ pRe e o) - (5.3)

This is done to reduce the pt spectrum differences between the anti-ID muon and the underlying jet which has
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been misidentified as the anti-ID muon, as the muon carries only a fraction of the jet’s total momentum. Doing
so also reduces the flavour dependence on the fake lepton source used to estimate the fake factors: #f versus
Z+jets. For the purposes of the pr > 15 GeV selection and the binning of the fake factors, it is the corrected
anti-ID muon pr which is used.

Fig. 5.2 shows distributions of the subleading muon pt and the corrected anti-ID muon pr in the ID and
anti-ID 7 control regions, respectively. The fake factors are extracted from these distributions by fitting a
likelihood function' parameterized in terms of the fake factors, F_I)Z the nuisance parameters on the electroweak
backgrounds, 5, and the event yields in the anti-ID control regions, ¥.2 The likelihood function is written as a
product of Poisson probability density functions (PDFs) for each pr bin of the ID and anti-ID control regions

and Gaussian constraints for the theoretical systematics on the largest electroweak backgrounds:

pr bins uncertainties
LEFGH = | [ PO NS ER, 6 v) x PP vy x| [ GG |ek>] . (54
i k
with:
Nlpredicted,ID (FF,’, é’, Vi) — NiEW,ID ( é’) + FFi % (Vi _ NZEW,anti—ID (é’)) , (55)
where:

e P is a Poisson PDF and G is a Gaussian constraint;
N#@ID and N#@aID gre the data yields in pr bin i of the ID and anti-ID control regions, respectively;

. NfrediCted’ID(FFi, g,v) is the predicted yield in pt bin i of the ID control region;

e v; is the (floating) event yield in pr bin i of the anti-ID control region, constrained by Nl.d"“a"“”"i’ID ;

. NiEW’ID(5) and NiEW’*"m'ID (6) are the MC electroweak background yields in pr bin i of the ID and anti-ID

control regions, respectively;
e FF; is the fake factor in pt bin i.

The Gaussian constraints allow the yields for the largest components of the electroweak background, #V and
ttH, to float in the fit. The size of the fluctuations are dictated by the uncertainties on their respective cross
sections, Aoy = 13% [465] and Aoy = 13% [465]. Other components of the electroweak background
include WZ, ZZ, VVV, VH, and tZ; however, these components are constant in the fit.

The fitted fake factors are shown in Table 5.3. Two sources of uncertainty on the fake factors are quantified:
the statistical and cross section uncertainty and the non-closure uncertainty.

The statistical and cross section uncertainty, AFFg,,xs, is a result of the limited statistics in the fake muon
control regions as well as the uncertainties on the ##V and #7H cross sections. It is given by the 68% confidence
interval on best-fit values of the fake factors.

The non-closure uncertainty, AFF, o closure, 18 calculated by comparing the MC prediction for the fake
muon background in the ID 3¢ Z-dominated WH signal region to the estimate obtained by scaling the MC

I'The likelihood function describes the “likelihood” of measuring a particular set of parameters defining the measurement model given
the observed data. More details on likelihood functions are given in Chapter 8.

2Throughout this chapter as well as the following chapters, an overhead arrow (e.g., FF or 5) is used to denote a vector.
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Figure 5.2: Distributions of (a) the subleading muon pr and (b) the corrected anti-ID muon pr in the #f control
regions used for the fake muon background estimation in the 2£/3¢ channels. The error bands indicate the
statistical uncertainty. Here, t7 corresponds to the MC prediction for the fake lepton background.

prediction in the anti-ID signal region by MC-driven fake factors. Per pr bin, the relative difference in the fake
yield is symmetrized, summed in quadrature with the statistical uncertainty on the MC prediction in the ID

signal region, and assigned as the uncertainty.

Table 5.3: Data-driven fake factors (FFs) for the fake muon estimation in the 2£/3¢ channels. Also shown are
the statistical and theoretical cross section (AFF,.xs), the non-closure (AFF,on_ciosure)» and the total (AFF o)
uncertainties for each fake factor. The total uncertainty is given by the quadrature sum of AFF,.,xs and
AFF non-closure -

Pt bin ‘ FF AFFstatJrXS [%] A1::1::n0n—closure [%] AI::Ftolall [%]
15 < pr <30GeV | 0.0124 19.2 72.7 75.2
30GeV < pr 0.0170 27.3 23.0 35.7

5.2.2 Misidentified Electrons

In the 2¢/3¢ channels, control regions independently measuring the fake factors for each source of fake
electrons could not be constructed — instead, the scale factor method is used. Control regions enriched in fake
electrons are split into sub-regions with ID or anti-ID criteria applied to one of the electrons. The normalization
of the MC prediction for each source of fake electrons is measured by fitting the MC predictions in the anti-ID
control regions to data in the ID control regions. The normalization factor for a particular source of fake leptons
is referred to as its scale factor (SF). By multiplying the scale factor for each source onto the corresponding
MC prediction in the anti-ID signal region, an estimate of fake electron background in the ID signal region is
obtained. For example, if there is only one source of fake electrons, then the estimated number of fake electron

events in the ID signal region is given by:
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NIDCR _ pjID.CR
ID,SR _ anti-ID,SR _ *‘data EW anti-ID,SR
Nfakes =SFXN, fakes - anti-ID.CR XN, fakes ’ (5.6)

fakes

where Nanti-ID,SR and Nami-ID,CR

p are the MC predictions for the number of fake electron events in the anti-ID
akes fakes

signal and control regions, respectively.

Three 3¢ control regions are constructed, one for each source of fake electrons: y-conversion, light-flavour,
and heavy-flavour fakes. The selections for each control region are shown in Table 5.4.

The Z+y control region targets y-conversion fakes from photons in final state radiation, and the Z+jets
control region targets light-flavour fakes from misidentified jets. Both select two opposite-sign muons and one
electron. An upper cut on the missing transverse momentum, E%‘i“ < 30 GeV, ensures the control regions are

orthogonal to the 3¢ Z-dominated WH signal region. Requiring zero b-jets reduces each control region’s tf

contamination, and a lower cut on the minimum opposite-sign dilepton invariant mass, m[m;‘(‘)s > 12GeV, is
used to remove low-mass resonances. Cuts on the transverse mass of the W boson:
mY = [2plee Emiss(1 — cos Ag iss) (5.7
T — Pt T Crake,miss ) » .

and the trilepton invariant mass, m, are used to further improve each control region’s purity. Finally, cuts on
the dimuon invariant mass, m,,, are used to select softer muons, in the case of non-resonant Z production via
Z+v, or harder muons, in the case of resonant Z production via Z+jets.

The t7 control region targets heavy-flavour fakes from 7 — W*bW~b decays. Two same-sign electrons
and one opposite sign muon are selected, which ensures that the muon is prompt and one of the electrons is
non-prompt. Requiring one b-jet improves the control region’s #7 purity. Additionally, the lepton flavour/charge
and b-jet selections ensure the region is orthogonal to the #f control region used to extract the muon fake factors
and the 3¢ Z-depleted WH signal region.

Within each control region, the MC events are split into y-conversion, light-flavour, and heavy-flavour
sources using a truth classifier. Per event, the fake electron is associated to a truth-level particle using a
matching procedure based on minimum distance in AR, and the type of the truth-level particle, or the type of
its progenitor, is used to assign the electron’s fake source. In the ID control regions, the subleading electron is
selected as the fake electron; in the anti-ID control regions, the anti-ID electron is selected as the fake electron.

Independent sets of scale factors are derived for electron ID with and without ECIDS. Additionally,
each scale factor is measured in three fake electron pr bins: 15 < pr < 20GeV, 20 < pr < 30GeV, and
pr > 30GeV.

Table 5.4: Event selections for the Z+y, Z+jets, and #f control regions (CRs) used to estimate the electron
scale factors in 2£/3¢ channels.

Z+y CR
ID CR |

Z+jets CR 1 CR
ID CR |  Anti-ID CR ID CR |

Exactly 3 leptons with at least 1 ID lepton matched to a single lepton trigger
Lepton flavour/charge: pu*u*e Lepton flavour/charge: e*u¥e*
Nb—jels =0 Nb—jets =1
ET™ <30GeV
myie > 12GeV
mq‘CV <40GeV

Anti-ID CR Anti-ID CR

|m[[f - le < 10GeV
40 < my, < 80GeV
2 ID leptons and

3 ID leptons 1 anti-ID electron

Myee < 200 GeV
80 < my, < 100GeV
2 ID leptons and

3 ID leptons 1 anti-ID electron

2 ID leptons and

3 ID leptons 1 anti-ID electron




5.2. MISIDENTIFIED LEPTON ESTIMATION FOR THE 2¢/3¢ CHANNELS 87

Fig. 5.3 shows distributions of the subleading electron pt and anti-ID electron pr in the ID and anti-ID
control regions, respectively, for each source of fake electrons. The scale factors are extracted from these
distributions by fitting a likelihood function parameterized in terms of the scale factors, S_I>3, and the nuisance
parameters on the electroweak backgrounds, 6. The likelihood function is written as a product of Poisson
PDFs for each pr bin of each control region and Gaussian constraints for the theoretical systematics on the

electroweak backgrounds:

pr bins control regions uncertainties

L(ﬁ é‘) _ 1_[ l_[ P( Nidjata,ID | Nipjredicled,ID (ﬁg, 5)) % G| 9")]’ (5.8)
i j k
with:
fake sources
NFjredicted,ID(ﬁé’ g) — N[EjW,ID(é’) + Z (SF,‘[ % N:‘;ke [,ami—ID) , (59)
14
where:

e P is a Poisson PDF and G is a Gaussian constraint;

o ijata’m is the data yield in pr bin i of the ID control region j;

-

o N} redicted D (S 6) is the predicted yield in pr bin i of the ID control region J;

° NEW, ID

i (67) is the MC electroweak background yield in pr bin i of the ID control region j;

° Ntake £,anti-ID

Iy is the MC yield for fake source ¢ in pt bin i of anti-ID control region j;

e SF;, is the scale factor for fake source € in pr bin i.

The Gaussian constraints allow the yields for all components of the electroweak background to float in
the fit. The size of the fluctuations are dictated by the uncertainties on their respective cross sections,
Aoy = 13% [465], Aoy = 13% [465], Aowz = 5% [4606], Aozz = 6% [467], Aoyyy = 35% [468].

The fitted scale factors are shown in Table 5.5. Two sources of uncertainty on the scale factors are
quantified: the statistical and cross section uncertainty and the non-closure uncertainty.

The statistical and cross section uncertainty, ASFg,,xs, is a result of the limited statistics in the fake
electron control regions as well as the uncertainties on the cross sections for each component of the electroweak
background. It is given by the 68% confidence interval on best-fit values of the scale factors. If the fit converges
to O for a particular scale factor, the 68% confidence interval is instead used as the central value of the scale
factor and a 100% uncertainty is assigned.

The non-closure uncertainty, ASFyoq.closure> has two contributions. The first contribution is calculated by
comparing the MC prediction for the fake electron background in the ID Z+jets control region to the estimate
obtained by scaling the MC prediction in the anti-ID control region by MC-driven scale factors. Per pr bin, the
relative difference in the fake yield is symmetrized and summed in quadrature with the statistical uncertainty
on the MC prediction in the ID control region. Each source of fake electrons shares the same uncertainty in a
given pr bin. The second contribution is calculated by comparing the MC prediction for the fake electron
background in the ID pe same-sign WH signal region to the estimate obtained by scaling the MC prediction
for the fake electron background in the anti-ID signal region by MC-driven scale factors. Per pr bin, the

relative difference in the fake yield is symmetrized and summed in quadrature with the statistical uncertainty
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Figure 5.3: Distributions of (a, c, €) subleading electron pr and (b, d, f) anti-ID electron pr in the Z+y, Z+jets,
and 7 control regions used for the fake electron background estimation in the 2£/3¢ channels. The error
bands indicate the statistical uncertainty. These distributions correspond to electron ID without ECIDS. In
the ID control regions, Z+y, Z+jets, and ¢f correspond to the MC prediction for the fake lepton background,
explaining the imperfect data-MC agreement.
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on the MC prediction in the ID signal region. Each source of fake electrons has its own set of uncertainties, as
the ID signal region is split into sub-regions of y-conversion, light-flavour, and heavy-flavour fakes based on
the source of the subleading electron. Both contributions are summed in quadrature to yield the non-closure

uncertainty.

Table 5.5: Data-driven scale factors (SFs) for the fake electron estimation in the 2¢/3¢ channels. Also
shown are the statistical and cross section (ASFq,.xs), the non-closure (ASF,on-closure ), and the total (ASFq.1)
uncertainties for each scale factor. The total uncertainty is given by the quadrature sum of ASF.xs and
ASFion-closure- These scale factors correspond to electron ID without ECIDS — the scale factors for electron ID
with and without ECIDS agree within uncertainty, and so only the latter are shown for brevity.

Fake flavour Pt bin SF ASFstaHXS [%] ASFnon-(:losure [%] ASFlotal [%]
15 < pr <20GeV | 0.091 6.5 79.0 79.3
y-conversion 20 < pr <30GeV | 0.144 6.0 25.1 25.8
30GeV < pr 0.207 9.1 27.6 29.1
15 < pr <20GeV | 0.064 100.0 61.3 117.3
Heavy 20 < pr <30GeV | 0.079 100.0 49.9 111.8
30GeV < pr 0.049 100.0 57.4 115.3
15 < pr <20GeV | 0.113 25.2 439 50.6
Light 20 < pr <30GeV | 0.025 100.0 494 111.5
30GeV < pr 0.025 100.0 53.8 113.6

5.2.3 Validation

The data-driven fake factors and scale factors are applied to same-sign validation regions in order to assess the
data-MC fidelity of the fake lepton background estimate. The selections for each validation region are shown
in Table 5.6.

The p*u* validation region requires two same-sign muons. It is further divided into a b-veto sub-region by
requiring zero b-jets and zero jets, where the jet veto is applied to ensure orthogonality with the pu same-sign
WH signal region, and b-tag sub-region by requiring one b-jet. The dominant fake lepton backgrounds in the
b-veto and b-tag sub-regions are W+jets and ¢f, respectively.

The e*u* /u*e* validation region requires two same-sign, different-flavour leptons. It is further divided into
a b-veto sub-region by requiring zero b-jets and zero jets, where the jet veto is applied to ensure orthogonality
with the eu/ue same-sign WH signal region, and b-tag sub-region by requiring one b-jet. The dominant fake

lepton backgrounds in the b-veto and b-tag sub-regions are V+jets/V+y and 1, respectively.

Table 5.6: Event selections for the same-sign validation regions (VRs) used to validate the fake lepton
background estimate in the 2¢£/3¢ channels.

/Jilui VR eilui /luirei VR
b-veto VR ‘ b-tag VR b-veto VR ‘ b-tag VR
Exactly ID 2 leptons with at least 1 lepton matched to a single lepton trigger
Lepton flavour/charge: u*u* Lepton flavour/charge: e*u*/u*e*
Nb—jels =0&& ]vjets =0 ‘ Nb—jets =1 Nb—jets =0&& Ivjets =0 ‘ Nb—jets =1

The subleading lepton pr is sensitive to the modelling of the fake lepton background, as the subleading
lepton is expected to be the fake lepton. Fig. 5.4 shows distributions of the subleading lepton pr in each of the
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same-sign validation regions, where the fake lepton background is obtained using the data-driven estimation.

Good data-MC agreement is observed in all distributions.

5.3 Misidentified Lepton Estimation for the 4¢ ZH Channel

For the 4¢ ZH channel, the primary sources of fakes are WZ and #W/tZ, each with one misidentified lepton
in the final state, and Z+jets and ¢/ Wt, each with two misidentified leptons in the final state. The latter are
referred to as double fakes.

The ID and anti-ID selections for the 4¢ channel are detailed in Table 5.7. Anti-ID muons have a looser cut
on the transverse impact parameter significance, a looser identification working point selection, and an absent
isolation working point selection with respect to ID muons; anti-ID electrons have a looser identification
working point selection, an absent isolation selection, and no author cut with respect to ID electrons.

Table 5.7: The ID and anti-ID criteria applied to leptons for the fake lepton estimation in the 4¢ ZH channel.
For electrons, the crack region between the barrel and endcap electromagnetic calorimeters, 1.37 < || < 1.52,
is excluded. An author cut of 1 ensures electrons are reconstructed exclusively as electrons. “Veto ID” indicates
that a lepton is not classified as anti-ID if it passes the ID criteria.

Muons Electrons
Criteria ID Anti-ID 1D Anti-ID
pr [GeV] > 10 > 10
il <25 < 2.47, excluding crack region
|Az sin 6] [mm] <0.5 <0.5
|d()|/0'd0 <3 <15 <5
Author - Author = 1 -
Identification Medium Loose Medium VeryLoose
Isolation Loose - Loose -
Veto ID - Yes - Yes

Both the fake muon and fake electron backgrounds are estimated using the fake factor method, proceeding
in a manner similar to the estimation of fake muon background for the 2£/3¢ channels. The fake factors are
not binned in the kinematics of fake lepton due to limited data statistics. With the inclusion of double fakes,
Eq. 5.2 is modified as:

N4[,SR — FF x N3{’+l,SR _ FFZ % N2£+2[,SR

fakes fakes fakes

(5.10)

nl+mf,SR
where N, ¢

for double fakes constitutes a correction to the total fake yield. Regardless of the number of anti-ID leptons

denotes the fake yield in the signal region with n ID leptons and m anti-ID leptons. Accounting

selected in a given region, the data-driven estimation of the fake yield proceeds in the same manner as before:

n+mf SR _ aml+mf,SR _ Aml+mf,SR
Nfakes - Ndata N EW .

A 3¢ control region enriched in Z+jets events is constructed for the estimation of the fake factors. The
selections for the Z+jets control region are shown in Table 5.8. At least one same-flavour, opposite-sign
(SFOS) lepton pair is required, selecting the pair, £y and ¢;, with an invariant mass closest to that of the Z
boson as the Z boson candidate. The leptons belonging to this pair, referred to as the Z-tagged pair, must pass
ID selections and at least one of them must be matched to a single lepton trigger. The invariant mass of the Z
candidate is required to be within a window around the mass of the Z boson: 70 < my, < 110GeV, in the

case of Z — pjfi, or 80 < my,, < 110GeV, in the case of Z — ee. The Z-tagged leptons are also required
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Figure 5.4: Distributions of the subleading lepton pr in each of the same-sign validation regions used to
validate the estimation of the data-driven fake lepton background in the 2£/3¢ channels. The error bands
include the statistical uncertainty as well as the systematic uncertainties relating to the estimation of fake
lepton background.
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to pass tighter py cuts, p? > 25GeV and pé‘ > 25GeV. Finally, an upper cut on the transverse mass of
the W boson, m%v < 50GeV, is used to reject WZ, the largest electroweak background in the control region.
Distributions of my,,, and m?’ are shown in Fig. 5.5. The data-MC agreement is imperfect due to the use of
Z+jets as the MC prediction for the fake lepton background.

The flavour of the fake lepton is used to further split the ID and anti-ID control regions such that muon and
electron fake factors may be independently measured. In the ID control region, the fake lepton is selected
as the lepton not assigned to the Z candidate; in the anti-ID control region, the fake lepton is selected as the
anti-ID lepton.

The WZ component of the Z+jets control region is normalized to data using a WZ control region, which
is constructed by inverting the m?’ cut of the Z+jets control region. The normalization factor is found to be
1.032 £ 0.010(stat.).

Table 5.8: Event selections for the Z+jets and WZ control regions (CRs) used to estimate the fake factors in 4¢
channel.

Z+jets CR

ID CR Anti-ID CR WZ R

Exactly 3 leptons with 1 Z-tagged pair, ¢, and ¢;
70(80) < mgye, < 110GeV if £y, €; are muons (electrons)
Pl >25GeV && pil > 25GeV
m?’ < 50GeV m¥/ > 50GeV
2 ID leptons and

3 ID leptons 1 anti-ID lepton

3 3
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Figure 5.5: Distributions of (a) the invariant mass of the Z candidate and (b) the transverse mass of the W
boson following the pf}J > 25GeV && pi‘ > 25 GeV selection from Table 5.8. A normalization factor of
1.032 is applied to the WZ event yield. The error bands indicate the statistical uncertainty. Here, Z+jets
corresponds to the MC prediction for the fake lepton background.

The fake factors, shown in Table 5.9, are inclusive in the kinematics of the fake lepton and therefore are
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calculated from Eq. 5.1 without a maximum-likelihood fit. Three different sources of uncertainty on the fake
factors are quantified: the statistical uncertainty, the electroweak subtraction uncertainty, and the non-closure
uncertainty. The uncertainties are calculated separately for each flavour of fake lepton.

The statistical uncertainty, ASFy, is a result of the limited statistics in the fake lepton control regions. It
is calculated from the definition of the fake factor, Eq. 5.1, by propagating the statistical uncertainties in data
and MC.

Attributed to the experimental and theoretical uncertainties on the components of the electroweak back-
ground, the electroweak subtraction uncertainty, AFFgw subiraction, 1 calculated by varying the total electroweak
background yield up and down by 30% and recalculating the fake factor in each case. The larger difference
relative to the nominal fake factor is symmetrized and assigned as the uncertainty.

The non-closure uncertainty, AFF,oq closure, 1S calculated by comparing the MC prediction for WZ, the
dominant source of fake leptons in the 4¢ ZH channel, at the b-jet veto selection in the ID 4¢ 1SFOS ZH signal
region to the estimate obtained by scaling the MC prediction for WZ in the anti-ID signal region by MC-driven

fake factors. The relative difference in the fake yield is symmetrized and assigned as the uncertainty.

Table 5.9: Data-driven fake factors (FFs) for the fake lepton estimation in the 4£ ZH channel. Also shown are
the statistical (AFF,,), the electroweak subtraction (AFFgw subtraction)» the non-closure (AFF, o, closure ), and the
total (AFFy,1) uncertainties for each flavour of fake factor. The total uncertainty is given by the quadrature
sum of ASFstat, Al:FEW subtraction and ASFnon—closure'

Fake flavour ‘ FF AFFstat [%] AFFEW subtraction [%] A1::Fn0n—closure [%] AFFtotal [%]

Muons 0.227 1.5 14 49 51
Electrons 0.079 1.2 8 34 35

The fake lepton estimate and its associated uncertainties are of minor importance to the 4¢ ZH channel. In
some bins of the 4¢ 1SFOS ZH signal region, however, the number of fake events is negative due to limited
data statistics. In these cases, the number of fake events is set to a small positive number, 1 X 10712, to avoid
pathological behaviour in the statistical fit. The uncertainty on the number of data events in the anti-ID signal
region, and therefore on the number of fake events in the ID signal region, is inflated to account for this.
Specifically, the uncertainty on the number of data events in the anti-ID signal region is taken as the square

root of the 68% upper confidence bound on the number of data events, assuming Poisson statistics.

5.4 Charge-Flip Electron Estimation for the 2¢{ Channel

A measurement of the electron charge-flip rate is performed using samples of same- and opposite-sign data.
It begins with the construction of two dilepton control regions, where at least one of the leptons must be an
electron. The control regions have identical selections with the exception of their charge requirement: one

control region requires same-sign leptons and the other requires opposite-sign leptons. In the same-sign control

SS,CR SS,CR
Ndala Nexpecled ’

attributed to charge-flip electrons. The size of this residual is assumed to be proportional to the number of data
NOSCR
dat

region, the residual between the number of data events, , and the number of expected events, is

events in the opposite-sign control region, , leading to the definition of the electron charge-flip rate:

SS,CR SS,CR
_ Ndata ~ “Vexpected (5 11)
€= NOSCR : :
data
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The electron charge-flip rate is subsequently applied to a same-sign dilepton signal region, where at least
one of the leptons must be an electron. An opposite-sign dilepton signal region, identical to the same-sign

signal region with the exception of its charge requirement, is constructed. The number of data events in the

NOSSR
data

the number of charge-flip electron events in the same-sign signal region:

opposite-sign signal region, , scaled by the electron charge-flip rate provides the data-driven estimate of

NSSSR _ J€X Nowa if eu/pe (5.12)
oo (€ + € —2e€’) x N>R if ee

data

For same-flavour signal regions, either electron could have misidentified charge. Accordingly, the charge-flip
rate is modified as (€ + €’ — 2e€”) to account for this, where €’ indicates that the charge-flip rates could differ
for each electron and —2e€’ constitutes a double-counting correction.

For the 2¢ same-sign WH channel, the primary sources of charge-flip electrons are Z+jets and 7. A Z+jets
control region, whose selections are shown in Table 5.10, is constructed for the estimation of the charge-flip
rates. Two same-sign electrons are required, and the leading and subleading electrons are required to pass
minimum pr cuts of 22 and 15 GeV, respectively. To reject tf, zero b-jets are required; to select Z+jets, the
dilepton invariant mass is required to be within 20 GeV of the mass of the Z boson. The dilepton invariant

mass cut also ensures the region is orthogonal to the ee same-sign WH signal region.

Table 5.10: Event selections for the Z+jets control region used to estimate the electron charge-flip rates in the
2¢ same-sign WH channel.

Z+jets control region

Exactly 2 same-sign (or opposite-sign) ID electrons
At least 1 ID electron matched to a single lepton trigger
pht > 22 GeV && pi > 15 GeV
Nb—jels =0
|m[g - mz| <20GeV

The charge-flip rates are measured in bins of electron pr and |57|. There are 4 bins in p between 15 and
1000 GeV as well as 6 bins in || between 0.6 and 2.47, excluding the transition region 1.37 < || < 1.52. In
the following, €; denotes the rate in the i-th cell of pt — |57 space.

The rates are extracted by fitting a likelihood function parameterized in terms of the rates, €, and the
nuisance parameters on the data-driven fake lepton and electroweak backgrounds, d. The likelihood function
is written as a product of Poisson PDFs for each pr — |5] bin of the control region per electron and Gaussian

constraints for the systematics on the backgrounds:

pr — Iyl bins uncertainties
Led=| | pPovESInNgF S, e d|x| [| 6@ 9,{)} : (5.13)
i,j k
with:
NP 6 €5, 0) = (€ + € — 2€i€)) X NSO 4 NEVSS () + NEK55(d) (5.14)

An event yield denoted by N;; corresponds to the yield in the sub-region of the control region where the leading

and subleading electrons are in the i-th and j-th cells of pt — |57] space, respectively. Additionally:

e P is a Poisson PDF and G is a Gaussian constraint;
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° Nexpecled,SS

y (&, €, 5) is the expected same-sign yield;

. Nidfm’ss and N%95 gre the same- and opposite-sign data yields, respectively;
j ij

° NFW’SS (5) is the same-sign MC electroweak background yield;

o Nl.fakes’SS (6) is the same-sign data-driven fake lepton background yield;

The Gaussian constraints allow the yields for the WZ component of the electroweak background and the
fake lepton background to float in the fit. For WZ, the size of the fluctuations is dictated by the cross section
uncertainty of Aoz = 13% [465]. For the fake lepton background, the size of the fluctuations is dictated by
the systematic uncertainties on the fake factors and scale factors, which are described in Section 5.2.

The fitted charge-flip rates are shown in Table 5.11 and their corresponding uncertainties are shown in
Fig. 5.6. The rate is an increasing function of electron pr and |r7| — this is expected because a harder electron
has less curvature and because pattern recognition becomes more complicated in the forward regions of the
detector. The rates themselves are very low but result in a sizable background in the 2¢ same-sign WH channel.
Three sources of uncertainty are quantified: the statistical, the background estimation, and the mass window
uncertainties.

The statistical uncertainty is a result of the limited statistics in the Z+jets control region. It is given by the
68% confidence interval on best-fit values of the charge-flip rates with uncertainties on the WZ cross section
and the fake lepton background fixed. In the barrel region, the uncertainty can be as large as 22%.

The background estimation uncertainty is a result of the uncertainties on the WZ cross section and the fake
lepton background. It is given by the 68% confidence interval on best-fit values of the charge-flip rates with
the statistical uncertainties fixed.

The mass window uncertainty is attributed to the particular choice of mass window applied to the Z
candidate, 20 GeV. It is evaluated by varying the choice of mass window and refitting the charge-flip rates.

The relative difference between the nominal and varied rates is assigned as the uncertainty.

Table 5.11: Data-driven charge-flip rates (in %) for the charge-flip electron estimation in the 2¢ same-sign WH
channel. The uncertainties correspond to the quadrature sum of the statistical, the background estimation, and
the mass window uncertainties.

PT bin
15<pr<60GeV 60 <pr<90GeV 90 < pr <130GeV  130GeV < pr
0<1n<0.6 0.0013 + 0.0003 0.0048 + 0.0024 0.0278 + 0.0070 0.1147 = 0.0220
0.6 <|pl < 1.1 0.0038 + 0.0006 0.0228 + 0.0030 0.0644 + 0.0119 0.2384 + 0.0365
inl bin 1.1 <pl <137 | 0.0087 +0.0010 0.0534 + 0.0070 0.1867 + 0.0240 0.5473 = 0.0640
1.52 < gl < 1.7 | 0.0183 = 0.0019 0.0793 £ 0.0118 0.2664 + 0.0395 0.9444 + 0.1157
1.7<n <23 0.0381 + 0.0020 0.1291 + 0.0094 0.4584 + 0.0332 1.5050 + 0.1245
23 <n| 0.0816 + 0.0052 0.4586 + 0.0470 1.4437 + 0.1444 4.0149 + 0.4790

5.4.1 Validation

The data-driven charge-flip rates are applied to a Z+jets validation region in order to assess the data-MC
fidelity of the charge-flip electron background estimate. The validation region, whose selections are shown
Table 5.6, is a subset of the Z+jets control region used to measure the rates with the additional requirement of

one or more jets.
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Figure 5.6: Relative uncertainties on the data-driven charge-flip rates for the electron charge-flip estimation in
the 2¢ same-sign WH channel. For each region of electron pt — |5|, the contributions to the total uncertainty as
well as the total uncertainty, calculated as the quadrature sum of the individual contributions, are shown.

Table 5.12: Event selections for the Z+jets validation region used to validate the charge-flip electron back-
ground estimate in the 2¢ same-sign WH channel.

Z+jets validation region

Exactly 2 same-sign ID electrons
At least 1 ID electron matched to a single lepton trigger
Pl > 22 GeV && pitd > 15GeV
Nb—jels =0
|m[g - mz| <20GeV
ijels > 1

Distributions of a few interesting variables in the Z+jets validation region are shown in Fig. 5.7. There
is shape mismodelling in the lepton pr and dilepton invariant mass distributions; however, the effect of this
mismodelling is expected to be limited for two reasons. Firstly, all other variables including the recurrent
neural network output — the signal discriminant for the 2£ same-sign WH channel (Section 6.2) — are well
modelled. Secondly, the 2¢ same-sign WH signal region vetoes the Z boson mass window targeted by the

validation region.
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Figure 5.7: Distributions of the interesting variables in the Z+jets validation region used to validate the

estimation of the data-driven charge-flip electron background in the 2¢ same-sign WH channel. The error

bands include the statistical uncertainty as well as the systematic uncertainties relating to the estimation
of charge-flip electron and fake lepton backgrounds. The recurrent neural network (RNN) is described in

Section 6.2.



Chapter 6

Measurement Channels

As introduced in Section 1.3, the VH, H - WW"* measurement is performed in several channels across 2-,
3-, and 4-lepton final states, which are subdivided further according to the charge and flavour configuration
of the leptons. The high-level event selections for each channel are shown in Table 6.1. Each channel uses a
combination of kinematic selections and multivariate discriminants to construct its signal and control regions.
The multivariate discriminants targeting the VH, H — WW™ process are optimally binned within each signal
region such that their expected sensitivity is maximized, and the optimally-binned signal regions as well as
the control regions are provided as input to the combined fit. Both the optimization of the binning and the
combined fit are described in Chapter 8.

The remainder of this chapter describes the construction of the signal, control, and validation regions used
by the 2¢ DFOS VH (Section 6.1), 2¢ same-sign WH (Section 6.2), 3¢ Z-dominated WH (Section 6.3), 3¢
Z-depleted WH (Section 6.4), and 4¢ ZH (Section 6.5) channels.

Table 6.1: High-level event selections for each channel of the VH, H —» WW* measurement. The dilepton
angular separation is denoted by AR/, and the minimum same-flavour, opposite-sign (SFOS) dilepton invariant

mass and minimum different-flavour, opposite-sign (DFOS) dilepton invariant mass are denoted by m?}i,gFos

and m???)FOS’ respectively. In the 3¢ channels, the AR, selection is applied to all combinations of leptons; in
the 4¢ channels, it is applied only to the leptons originating from the H —» WW* — {v{v decay.

Channel
2¢ 3¢ 4¢
Selection DFOS Same-sign | Z-depleted Z-dominated | 1SFOS 2SFOS
Lepton pr [GeV] >15 >15 >15 >15 >10 >10
Number of leptons 2 2 3 3 4 4
Total lepton charge 0 +2 +1 +1 0 0
Number of SFOS lepton pairs 0 0 0 >1 1 2
ARy, >0.1 >0.4 >0.1 >0.1 >0.2 >0.2
m?}i,réFos [GeV] - - - >12 >12 >12
My beos [GeV] >10 - - - >10 >10
Number of jets >2 >1 - - - -
Number of b-jets 0 0 0 0 0 0

Common Observables: A common set of H — WW* decay observables is exploited among the channels.

The H - WW* — {y{v topology is characterized by a low azimuthal separation, A¢;,, and a low angular
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separation, AR, between the leptons. This is because the spin-0 initial state and the vector-axial structure of
the weak interaction tends to result in collimated products. The dilepton invariant mass, myy, is expected to be
low for the same reason.

The mass of the Higgs boson cannot be perfectly reconstructed due to the transverse momentum carried

away by the neutrinos. Instead, the transverse mass of the dilepton system, mr, is used as a proxy:

where EY = \||pY4 +m2,, ©6.1)

where E?’ and ﬁ{[ are the transverse energy and the vectorial transverse momentum of the dilepton system,

mr = \/(E'{%[ + E?lss |—)t’€ + Emm

respectively. For H - WW* — {v{v decays, mt is expected to peak between 50 GeV and my =~ 125 GeV.
For H - WW* — {vqg decays, a similar quantity may be constructed using the lepton-jet invariant mass, ;.

Background rejection is similarly achieved through a common set of observables. Low-mass resonances —
for example, J/y — ee/uji — are rejected by requiring the minimum dilepton invariant mass to exceed 10 or
12 GeV, depending on the flavour configuration of the leptons. A selection on the dilepton angular separation,
ARy, > 0.1, is applied across channels to remove events with overlapping leptons, a common feature of fake
lepton events. Rejection of top quark processes is achieved using a b-jet veto, Np.jes = O.

The Z — ee/uu background is rejected by vetoing events where the dilepton invariant mass is consistent
with the mass of the Z boson or where the missing transverse momentum, E?iss, is low, as there is no “true”
E%‘iss expected. Similarly, the Z — 77 background with leptonically-decaying tau leptons is rejected by vetoing
events where the invariant mass of the tau lepton pair, m,., is consistent with the mass of Z boson. The
individual neutrinos are expected to be collimated with the tau leptons as per the collinear approximation [469].
This allows for the computation of the energy fractions of the neutrinos, the only source of E‘Tniss in the event,

and therefore m.,.

6.1 2¢ Different-Flavour, Opposite-Sign VH Channel

The 2¢ different-flavour, opposite-sign (DFOS) VH channel is characterized the presence of two DFOS leptons
from the H - WW* — {v{v decay and two or more jets from the hadronic decay of the associated vector
boson. In this channel, the leading and subleading leptons in pt are denoted by ¢, and ¢, respectively, and the
leading and subleading jets in pr are denoted by jj and j;, respectively.

The leading and subleading leptons are required to exceed transverse momentum thresholds of 22 and
15 GeV, respectively. A selection on the dilepton angular separation, ARy, > 0.1, is used to remove over-
lapping leptons, and a selection on the dilepton invariant mass, m¢ > 10 GeV, is used to remove low-mass
resonances. A b-jet veto is applied to reject ¢7/Wt production. The hadronic decay of the associated vector
boson is characterized by a dijet mass consistent with that of a W/Z boson and relatively collinear jets. To
ensure the selected events are orthogonal to the >2-jets phase space targeted by the ggF+VBF, H - WW*
measurement [13], selections are applied to the dijet invariant mass, lm i 85| < 15 GeV, and dijet rapidity
separation, AY;; < 1.2.

The 2¢ DFOS VH signal region is defined using a multivariate discriminant known as an artificial neural
network (ANN). Following the dijet selections, a cut on the ANN discriminant targeting the VH, H —» WW*
process, ANNyy > 0.2, is used to remove the majority of background events and improve the signal-over-
background ratio. This final cut constitutes the signal region. Within the signal region, ANNyy is optimally
binned in its partial range, [0.2, 1], and provided to the combined fit.
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The selections for each region of the 2¢ DFOS VH channel are shown in Table 6.2. Control regions are
used to normalize the top, Z+jets, and gg — WW backgrounds to data. In the following sections, gg — WW is
referred to as simply WW. The fake lepton background is estimated using the data-driven approach described
in Chapter 5. The shape and normalization of all other backgrounds — which include non-WW diboson,
triboson, and ggF production — are taken from simulation. A top validation region based on a b-jet requirement
is used to assess the modelling of the top quark background, the largest background in the 2¢ DFOS VH
channel.

Table 6.2: Event selections for the signal (SR), control (CR), and validation (VR) regions of the 2¢ DFOS VH
channel. The artificial neural network (ANN) is described in Section 6.1.1.

2¢ DFOS VH SR Top VR | Top CR | Z+jetsCR |  WWCR

Exactly 2 different-flavour, opposite-sign ID leptons
At least 1 ID lepton matched to a single lepton trigger
P > 22GeV && pied > 15GeV

Myp > 10 GeV
AR[{ > 0.1
Niets > 2
Nh—jets =0 ‘ Nh-jets =1 Nh—jets =0
Imj; — 85| < 15GeV && AYj; < 1.2 -
ANNVH >0.2 ANNVH <0.2

ANN, > 0.1 ANNg, <0.1 |  ANNyp < 0.5
ANNZyjeis < 0.6 | ANNzje 203 | ANNgZyje < 0.1
ANNWW <0.7 ANNWW <0.2 ANNWW >0.7

6.1.1 Multivariate Analysis

The multivariate discriminant used by the 2¢ DFOS V H channel is an artificial neural network (ANN), which
assigns input events into two or more output classes corresponding to different physics processes. The ANN
achieves this through a series of linear transformations or “layers” applied sequentially to an input event, which
is represented as a vector, with a nonlinear “activation” function applied element-wise to the result of each
linear transformation.

Given a particular truth class for an input event, the goal of the ANN is to correctly reproduce the truth
class at its output. The predicted class’s output “score” is constrained between 0 and 1 and may be interpreted
as the “probability” of the input event belonging to the truth class. A binary classifier provides discrimination
between two classes using a single output score. In contrast, a multi-classifier provides discrimination between
three or more classes. There is one output score per class, and the output score for a given class corresponds to
the relative probability of the event belonging that class. Per event, the output scores sum to unity.

The free parameters of the linear transformation for each layer of the ANN constitute its total set of free
parameters. These free parameters are optimally chosen by minimizing a “loss” function quantifying how
disparate the truth and the predicted classes are. This minimization is referred to as “training” the ANN and
typically proceeds via backpropagation [470], a type of stochastic gradient descent, using a dedicated set of
training events.

The 2¢ DFOS VH channel utilizes a multiclassifier ANN for discriminating between VH, ggF, VBF,
tf/Wt (denoted “top”), Z+jets, and WW processes. The use of a multiclassifier provides greater freedom for

categorizing events and simultaneously provides a way for constructing control regions enriched in the top,
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Z+jets, and WW backgrounds. For each event, the multiclassifier receives basic kinematic information relating
to the leading and subleading leptons, the leading and subleading jets, and the E%ﬂss as well as higher-level
derived quantities. The input variables are listed in Table 6.3, and the inputs themselves are produced at the
level of the b-jet veto in the 2¢ DFOS VH signal region, given in Table 6.2. Input variables with varying
shapes for one or more classes are generally chosen. The 2¢ DFOS VH and 3¢ WH channels additionally train
their respective multivariate discriminants many times with different input variables, selecting the set which
maximizes the separation of the signal from the background. Prior to training, each variable has its median
subtracted and is scaled to its interquartile range using the Python package scikit-learn [471]. This has the
effect of roughly centring each variable on 0 with a range that extends to O(+1). Shape comparisons among
classes for each variable are shown in Figs. 6.1 and 6.2.

The multiclassifier is trained using Keras [472] with the TensorFlow [473] backend. As the simulated
samples used to train the multiclassifier are the same samples that the multiclassifier will be deployed on, a
5-way k-folding prescription is used to avoid possible bias. The network is trained 5 times, i = 0, ..., 5, where
i-th network is trained using events which satisfy (event number) mod 5 # i. The i-th network is said to
have been trained using k-fold 7, and it is subsequently deployed on events which satisfy (event number)

mod 5 = i. In this way, a network is never deployed on the same events it is trained with.

Table 6.3: Input variables to the multiclassifier used by the 2¢ DFOS VH channel. Variables are grouped based
on their purpose; however, some variables may serve more than one purpose.

Purpose Variable(s) ‘ Description
pé , p? Leading and subleading lepton transverse momentum
mee Dilepton invariant mass
H — WW* — {yfv discrimination  A¢y, Dilepton azimuthal separation
AYye Dilepton rapidity separation
mr Transverse mass (Eq. 6.1)
pJT'“, pé‘ Leading and subleading jet transverse momentum
mjj Dijet invariant mass
_ L A Dijet azimuthal separation
V(— ¢g)H / VBF discrimination i Y . par
AYj; Dijet rapidity separation
fojor Thoji> | A] lepton-jet invariant mass combinations
me, jo> My, j,
My Invariant mass of the tau lepton pair
Z+jets separation ET"™ Missing transverse momentum
Shiss Object-based ET™** significance
Top / WW separation Hr ‘ Transverse momentum sum of all hard objects (see Eq. 4.2)

Overtraining occurs when the number of free parameters of the network is comparable to the number of
events used during training. In this situation, it is possible for the network to perfectly reproduce the truth
class for each training event while simultaneously failing to generalize to new events. To assess whether the
multiclassifier is overtrained, it is deployed on a dedicated set of testing events which are independent of
the training events but share the same set of truth classes. The multiclassifier is expected to achieve similar
performance in both the training and testing datasets. Shape comparisons among the training and testing
datasets for each output score of the network trained using k-fold 0 are shown in Fig. 6.3. Shape comparisons
among the training and testing datasets for the networks trained using k-folds 1 through 4 are shown in
Figs. B.1 through B.4 of Appendix B. Good agreement is observed between the shapes, and so it may be

concluded that no overtraining is present.
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Figure 6.1: Shape comparisons among classes for each input variable of the multiclassifier used by the 2¢
DFOS VH channel. The sum-of-weights for each class is normalized to unity. Each variable has its median
subtracted and is scaled to its interquartile range. The error bands indicate the statistical uncertainty.
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Figure 6.2: Shape comparisons among classes for each input variable of the multiclassifier used by the 2¢
DFOS VH channel. The sum-of-weights for each class is normalized to unity. Each variable has its median
subtracted and is scaled to its interquartile range. The error bands indicate the statistical uncertainty.
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Figure 6.3: Output scores for the multiclassifier used by the 2¢ DFOS VH channel. The multiclassifier is
trained using events satisfying (event number) mod 5 # 0 (i.e., “k-fold 0), and it is deployed on both the
training and testing datasets to assess the level of agreement. The error bands/bars indicate the statistical
uncertainty.
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The distribution of the multiclassifier’s VH output score in the 2 DFOS VH signal region is shown in
Fig. 6.4. Good agreement is observed between data and simulation. In the rightmost bin, there is an excess in

data: 18.4 + 2.2(stat.) events were expected whereas 25 events were measured.
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Figure 6.4: Distribution of the multiclassifier’s VH output score in the signal region of the 2¢ DFOS VH
channel. Normalization factors are applied to the top, Z+jets, and WW event yields. The error band includes
the statistical uncertainty as well as the dominant experimental systematic uncertainties.

6.1.2 Control and Validation Regions

The region orthogonal to the signal region, ANNyy < 0.2, is dominated by background processes and
contributes little sensitivity to the measurement. Instead, the top, Z+jets, and WW control regions are defined
within this orthogonal region using cuts on the multiclassifier’s top (ANN,p), Z+jets (ANNz,jes), and WW
(ANNy ) output scores. A 3D grid search is performed to select the cuts, constrained between 0 and 1, which
minimize the statistical uncertainties on the associated normalization factors while maintaining orthogonality
between the control regions. The results of the grid search are shown in Table 6.4. Due to similarities in the
shapes of the input variables, it is difficult to separate top and WW production and therefore to produce highly
pure regions in each. Normalization factors of 0.98 + 0.01(stat.), 0.89 + 0.01(stat.), and 0.89 + 0.04(stat.) are
obtained for the top, Z+jets, and WW processes, respectively. Distributions of the dilepton invariant mass and
azimuthal separation in the control regions are shown in Figs. 6.5a through 6.5c. With the application of the

normalization factors, good agreement between data and simulation is observed.

Table 6.4: The definitions of the top, Z+jets, and WW control regions used by the 2¢ DFOS VH channel. The
number of signal events, Ng;gna, corresponds to the event yield for the process targeted by a given control
region; the number of background events, Npackground> COrTesponds to the event yield for all other processes.
Purity is given by Nsignal/(Nsignal + Nbackground)-

Control region ‘ ANNtop ANNZ+jels ANNyw Nsignal Nbackground Purity [%]

Top >0.1 <0.6 < 0.7 40,141 15,699 72
Z+jets <0.1 >03 <02 9380 2,862 77
ww < 0.5 <0.1 > 0.7 1,758 1,269 58
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Top quark processes comprise the dominant background of the 2¢ DFOS VH channel; accordingly, it is
important to assess the quality of the top quark modelling. To do so, a top validation region is constructed by
inverting the b-jet veto of the signal region and requiring one b-jet, generating a high-statistics region with
a top purity of 97%. The distribution of the multiclassifier’s VH output score in the top validation region
is shown in Fig. 6.5d. Simulation disagrees with data by an overall normalization factor, a feature which is
caused by applying a top normalization factor obtained using a b-veto region to a b-tag region. Discrepancies
between data and simulation of 5-10% are expected to be covered by top theory uncertainties and b-tagging
efficiency uncertainties. It may be concluded that top quark processes are adequately modelled.
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Figure 6.5: Distributions of (a) the dilepton invariant mass in the top control region, (b) the dilepton azimuthal
separation in the Z+jets control region, (c) the dilepton invariant mass in the WW control region, and (d) the
multiclassifier’s VH output score in the top validation region of the 2¢ DFOS VH channel. Normalization
factors are applied to the top, Z+jets, and WW event yields. The error bands include the statistical uncertainty
as well as the dominant experimental systematic uncertainties.
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6.2 2¢ Same-Sign WH Channel

The 2¢ same-sign WH channel is characterized by the presence of two same-sign leptons and one or more jets.
To achieve a final state with two same-sign leptons, one lepton must originate from the leptonic decay of the
associated W* boson and the other lepton must originate from the leptonic decay of the W* boson produced in
the H — WW* decay. The 2¢ same-sign WH channel is further divided into three subchannels based on the
flavour of the leptons: uu, ee, and eu/ue.

The leading and subleading electrons are required to exceed transverse momentum thresholds of 22 and
15 GeV. A selection on the dilepton angular separation, ARy, > 0.4, is used to suppress W+vy, the largest source
of fake electrons, and a b-jet veto is applied to reject #7, a source of fake leptons and charge-flip electrons.
For events with two or more jets, a selection on the dijet invariant mass, m;; < 500 GeV, is used to suppress
electroweak and strong production of same-sign WW. For the ee channel, a window cut on the dilepton
invariant mass, |mg — mz| > 20 GeV, is used to reject Z+jets, a source of charge-flip electrons.

The 2¢ same-sign WH channel uses a recurrent neural network (RNN) to extract the WH, H —» WW*
process. Within each of the pu, ee, and eu/ue signal regions, the RNN output score is optimally binned in its
full range, [0, 1], and provided to the combined fit. The same binning is used for all signal regions.

The selections for each region of the 2¢ same-sign WH channel are shown in Table 6.5. While there are no
dedicated control regions, the normalization of the (>1-jets) WZ background is left floating in the fit and is
constrained by the background-like bins of the RNN. The fake lepton and charge-flip electron backgrounds are
estimated using the data-driven approach described in Chapter 5. The shape and normalization of all other
backgrounds — which include same-sign WW, ZZ, triboson, and #fV/tZ production — are taken from simulation.
To validate the modelling of the RNN, two validation regions are defined based on the requirement of a third
lepton. The selections applied to the third lepton are shown in Table 6.6.

Table 6.5: Event selections for the signal (SR) and validation (VR) regions of the 2¢ same-sign WH channel.
The selections applied to the third lepton in the validation regions are shown in Table 6.6.

2¢ same-sign WH SR
pu SR ‘ ee SR ‘ eu/ue SR

Exactly 2 same-sign ID leptons with electrons passing ECIDS
At least 1 ID lepton matched to a single lepton trigger
pied > 22 GeV && pit > 15 GeV
ARN > 04
Nie > 1
Nb-jets =0
mjj < 500 GeV if Njeis > 2

Loose RNN VR Tight RNN VR

Lepton flavour: ee

Lepton flavour: pu e — mz| > 20 GeV

Lepton flavour: eu/ue Third lepton Third lepton, fails ID

6.2.1 Multivariate Analysis

The multivariate discriminant used by the 2¢ same-sign WH channel is a recurrent neural network (RNN). A
RNN is a type of ANN that operates on variable-size input sequences. In the case of the 2¢ same-sign WH
channel, these input sequences consist of the leptons, jets, and missing transverse momentum belonging to a
given event.

The RNN is trained to discriminate between WH and WZ production, the latter corresponding to the

dominant electroweak background. The events used during training are required to have exactly two same-sign
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Table 6.6: The selections applied to the third lepton in the loose and tight RNN validation regions of the 2¢
same-sign WH channel. Additionally, the lepton is required to pass overlap removal.

Object Selection |
Transverse momentum pr > 15GeV
Pseudorapidity (Inl < 1.37) 1] (1.52 < || < 2.47)
Electrons Impact parameters |Azsin 6] < 0.5 mm && |dol/og, < 5
Identification Medium
Isolation Loose
Transverse momentum pr > 15GeV
Pseudorapidity [l < 2.5
Muons Impact parameters |Azsin 6] < 0.5 mm && |dol/og, <3
Identification Medium
Isolation Loose

leptons and one or more jets — there is no splitting based on the flavour of the leptons. To increase the training
statistics, the leptons and jets are required to pass a modified set of object selections, which are shown in

Table 6.7. The selections for leptons and jets are looser and tighter, respectively, than those given in Table 4.1.

Table 6.7: The selections applied to the leptons and jets which are used to train the RNN of the 2¢ same-sign

WH channel. All objects are required to pass overlap removal.

Object Selection |
Transverse momentum pr > 10GeV
Pseudorapidity (Inl < 1.37) 1] (1.52 < || < 2.47)
Electrons Authgr . Author = 1
Identification Loose
Isolation Loose
Transverse momentum pr > 10GeV
Pseudorapidity [l < 2.5
Muons Identification Medium
Isolation Loose
{pT >25GeV  |n| < 2.5
Transverse momentum
pr>30GeV 25<|p <45
Jets Pseudorapidity Inl <4.5
JVT Tight
fIVvT Loose

It has been shown that neural networks are capable of reproducing nonlinear features of high-energy

i

particle-particle collisions using basic kinematic quantities [474]. For example, a neural network may “learn’
to calculate the invariant mass of a lepton-jet system using only the individual objects’ four-momenta. Inspired
by this study, the RNN receives only the pr, 17, and ¢ for each lepton and jet as well as the magnitude and
azimuthal angle of the missing transverse momentum. Additionally, the RNN receives an integer variable
indicating the type of each object: lepton, jet, or missing transverse momentum. The input variables are listed
in Table 6.8.

The geometry of the ATLAS has a rotation symmetry in the ¢ direction and a reflection symmetry in the
n direction. Therefore, the RNN should yield the same result if the system of input objects is rotated by an

arbitrary ¢ or reflected in the 1 direction. These symmetries are encoded by preprocessing the input objects
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Table 6.8: Input variables to the RNN used by the 2¢ same-sign WH channel.

Variable Description

p% Lepton transverse momentum
ne Lepton pseudorapidity

¢ Lepton azimuthal angle

Object type | 1 for leptons

E’TniSS Missing transverse momentum
Tmiss Pseudorapidity of ET" (always 0)
Dmiss Azimuthal angle of Ef'™®

Object type | O for E%‘iss

Py Jet transverse momentum
n; Jet pseudorapidity
b; Jet azimuthal angle

Object type | -1 for jets

prior to training such that the leading lepton is always at ¢ = 0 and positive 1. Shape comparisons among the
WH and WZ classes for each variable following preprocessing are shown in Figs. 6.6.

The input objects are provided to the RNN as a sequence of (pr, 7, ¢, type) vectors. As the recurrent
layers [475] used by the RNN are sensitive to the ordering of the input objects, the input objects for each event
are always provided to the RNN in the following order:

1. Leading lepton in pr;
2. Subleading lepton in pr;
3. Missing transverse momentum;

4. Up to five jets, ordered from highest-to-lowest in pr.

The RNN is trained using Keras [472] with the TensorFlow [473] backend. To assess whether the RNN is
overtrained, it is deployed on a dedicated set of testing events. The shape comparison among the training and
testing datasets in the RNN output score is shown in Fig. 6.7. Good agreement is observed, and so it may be
concluded that no overtraining is present.

Distributions of the RNN’s output score in the 2¢ same-sign WH signal regions are shown in Fig. 6.8.
Good agreement is observed between data and simulation except in the rightmost bin of the pu signal region,

where there is a deficit in data: 44.3 + 4.1(stat.) events were expected whereas 28 events were measured.

6.2.2 Validation Regions

Validation regions are used to assess the quality of the modelling of the RNN output score in data. They are
constructed using the uu, ee, and eu/ue signal region selections with the additional requirement of a third
lepton. This lepton is required to pass a looser set of selections, given in Table 6.6, in the “loose” RNN
validation region. The “tight” RNN validation region, which is a subset of the loose RNN validation region,
additionally requires the third lepton to fail ID selections, given in Table 4.1. While the loose RNN validation
region has larger statistics, the phase space of the tight RNN validation region is closer to that of the signal
region.

Distributions of the RNN’s output score in all six RNN validation regions are shown in Fig. 6.9. Adequate

agreement between data and simulation is observed in all distributions. A moderate deficit is observed in data
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Figure 6.6: Shape comparisons among the WH and WZ classes for each input variable of the RNN used by
the 2¢ same-sign WH channel. The i and ¢ variables are subject to the reflections and rotations described in
the text. The sum-of-weights for each class is normalized to unity.
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Figure 6.7: Output score for the RNN used by the 2¢ same-sign WH channel. The RNN is deployed on
both the training and testing datasets to assess the level of agreement. The sum-of-weights for each class is
normalized to unity.
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Figure 6.8: Distributions of the RNN’s output score in the (a) uu, (b) ee, and (c) eu/ue signal regions of the 2£
same-sign WH channel. The distributions are remapped to bins of equal width. The error bands include the
statistical uncertainty as well as the dominant experimental and theoretical systematic uncertainties. The WH
process is displayed both as stacked as well as unstacked and scaled up by a factor of 50 for visibility.
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in the rightmost bins of pu and eu/pe channels. Further investigation revealed a significant mismodelling
in events with exactly two jets in the loose RNN validation regions, as shown in Fig. 6.10. Notably, there is
good modelling of events with a number of jets not equal to two. As the validation regions are highly pure in
WZ events, the mismodelling is attributed to the WZ background. An alternative multivariate technique — a
boosted decision tree — as well as alternative lepton isolation working points' were both tested, but neither
were found to improve the modelling.

As the source of the mismodelling could not be identified, a RNN shape systematic is assigned to the
WZ background instead. For each of the uu, ee, and eu/ue RNN validation regions, the WZ event yield is
normalized to the data yield (N"}[?émalized’VR), and the per-bin ratio of the data yield (Ng’;fa) less the non-WZ event

yield (N;iﬁ_wz) to the normalized WZ event yield is multiplied onto the WZ event yield in the corresponding

signal region bin (N;",O;i"al‘SR) to yield the varied WZ event in that same signal region bin (N;ﬁ‘;ed'SR):

NVR _ NVR )
-WZ P
data non: X N;l;énmal,SR . (6.2)

Nvaried,SR _
wZ - Nnormalized,VR
wz

The absolute difference between the varied and the nominal WZ event yields in each signal region bin is
symmetrized and assigned as the corresponding uncertainty. The size of this uncertainty varies from 4% to
18%.

'In the pu and eu/ue channels, the mismodelling appears strongly at low values of AR between a muon and the nearest jet. The
isolation efficiency for muons often depends on this quantity, hence making the choice of lepton isolation working point a possible
candidate for the mismodelling.
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Figure 6.9: Distributions of the RNN’s output score in the (a, b) uu, (c, d) ee, and (e, f) eu/pe RNN validation
regions of the 2¢ same-sign WH channel. Both the loose (left) and tight (right) RNN validation regions are
shown. The error bands include the statistical uncertainty as well as the dominant experimental systematic
uncertainties.



114 CHAPTER 6. MEASUREMENT CHANNELS

Plot: "CutWZE2CRRequiredOId/HWWWZVetoRNN_rebinned_fit" Plot CuthNEchRequlvedold/wawzvetoRNN rebinned_fit*

@ 400 [T T T T T T TR T T [T T I T T @ 900 T[T T LTI I I T OI  TIIT[TITT TT T TR
5 £ & Data % SM(sta) ] < E & Data % SM(sta) ]
S 350 ATLAS Intemal  wewy @ewi | 2 8000 ATLAS Internal  Clvowy mew
aoof BTV fLat=1oom® QT e ] 7007 Ys=13TeV fLat=100n™ T M ]
£ M channel oz CJwH 1 6005 M channel oz CJwH E
250F E 3
] 500F E
2ooﬁ = E E
EoT 1 400 E
1501 E £ 3
E ] 300F E
1005— 200; 7
50F -—|_|-—‘T"‘-n—v—=uwr 100F E
P T T Y I I Wi e g P N P B I P i dwmn e
O s R B B i i o e
2 R S— — " - L S — L S
© . e ! © -2 . i
£ 09 " g 04
= q)umummmmmummmumumumu o -ﬁb\mmummummmuumumumumu
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
RNN WH vs WZ RNN WH vs WZ
(@) uu channel, Nje, = 2 (b) pu channel, Njys # 2
Plot: "CutWZE2CRRequiredOld/HWWWZVetoRNN_rebinned_fit" 400 Plot: " CulWZNEZCRREqulredOlleWWWZVetuRNN rebinned_fit"
@ T T R P T T @ T P T T e P
S 1601 & Data 2 SM(sta) ] S F Data % SM(sta) ]
G 1408 ATLAS Internal Dwz;wV Wesw ] o 350 ATLAS Internal [|wley Wsww
L (s= - 1 @z ] Gamma e-fak&] £ - - 1 W zz [I] Gamma e-fake]
; Vs=13TeV, [ Ldt=139 fb" B vy o Lyt e toke. ] 300F Vs=13TeV, [ Ldt =139 fb" 0 Heavy o4 Lt ek ]
120}~ ee channel [ dd e-QFiipl VWV B [ eechannel [ dd e-QFiiplll VWV q
: Ow - De ] 250 s Ow - Qe E
100 pem== = I WH - E ] WH ]
1 200 B
80E B E it
60L E 150F E
a0F E 100F .
201 4 50F E
o T ETAR fin dva ndam 2 ob i ol L Y e
O i A e B B s i o
3. il SR
g B ooyt ey £ S: ‘
o éoumummmmmummmumummmm L O i E WA F WA WA W W W T S
0.1 02 03 04 05 0.6 0.7 08 09 1 0.1 02 03 04 05 06 07 08 09 1
RNN WH vs WZ RNN WH vs WZ
(c) ee channel, Nje, = 2 (d) ee channel, N # 2
@ 1000 T R R T P T 1 3000 T P e T T T e e e
s [ & Data % SM(stat) ] s r @ Data %% SM (stat) 1
E [ ATLAS Internal [Ilvnwz/w-lowmasswz/w* :3)2500; ATLAS Internal [||v||wz/w-|owmasswz/w<‘
800 (5=13Tev, [ Ld‘_139fb1=02herwzay§mnaefak; [ (5=13TeV, [ Ldt=139fb" =§;“E’W25fm‘ae{akef
[ ep+pe channel [0 Heavy e-flkLight e-fake | [ ep+pe channel [ Heavy e-BLight e-fake 1
I dd p-fake[l dd e-QFlip | 20001 B dd u-fakel dd e-QFlip |
Gooﬁ a8 B i : 1 S ]
[tz [ wH B 1500 Otz CJwH ,
400 R 3 ]
[ ] 1000 |
200~ % 500[- =
o PR PRRR POR PR PP oA e am ] PN A T T P N IV O rrwern J
R i e P ke B o i A AG R G AIGRBA A
I Fy— PR S S— - e e et et
o X L4 ¢ T < -2 '}
& Ez g 811
o -6bumHmmwmmHmmmmmumumu o -éb‘mmHmmHmmwHumumummmu
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
RNN WH vs WZ RNN WH vs WZ
(e) ept/pe channel, Njgs = 2 (f) eu/pe channel, N # 2

Figure 6.10: Distributions of the RNN’s output score in the (a, b) uu, (c, d) ee, and (e, f) eu/ue loose RNN
validation regions of the same-sign WH channel. Within each validation region, events are split according to
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6.3 3¢ Z-Dominated WH Channel

The 3¢ WH channel is characterized by the presence of three leptons of total charge +1. One lepton originates
from the leptonic decay of the associated W boson and the other two leptons originate from the H —
WW* — {vly decay. The small opening angle between the leptons from H — WW* — {v{v decay naturally
leads to a topology-based lepton naming scheme — the lepton with the unique charge must come from the
H — WW* — {v{v decay, as shown in Fig. 1.5¢, and is denoted as {y. The lepton closest to £y in AR is
denoted as ¢, and the remaining lepton is denoted as £,. In 99% of cases, £, originates from the decay of the
Higgs boson; in 85% of cases, {; originates from the decay of the Higgs boson.

Between the three leptons, the Z-dominated channel requires one or more same-flavour, opposite-sign
(SFOS) lepton pairs, making it “dominated” by Z decays. In contrast, the Z-depleted channel requires zero
SFOS lepton pairs, making it “depleted” in Z decays. While the Z-depleted channel shares a common signature
with the Z-dominated channel, its analysis strategy is sufficiently different such that it is given a dedicated
section, Section 6.4. The remainder of this section focuses exclusively on the Z-dominated channel.

All three leptons are required to exceed a transverse momentum threshold of 15 GeV. A selection on
the dilepton angular separation, ARy, > 0.1, is used to remove overlapping leptons and is applied to all
combinations of leptons, and a selection on the minimum dilepton invariant mass of all SFOS lepton pairs,
m?}i,gFos > 12GeV, is used to remove low-mass resonances. A cut on the missing transverse momentum,
E?iss > 30GeV, is used to select final states with neutrinos, and a b-jet veto is applied to reject ¢7 production, a
source of fake leptons. A window cut on the invariant mass of all SFOS lepton pairs, |, sros — mz| > 25 GeV,
is used to veto Z boson production. This includes WZ and ZZ production as well as Z+jets production, a
source of fake leptons.

The 3¢ Z-dominated WH channel uses an ANN to extract the WH, H — WW" process. Within the signal
region, the ANN output score is optimally binned in its full range, [0, 1], and provided to the combined fit.

The selections for each region of the 3¢ Z-dominated WH channel are shown in Table 6.9. Control regions
are used to separately normalize the components the WZ background with zero reconstructed jets (“O-jet
WZ”) and one or more reconstructed jets (“>1-jets WZ”) to data. The rationale for doing so is that the
theoretical uncertainties on WZ production affect each component very differently, and so decorrelating the
two components results in a more stable statistical fit. The fake lepton background is estimated using the
data-driven approach described in Chapter 5. The shape and normalization of all other backgrounds — which
include ZZ, triboson, and 7V/tZ production — are taken from simulation. A top validation region based on

b-jet requirement is used to assess the modelling of the top quark background.

6.3.1 Multivariate Analysis

The multivariate discriminant utilized by the 3¢ Z-dominated VH channel is an ANN. The ANN is trained to
discriminate between WH and WZ production, the latter corresponding to the dominant background. For the
purposes of training, dedicated WH and WZ training samples are used, ensuring there is no bias introduced
by deploying the ANN on the same events which were used to train it. The alternative WH sample, like the
nominal sample, is generated with PowHec Box v2 [287-289, 374] and showered with PyTHia 8 [290]; the
alternative WZ sample, like the nominal sample, is generated with SHERPA 2.2.2 [291].

For each event, the ANN receives kinematic and topological input variables related to the trilepton system

and the missing transverse momentum. Also included is the transverse mass of the W boson:
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Table 6.9: Event selections for the signal (SR), control (CR), and validation (VR) regions of the 3¢ Z-dominated
WH channel.

3¢ Z-dominated WH SR | 0-jet WZ CR \ >1-jets WZ CR \ Top VR

Exactly 3 ID leptons with total charge +1
At least 1 ID lepton matched to a single lepton trigger
All lepton pr > 15GeV
All lepton pairs ARy > 0.1
>1 same-flavour, opposite-sign (SFOS) lepton pairs
mun o> 12GeV

) {¢.SFOS ,
ET® > 30GeV ET'™ > 30GeV ET™ > 50 GeV
- ]Vjets =0 ‘ ]Vjets >1 Ivje{s 21
Nb-jets =0 Nb—jets =0 Nb-jets =1
0 SFOS pairs with >1 SFOS pairs with 0 SFOS pairs with
Mye SFOs — Mz| < 25GeV Mg SFOS — mZ| < 25GeV My SFOS — Mz| < 25 GeV
Y = \2p% ES(1 = cos Adrymiss) (6.3)

where £y is the lepton, either £ or £,, not belonging to the SFOS lepton pair with an invariant mass closest to
the mass of the Z boson. The input variables are listed in Table 6.10, and the inputs themselves are produced
within the 3¢ Z-dominated WH signal region. Distributions of the input variables in the signal region are
shown in Figs. 6.11 and 6.12. Prior to training, each variable has its mean subtracted and is divided by its
standard deviation. This has the effect of roughly centring each variable on O with a range that extends to

O(x1).

The ANN is trained using Keras [472] with the TensorFlow [473] backend. To assess whether the ANN is
overtrained, it is deployed on a dedicated set of testing events. The shape comparison among the training and
testing datasets in the ANN output score is shown in Fig. 6.13. Good agreement is observed, and so it may be
concluded that no overtraining is present.

Table 6.10: Input variables to the ANN used by the 3¢ Z-dominated WH channel.

Variable(s) | Description
?‘ Transverse momentum of £
|Zi2:0 ﬁT€| Magnitude of the vectorial sum of the lepton transverse momenta
Aneoe, Aneye, Pseudorapidity separation between £, and ¢; as well as ¢; and ¢»
Ay, Azimuthal separation between ¢, and £,
ARy, ARy, Angular separation between ¢ and £; as well as £, and ¢,
Moty Mgty > Mey e, Dilepton invariant mass for each combination of leptons
E?i“ Missing transverse momentum
Ay miss>» Ade, miss» A, miss | Azimuthal separation between each lepton and the ET**
m%’ Transverse mass of the W boson (Eq. 6.3)

The distribution of the ANN’s output score in the 3¢ Z-dominated WH signal region is shown in Fig. 6.14a.

Good agreement is observed between data and simulation.
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Figure 6.11: Distributions of the input variables to the ANN in the 3¢ Z-dominated WH signal region.
Normalization factors are applied to the O-jet and >1-jets WZ event yields. The error bands indicate the
statistical uncertainty. The WH process is unstacked and scaled up by a factor of 50 for visibility.
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Figure 6.12: Distributions of the input variables to the ANN in the 3¢ Z-dominated WH signal region.
Normalization factors are applied to the O-jet and >1-jets WZ event yields. The error bands indicate the
statistical uncertainty. The WH process is unstacked and scaled up by a factor of 50 for visibility.
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Figure 6.13: Output score for the ANN used by the 3¢ Z-dominated WH channel. “Sig” corresponds to WH
production and “Bkg” corresponds to WZ production. The ANN is deployed on both the training and testing
datasets to assess the level of agreement. The error bars indicate the statistical uncertainty.

6.3.2 Control and Validation Regions

The 0-jet and >1-jets WZ control regions require zero and one or more jets, respectively. They are constructed
by inverting the Z boson veto of the signal region and requiring one or more SFOS lepton pairs with an
invariant mass within 25 GeV of the mass of the Z boson. The 0-jet WZ control region is 92% pure in 0-jet
WZ events with a corresponding normalization factor of 1.04, while the >1-jets WZ control region is 88%
pure in >1-jets WZ events with a corresponding normalization factor of 0.90. Distributions of the ANN output
score in both control regions are shown in Figs. 6.14b and 6.14c. With the application of the normalization
factors, good agreement between data and simulation is observed.

The top validation region is used to assess the top quark modelling, which includes electroweak production
of 1tV/tZ as well as tf production with a misidentified lepton. This region is constructed by inverting the b-jet
veto of the signal region and requiring one or more jets and one b-jet. Additionally, the missing transverse
momentum cut is tightened with respect to the signal region: E?iss > 50 GeV. The distribution of the ANN’s
output score in the top validation region is shown in Fig. 6.14d. Good agreement between data and simulation
is observed, and so it may be concluded that top quark processes are well modelled.
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Figure 6.14: Distributions of the ANN output score in the (a) signal region, (b) 0-jet WZ control region, (c)
>1-jets WZ control region, and (d) top validation region of the 3¢ Z-dominated WH channel. The signal
region binning is used in all distributions. Normalization factors are applied to the O-jet and >1-jets WZ event
yields. The error bands include the statistical uncertainty as well as the dominant experimental systematic
uncertainties. The WH process is unstacked and scaled up by a factor of 50 for visibility.
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6.4 3¢ Z-Depleted WH Channel

The 3¢ Z-depleted WH channel, first introduced in Section 6.3, is characterized by the presence of three leptons
of total charge +1. Between the three leptons, the Z-depleted channel requires zero SFOS lepton pairs. All
three leptons are required to exceed a transverse momentum threshold of 15 GeV. A selection on the dilepton
angular separation, AR, > 0.1, is used to remove overlapping leptons and is applied to all combinations of
leptons, and a b-jet veto is applied to reject ¢ production, a source of fake leptons.

The 3¢ Z-depleted WH signal region is defined using a multiclassifier ANN discriminating between
WH, tt, WZ, and WWW production. Following the b-jet veto, a cut on the multiclassifier’s ¢f output score,
ANN;; < 0.25, is used to reject #7 production, one of the largest backgrounds in the Z-depleted channel. This
final cut constitutes the signal region. Within the signal region, the WH, H — WW" process is extracted using
a discriminant calculated as the difference between the multiclassifier’s WH output score and its WZ and

WWW output scores:

ANNj = ANNyy — ANNyz — ANNyww - (6.4)

ANN, is optimally binned in its full range, [-1, +1], and provided to the combined fit.

The selections for each region of the 3¢ Z-depleted WH channel are shown in Table 6.11. The Z-depleted
channel shares the 0-jet and >1-jets WZ control regions with the Z-dominated channel. Additionally, the
normalization of the WWW background is left floating in the fit and is ultimately constrained by the background-
like bins of the ANN, distribution. The fake lepton background is estimated using the data-driven approach
described in Chapter 5. The shape and normalization of all other backgrounds — which include ZZ, non-WWW
triboson, and #7V/tZ production — are taken from simulation. A top validation region based on b-jet requirement
is used to assess the modelling of the top quark background. This validation region is different from that used

by the Z-dominated channel.

Table 6.11: Event selections for the signal (SR) and validation (VR) regions of the 3¢ Z-depleted WH channel.
The artificial neural network (ANN) is described in Section 6.4.1. The Z-depleted channel shares the 0-jet and
>1-jets WZ control regions, given in Table 6.9, with the Z-dominated channel.

3¢ Z-depleted WH SR | WWW VR | Top VR

Exactly 3 ID leptons with total charge +1 with electrons passing ECIDS
At least 1 ID lepton matched to a single lepton trigger
All lepton pp > 15 GeV
All lepton pairs ARy > 0.1
0 same-flavour, opposite-sign (SFOS) lepton pairs

— Ivjets = 1
Nh-jets =0 Nh-jets =1
ANN;; < 0.25 No ECIDS requirement

= ANNWWW > 0.5

6.4.1 Multivariate Analysis

The multiclassifier is trained using the nominal WH and WWW samples as well as alternative WZ and #f
samples. The alternative WZ sample is identical to that used to the train the ANN of the Z-dominated channel.
The #f sample is generated with Pownec Box v2 [287-289, 378] and showered with Pythria 8 [290].
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To avoid possible bias by training the multiclassifier with the same events it will be deployed on, the
input variables entering the training are produced in different regions of phase space. For the WH and WWW
samples, the inputs are produced in the Z-dominated channel at the requirement of one or more SFOS lepton
pairs, given in Table 6.9. Both WH and WWW production do not include a Z boson and therefore should
not depend on the number of SFOS lepton pairs. For the 17 and WZ samples, the inputs are produced in
the Z-depleted channel at the requirement of zero SFOS lepton pairs, given in Table 6.11. Additionally, the
isolation criteria applied to all leptons is loosened from the PLImprovedTight working point to the Tight
working point to enhance statistics.

For each event, the multiclassifier receives kinematic and topological input variables related to the trilepton
system, the reconstructed jets, and the missing transverse momentum. To separate WZ — Wrt — {vlvly
decays, the compatibility of the event with the WZ hypothesis, F,, is also provided. Given the reconstructed
lepton momenta and the vectorial missing transverse momentum, the event kinematics can be calculated under
the WZ — Wrt — {vlvly (“WZ”) hypothesis assuming collinear tau decays. This yields a single unknown:
the ratio of the energy of a single tau lepton to the energy of the lepton originating from its decay. This
unknown is varied and the number of physical solutions is taken as a measure of the compatibility with the
WZ hypothesis. The input variables are listed in Table 6.12, and distributions of the input variables in the
signal region are shown in Figs. 6.15 through 6.17. Prior to training, each variable has its median subtracted
and is scaled to its interquartile range using the Python package scikit-learn [471].

The multiclassifier is trained using Keras [472] with the TensorFlow [473] backend. To assess whether
the multiclassifier is overtrained, it is deployed on a dedicated set of testing events. For the purposes of
testing, all inputs are produced in the Z-depleted channel at the requirement of zero SFOS lepton pairs — the
nominal WZ and # samples are also used. Shape comparison among the training and testing datasets in the
multiclassifier’s output scores are shown in Fig. 6.18. Good agreement is observed, and so it may be concluded

that no overtraining is present.

Table 6.12: Input variables to the multiclassifier used by the 3¢ Z-depleted WH channel.

Variable(s) | Description

p,{}], pé‘ , p? Transverse momentum for each lepton

Aneye, s Aigye, s Aneye, Dilepton pseudorapidity separation for each combination of leptons
ARy, ARgyr,, ARy e, Dilepton angular separation for each combination of leptons
Mgty Mgty > Mey e, Dilepton invariant mass for each combination of leptons

m?‘)l, m?“)z, mé‘ b Dilepton transverse mass for each combination of leptons

|Zi2=0 pTﬂ"| Magnitude of the vectorial sum of the lepton transverse momenta
Myere Trilepton invariant mass

Niets Number of jets

Npjets Number of b-jets

pJT"’ Transverse momentum of the leading jet (0 if Njeis = 0)

E‘Tniss Missing transverse momentum

Ay miss> Abe, miss>» A, miss | Azimuthal separation between each lepton and the ET™*

Shiss / ET' Object-based ET'* significance divided by the E7"**

F, Compatibility of the event with the WZ hypothesis

The distribution of ANN, in the 3¢ Z-depleted signal region is shown in Fig. 6.19a. Good agreement is
observed between data and simulation except in the leftmost bin, where an excess in data is observed: ~24

events were expected whereas 36 events were measured.
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Figure 6.15: Distributions of the input variables to the multiclassifier in the 3¢ Z-depleted WH signal region.
Normalization factors are applied to the O-jet and >1-jets WZ event yields. The error bands include the
statistical uncertainty as well as the dominant experimental systematic uncertainties. The WH process is
unstacked for visibility.
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Figure 6.16: Distributions of the input variables to the multiclassifier in the 3¢ Z-depleted WH signal region.
Normalization factors are applied to the O-jet and >1-jets WZ event yields. The error bands include the
statistical uncertainty as well as the dominant experimental systematic uncertainties. The WH process is
unstacked for visibility.
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statistical uncertainty as well as the dominant experimental systematic uncertainties. The WH process is
unstacked for visibility.
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6.4.2 Control and Validation Regions

The Z-depleted channel shares the O-jet and >1-jets WZ control regions with the Z-dominated channel.
Distributions of ANN, in both control regions are shown in Figs. 6.19b and 6.19c. With the application of the
normalization factors, good agreement between data and simulation is observed.

The top validation region is used to assess the top quark modelling, which includes electroweak production
of ttV/tZ as well as f production with a misidentified lepton. This region is constructed by inverting the b-jet
veto of the signal region and requiring one or more jets and one b-jet. Additionally, the top validation region
does not include cuts on the multiclassifier’s ## output score and does not require electrons to pass ECIDS. The
distribution of ANN, in the top validation region is shown in Fig. 6.19d. Good agreement between data and
simulation is observed, and so it may be concluded that top quark processes are well modelled.

On-shell WWW production is expected to be one of the largest backgrounds in the Z-depleted channel.
A recent measurement of WWW production by ATLAS [476] measured a WWW + WH signal strength? of
1.61 + 0.25(stat.+sys.), corresponding to a 2.50" excess above the SM expectation. Motivated by this result, a
WWW validation region is used to assess the modelling of WWW production. Within the signal region, the
WWW validation region is constructed by requiring ANNyww > 0.5, a cut which suppresses WH production
almost completely. The distribution of the multiclassifier’s WWW output score in the WWW validation region
is shown in Fig. 6.20a, where three bins of equal width are plotted. An excess in data is observed in the middle
bin, corresponding to a p-value of 0.04%. This excess is primarily attributed to events with Njes = 1, as shown
in Fig 6.20b, and events with Nj. s = 0, as shown in Fig. 6.20c. However, no other features of the excess could
be reliably identified due to low statistics. Scaling the WWW event yield by 1.61 increases the p-value to 1.3%.

To account for these observations, the WWW background’s normalization is left floating in the combined fit.

2The signal strength floats the event yield for the signal process in the statistical fit. It constitutes the parameter-of-interest of the
measurement. More details are given in Chapter 8.
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6.5 4¢Z7H Channel

The 4¢ ZH channel is characterized by the presence of four leptons with a total null charge. Two leptons
originate from the leptonic decay of the associated Z boson — the lepton pair with an invariant mass closest
to the mass of the Z boson are denoted by ¢, and ¢, in order of decreasing pr. The remaining two leptons
originate from the H - WW* — {v{v decay and are denoted by ¢, and ¢;, in order of decreasing pr. The 4¢
ZH channel is further divided into two subchannels based on the number of SFOS lepton pairs: the 1SFOS
channel requires one SFOS lepton pair and the 2SFOS channel requires two SFOS lepton pairs.

All four leptons are required to exceed a transverse momentum threshold of 15 GeV and the leading lepton
is required to exceed a transverse momentum threshold of 22, 25, or 27 GeV, depending the data-taking period.
Selections on the minimum dilepton invariant mass of all SFOS lepton pairs, m7% > 12GeV, and the

€¢,SFOS

min > 10 GeV, are used to remove low-mass

££,DFOS
resonances, and a selection on the minimum angular separation between leptons 0 and 1, AR;,,, > 0.2, is used

minimum dilepton invariant mass of all DFOS lepton pairs, m

to remove overlapping leptons. A b-jet veto, Npjes = 0, is used to reject top quark production, which includes
electroweak production of #7Z/tWZ as well as ttW/tZ production with a misidentified lepton. An upper cut
on the invariant mass of the tau lepton pair calculated using leptons 0 and 1, m,, < 5 TeV, is used to remove
events with unphysically-high m., values, which were found to adversely affect this channel’s multivariate
analysis. For the 2SFOS channel only, a cut on the invariant mass of leptons 0 and 1, mg,, < 50GeV, is
used to suppress ZZ production. Additionally, a window cut on the invariant mass of the 4-lepton system,
|mae — 122.5| > 7.5 GeV, is used to ensure orthogonality with the ATLAS H — ZZ* — 4¢ measurement [477].

The 4¢ ZH channel use a multivariate discriminant known as a boosted decision tree (BDT) to extract the
ZH, H —» WW* process. A BDT is trained for each of the 1SFOS and 2SFOS channels, and each BDT’s output
score is optimally binned in its full range, [—1, +1], within its respective signal region. The optimally-binned
BDTs are provided to the combined fit.

The selections for each region of the 4£ ZH channel are shown in Table 6.13. A control region is used
to normalize the ZZ background to data. The fake lepton background is estimated using the data-driven
approach described in Chapter 5. The shape and normalization of all other backgrounds — which include
ZZqq (vector boson scattering or VBS), triboson, and #7Z/tWZ production — are taken from simulation. A ZZ
validation region is used to assess the modelling of ZZ production with Z — 77 in the ISFOS channel, and a

1tZ validation region based on b-jet requirement is used to assess the modelling of the #7Z background.

Table 6.13: Event selections for the signal (SR), control (CR), and validation (VR) regions of the 4¢ ZH
channel. The selections in the #7Z validation region indicated with double asterisks (**) are only applied if
there are two SFOS lepton pairs.

40 ZH SR

ISFOS SR \ 2SFOS SR ZZCR ZZVR HZVR
Exactly 4 ID leptons with total charge 0
At least 1 ID lepton matched to a single lepton trigger
All lepton pr > 10 GeV with p?“d > 22/25/27 GeV
my)ros > 12 GeV && mph . o > 10GeV
’ ARy, > 0.2
Nb—jcls =0 Nb,jcls =0 ]vjcls >2&& Nl)—jc[s >1
My < 5TeV — _
1 SFOS lepton pair 2 SFOS lepton pairs 2 SFOS lepton pairs 1 SFOS lepton pair >1 SFOS lepton pairs
10 < myy, < 50GeV g, > 50 GeV Mer > 60 GeV [me,e, — mz| < 10Gev
lmge — 122.5| > 7.5GeV | |me,, — mz| < 10GeV |meye, = mz| > 10 Gev*

meye, > 40 GeV*™*
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6.5.1 Multivariate Analysis

The multivariate discriminant used by the 4¢ ZH channel is a boosted decision tree (BDT). A decision tree is
trained to discriminate between two classes by recursively splitting the input events using rectangular cuts.
Each split or “node” corresponds to a pass/fail decision. The decision tree terminates at a (terminal) node or
“leaf”, which represents the event’s predicted class. Analogous to a neural network, a decision tree’s cuts — its
free parameters — are obtained by minimizing a loss function using a dedicated set of training events. A leaf’s
predicted class is assigned based on the majority of truth classes for events reaching that particular leaf.

A boosted decision tree seeks to improve the performance of a decision tree by training a collection
or “forest” of decision trees using adaptive boosting [478]. With adaptive boosting, the decision trees are
trained in a sequence, and the input events for each tree are reweighted according to the misclassification
rate of the previous tree such that previously misclassified events are assigned a higher weight and therefore
importance [479]. The output score of the BDT is given by the weighted average of the output scores for
all trees in the forest, where the weight per tree is based on its misclassification rate. Adaptive boosting
improves both the stability of the classifier and typically results in improved performance over the use of a
single tree [479].

For the 4¢ ZH channel, independent BDTs, each discriminating between ZH and ZZ production, are
trained for the 1SFOS and 2SFOS channels. The BDTs share a common set of input variables inspired by
the signal region selections in the previous iteration of the analysis [105]. These inputs comprise kinematic
and topological variables related to the 4-lepton system and the missing transverse momentum. Also included
is the jet multiplicity and the azimuthal separation between leptons 0 and 1 in the Higgs candidate’s frame,
A¢?§ZSK~ This frame cannot be reconstructed due to the presence of neutrinos but is approximated using the
transverse momentum of the reconstructed Z boson, — ﬁTZ . In the presence of at least one reconstructed jet, this
frame is approximated as — ﬁTZ - ﬁ%el. The input variables are listed in Table 6.14, and the inputs themselves
are produced within each BDT’s associated signal region. Distributions of the input variables in the 1SFOS
and 2SFOS signal regions are shown in Figs. 6.21 through 6.24.

The BDTs are trained using TMVA [479]. As the simulated samples used to train the BDTs are the same
samples that the BDTs will be deployed on, a k-folding prescription is used. In general, n-way k-folding
utilizes a larger training dataset per BDT for larger values of n. As there are 50% fewer ZZ training events
for the ISFOS BDT than for the 2SFOS BDT, 5-way k-folding is used to train the 1SFOS BDT and 3-way
k-folding is used to train the 2SFOS BDT. Shape comparisons among the training and testing datasets for
each k-fold of the 1SFOS and 2SFOS BDTs are shown in Fig. 6.25. Good agreement is observed between the

shapes, and so it may be concluded that no overtraining is present.

Table 6.14: Input variables to the BDTs used by the 4¢ ZH channel.

Variable(s) ‘ Description

p?, p[T/‘, p?, p? Transverse momentum for each lepton

Meye, s My, Dilepton invariant masses for ¢, and ¢; as well as ¢, and 3

p‘{[ Transverse momentum of the 4-lepton system

Mg Invariant mass of the 4-lepton system

Mer Invariant mass of the tau lepton pair

Niets Number of jets

E%‘iss Missing transverse momentum

Adiyt, miss Azimuthal separation between the dilepton system composed of £y and ¢ and the ET'**
Aqﬁ?{‘)’}’f‘ Azimuthal separation between £, and ¢; in the Higgs candidate’s frame
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Figure 6.21: Distributions of the input variables to the ISFOS BDT in the 4¢ 1SFOS ZH signal region. The

error bands include the statistical uncertainty as well as the dominant experimental systematic uncertainties.
The ZH process is unstacked for visibility.
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error bands include the statistical uncertainty as well as the dominant experimental systematic uncertainties.
The ZH process is unstacked for visibility.
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Figure 6.24: Distributions of the input variables to the 2SFOS BDT in the 4£ 2SFOS ZH signal region. The
error bands include the statistical uncertainty as well as the dominant experimental systematic uncertainties.
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Distributions of the 1SFOS BDT output score in the 1SFOS signal region and the 2SFOS BDT output
score in the 2SFOS signal region are shown in Fig 6.26a and 6.26b, respectively. Good agreement is observed

between data and simulation.
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Figure 6.26: Distributions of (a) the 1SFOS BDT output score in the 1SFOS signal region and (b) the 2SFOS
BDT output score in the 2SFOS signal region of the 4¢ ZH channel. A normalization factor is applied to
the ZZ event yield. The error bands include the statistical uncertainty as well as the dominant experimental
systematic uncertainties.

6.5.2 Control and Validation Regions

The ZZ control region is constructed by inverting the m,,, cut of the 2SFOS signal region and requiring
me,e, > 50 GeV, which suppresses ZH production. Additionally, a window cut is applied to the mass of the
Z boson candidate, |my,¢, —mz| < 10GeV, to enrich the region in ZZ events. The resulting region is 98%
pure in ZZ events with a corresponding normalization factor of 1.01 + 0.02(stat.), which is applied to the
event yields for both gg — ZZ and gg — ZZ production. Distributions of the ISFOS and 2SFOS BDT output
scores in the ZZ control region are shown in Figs. 6.27a and 6.27b, respectively. Good agreement between
data and simulation is observed except in the 2SFOS BDT bins with edges [0.01, 0.06] and [0.06, 0.10]. The
discrepancy is largest in the latter bin: 15.1 + 0.7(stat.) event were expected whereas 28 events were observed.
The leading theoretical uncertainties on ZZ production in each of the 1SFOS and 2SFOS BDT bins are shown
in Figs. 6.27¢ and 6.27d, respectively.3 In the [0.06, 0.10] bin, theoretical and statistical sources in simulation
result in an approximate 10% uncertainty on the expected yield. Combined with the statistical uncertainty in
data, there is a total uncertainty of +6 events, which corresponds to an approximate 20" excess in data over
the SM expectation. Such an excess is consistent with a statistical fluctuation and therefore is not of practical

concern.

3These uncertainties include the uncertainty due to missing higher-order corrections (“QCD scales”); the uncertainties on the central
values of the parton distribution function set and the strong coupling constant; and the uncertainties relating to the choice of soft gluon
resummation scale, the jet merging scale, and the parton shower recoil scheme. The estimation of these uncertainties is described in
Chapter 7.
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Figure 6.27: (a, b) Distributions of the (a) ISFOS and (b) 2SFOS BDT output scores in the ZZ control region. A
normalization factor is applied to the ZZ event yield. The error bands include the statistical uncertainty as well
as the dominant experimental systematic uncertainties. (c, d) Per-bin uncertainties on the data-to-simulation
ratio for the (c) 1SFOS and (d) 2SFOS BDT output scores in the ZZ control region. The distributions are
remapped to bins of equal width. The error bars indicate the statistical uncertainty in data and the error bands
indicate the combination of the statistical uncertainty in simulation and the leading theoretical uncertainties on
ZZ production.
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In the 1SFOS channel, ZZ production is characterized by the presence of a Z — 77 decay resulting in a
DFOS lepton pair. To assess the modelling of ZZ production in the 1SFOS channel, a ZZ validation region
is constructed using the same selections as the 1SFOS signal region but with an additional selection on the
invariant mass of the tau lepton pair, m., > 60 GeV. This selection ensures the ZZ validation region is depleted
in ZH events but does not make it orthogonal to the signal region; however, the ZH yield is covered by the
total uncertainty on the background yield. The resulting region is 60% pure in ZZ events with a corresponding
normalization factor of 1.01 + 0.31(stat.) — this normalization factor is not included in the combined fit due to
its large statistical uncertainty. Distributions of the 1SFOS and 2SFOS BDT output scores in the ZZ validation
region are shown in Figs. 6.28a and 6.28b, respectively. Good agreement between data and simulation is
observed, and so it may be concluded that ZZ production with Z — 77 is well modelled.

The t7Z validation region is used to assess the modelling of ##Z production. This region is constructed
by inverting the b-jet veto of the signal region and requiring one or more jets and one or more b-jets. To
select events with Z bosons, one or more SFOS lepton pairs are required and a window cut is applied to the

mass of the Z boson candidate, |m,¢, — mz| < 10GeV. If there are two SFOS lepton pairs, a Z boson veto is

applied to the mass of the Higgs boson candidate, m,, — mz| > 10 GeV, to select top quark pairs. The mass
of Higgs boson candidate is additionally required to exceed 40 GeV to reject ZH production. Distributions of
the 1SFOS and 2SFOS BDT output scores in the ##Z validation region are shown in Figs. 6.28c and 6.28d,
respectively. Good agreement between data and simulation is observed, and so it may be concluded that t7Z

production is well modelled.
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Figure 6.28: Distributions of the 1SFOS (left) and 2SFOS (right) BDT output scores in the (a, b) ZZ and (c, d)
tfZ validation regions of the 4¢ ZH channel. A normalization factor is applied to the ZZ event yield. The error
bands include the statistical uncertainty as well as the dominant experimental systematic uncertainties.



Chapter 7

Systematic Uncertainties

As with all measurements, the VH, H — WW* measurement is affected by different sources of systematic
uncertainties on the event yields in data and simulation. These uncertainties have effect of modifying the
normalization and shape of each channel’s multivariate discriminant, providing additional degrees of freedom
for achieving compatibility between data and simulation and reducing the sensitivity of the measurement.
Therefore, it is important to enumerate and quantify the different sources of systematic uncertainty in order
to provide a realistic estimate of the measurement’s precision. This chapter describes both the experimental

(Section 7.1) and theoretical (Section 7.2) sources of these systematics.

7.1 Experimental Systematics

The majority of the experimental systematic uncertainties considered by the VH, H — WW* measurement
are “object-level” systematic uncertainties, which relate to the performance of specific physics objects. These
include uncertainties on the simulation-to-data efficiency scale factors as well as uncertainties on the scale and
resolution of the energy or momentum.

Additionally, two “event-level” systematic uncertainties are considered. The first corresponds to the
uncertainty on the integrated luminosity for the Run 2 dataset, 1.7% [148], which affects the total number
of predicted events. The second corresponds to an uncertainty on the central value of the data scale factor
(1.037") used during pile-up reweighting. The systematic uncertainty is assigned by varying the scale factor up
(0.997") and down (1.07") and recomputing the pile-up reweighting for each case.

Systematic uncertainties affecting the data-driven backgrounds belong in this category as well. The

estimation of these uncertainties is described in Chapter 5.

7.1.1 Efficiency Scale Factor Systematics

The systematic uncertainty on a simulation-to-data efficiency scale factor is evaluated by varying parameters
of the simulated events or features of the associated tag-and-probe analysis and calculating their relative effect
on the scale factor. Table 7.1 shows the typical size of the uncertainty for each scale factor applied by the VH,
H — WW* measurement.

A systematic uncertainty on a scale factor is translated into a systematic uncertainty on the event yield

by computing the difference between the event yield with the nominal scale factors applied and the event

139
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Table 7.1: Typical uncertainties on the simulation-to-data efficiency scale factors applied by the VH, H —
WW* measurement.

Efficiency scale factor

Electron trigger 0.1% [273]

Electron reconstruction | 0.4% for Et = 20 GeV and decreasing with Er,
reaching better than 0.1% for E1 > 30 GeV [480]
Electron identification 7% for ET = 4.5 GeV and decreasing with Er,
reaching better than 1% for Er > 30 GeV [426]

Typical uncertainty

Electron isolation 5% for E1 < 7GeV and decreasing with Er,
reaching better than 0.5% for high Et [426]

Muon trigger O(1%) [250]

Muon identification 0.1% for pr = 20 GeV and decreasing with py [432]

Muon TTVA Better than 0.1% [432]

Muon isolation O(1%) for pr < 20GeV and decreasing with pr,
reaching better than 0.1% for pr > 30 GeV [432]

JVT selection 3% for jet pr = 25 GeV and decreasing with pr,
reaching 1% for pr > 50 GeV [450]

fIVT selection Better than 1% [448)]

b-jet tag 7% for jet pr < 30 GeV and decreasing with pr,
reaching 1% for pr > 100 GeV [454]

c-jet mistag 3-17% [455]

Light-jet mistag 10-50% [459]

yield with the scale factor of interest varied by its systematic uncertainty. The difference is assigned as the

uncertainty.

7.1.2 Scale and Resolution Systematics

The systematic uncertainties on the scale and resolution of the energy or momentum are evaluated by varying
parameters of the simulated events or features of the associated calibration analysis. For each variation, the
relative effect on the energy or momentum is calculated. Systematic uncertainties on the scale and resolution
of the energy or momentum are considered for electrons, muons, jets, and missing transverse momentum.

The electron energy scale uncertainty is shown in Fig. 7.1a. For E1 < 40 GeV, the uncertainty is dominated
by the contributions due to the intercalibration of the first and second sampling layers of the electromagnetic
calorimeter (indicated in the referenced figure by the “a@;,,” label) as well as the material between the inner
detector and the presampler (“Material ID to PS”). For Er =~ 40 GeV, the uncertainty is dominated by
the contribution due to the 5-dependent corrections applied to data (“Z — ee calib.”). For Er > 40GeV,
the uncertainty is dominated by the contribution due to the non-linearity of the calorimeter cell energy
measurement (“MG/HG gain”). For the electron Et range applicable to the VH, H - WW”* measurement,
10 < E1 < 200 GeV, the energy scale uncertainty does not exceed 0.3% [285].

The electron energy resolution uncertainty is shown in Figs. 7.1b and 7.1c. For 10 < Et < 200 GeV, the
uncertainty is dominated by the contribution due to the detector material in front of the calorimeter (indicated
in the referenced figure by the “Material unc.” label). In this range, the energy resolution uncertainty varies
from 5% at E1 = 10 GeV to as high as 20% at Et = 200 GeV [285].

The muon momentum scale and resolution uncertainties are extracted from fits to the dimuon invariant

mass in J/y — pji and Z — pji candidates [437], whose mean invariant mass and mass resolution are shown in
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Figure 7.1: (a) Fractional energy scale calibration uncertainty for electrons as a function of Et at || = 0.3 [285].
(b, c) Relative energy resolution (top) and relative energy resolution uncertainty (bottom) for electrons as a
function of Et at (b) |7| = 0.3 and (c) 2.0 [285]. In all plots, the total uncertainty as well as the individual
contributions, given as one-sided variations, are shown.

Fig. 7.2. The momentum scale and resolution uncertainties are affected by contributions related to the analysis
selections, the background parameterization, the momentum scale of the inner detector, and the alignment of
the muon spectrometer chambers. In particular, the uncertainty on the momentum scale varies from 0.05% for
7] < 1 to a maximum of 0.3% for || ~ 2.5, and the uncertainty on the momentum resolution varies from 5%
to 10% [437].

The jet energy scale uncertainty is shown in Fig. 7.3a. For pr < 30 GeV, the uncertainty is dominated by
the contribution related to the pile-up correction (indicated in the referenced figure by the “Pile-up” label)
and specifically the uncertainty in the pile-up modelling in simulation. For Et > 30 GeV, the uncertainty
is dominated by the contribution due to the response to gluon-initiated jets (“Flav. response”). For the jet
pr range applicable to the VH, H —» WW* measurement, 20 < pt < 300 GeV, the energy scale uncertainty
varies from 5% at pr = 20GeV to 1% at pr = 300 GeV [198].

The jet energy resolution uncertainty is shown in Figs. 7.3b. For 10 < pr < 300 GeV, the uncertainty is
dominated by the contributions related to the jet energy scale, the MC generator modelling, and the non-closure
between the resolutions measured at reconstruction-level and at particle-level. In this range, the energy
resolution uncertainty varies from 1.5% at pt = 20GeV to 0.5% at pr = 300 GeV [198].
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Figure 7.3: (a) Fractional energy scale calibration uncertainty for particle-flow jets as a function of jet pr
at || = 0.0 [198]. (b) Absolute uncertainty on the relative jet energy resolution as a function of jet pr at
7] = 0.2 [198]. In both plots, the total uncertainty as well as the individual contributions, given as one-sided
variations, are shown.
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Uncertainties on the response and resolution of the missing transverse momentum are measured using
0-jet Z — pji events, where the hard term transverse momentum, ﬁ%ard, is expected to be balanced by the soft
term transverse momentum, ﬁ;"ft [460]. In particular, the average parallel and perpendicular projections of
p""T“Olct onto ﬁ}‘ard, denoted by (P)) and (P, ), respectively, are computed. The energy response uncertainty is
then obtained from data-to-simulation comparisons of (%), as shown in Fig. 7.4a, while the energy resolution
uncertainty is obtained from data-to-simulation comparisons of the variances in £ and #,, as shown in

Figs. 7.4b and 7.4c, respectively.

T g T T T T T T

8 2 }QTLAS ® Powheg+Pythia MC 3

N 20E s Tev a2 A MadGraph+Pythia MG

o 18F 0Jets e Data2015 =

\% = |

16F- [ ] Data uncertainty =

14 g

12 2 ¢ =

10 - —

A E

6 F 3

Nog E

2? -

o S P IS B AP EI I I B

£ 12F . 3

o Wi % = & E

o 15 E

S o9p
08E
10 20 30 40 50 60 70 90
phard[GeV]
(@)
& I I B B B B I & S
o 140 ATLAS ® Powheg+Pythia MC — % F ATLAS ® Powheg+Pythia MC ]
0] [ Z-un o] G 60 Zoup 4
ol C Vs=13TeV,3.2f0" A MadGraph+Pythia MC 7 o’ 55:,\@:13-'-9\/* 321" A MadGraph+Pythia MC
Q1201 0 gets e Data2015 7 2 O oets e Data2015 E
o 100: [ ] Data uncertainty ] o 50F [ ] Data uncertainty =
801 . = 40f . =
- == ] E —— b -
60F- = . 35E- o =
r + ] 3 =+ E
S : S :
40— _ =% —] E. =8~ B
O, <%= B 258 —
= ] £ 7
207HmH‘mHHmumH‘m““x““x““m“7 20C e e b b e b e
© Saaas 3 © Ty
s Vi —y 3 g 1] E
o 1fEEEEw . 3 O l1eay & E
= 09F E = 09 - ¥ =
08 __ . . . . . . . . 0.8 . . . . . . . o
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
P [GeV] P [GeV]
(b) ©

Figure 7.4: (a) Average value of the parallel projection of ﬁ;"ﬁ onto ﬁ}‘ard in O-jet Z — pji events [460]. (b, ¢)

Variances of the (b) parallel and (c) perpendicular projections of ﬁ;"f‘ onto ﬁ%ard in 0-jet Z — pji events [460].

In all plots, the error bands indicate the systematic uncertainty on the E%“SS energy response or resolution.

A systematic uncertainty on an energy or momentum scale is translated into a systematic uncertainty on

the event yield by computing the difference between the event yield with the nominal scales and the event yield
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with the scale of interest varied by its systematic uncertainty. The difference is assigned as the uncertainty. A
systematic uncertainty on an energy or momentum resolution is translated into a systematic uncertainty on the
event yield by computing the quadrature difference between the nominal and systematically-varied values of
the resolution of interest. This difference is used to define the width of a zero-centered Gaussian, which is

used to apply noise to the response in simulation, a procedure known as smearing.

7.2 Theoretical Systematics

Theoretical systematic uncertainties correspond to uncertainties on the simulation of signal and background
processes. These include uncertainties due to missing higher-order corrections, uncertainties on the central
values of the parton distribution function set and on the strong coupling constant, and uncertainties on the
parton shower modelling.

The total theoretical uncertainty for each process and region entering the VH, H - WW* measurement
is given in Table 7.2. The following paragraphs review the prescriptions general to all processes, while the
subsequent sections discuss process-specific uncertainties. Unless specified otherwise, the estimation of the
uncertainties is performed using reconstruction-level samples and a full simulation of the ATLAS detector.

Missing Higher-Order Corrections: For the purposes of event generation, the partonic cross section,
Eq. 3.2, is expanded in perturbation theory as:

G~y aif'ey, (7.1)

and is truncated at a fixed order n in QCD. The effect of the missing higher-order corrections, O(ag"z), on the
partonic cross section is governed by the renormalization and factorization scales. As choice of these scales is
somewhat arbitrary, the uncertainty due to missing higher-order corrections is evaluated by varying each scale
up and down by a factor of 2. The following combinations are considered:

(U, 1) = (N X o™, M x ™)V N, M € [0.5,1,2], (7.2)

where ¢'* and p"°™ are the varied and nominal scales, respectively. The combinations (N, M) = (0.5,2) and
(2,0.5) are excluded in order to avoid large logarithms in the cross section calculation.

The process’s cross section is recomputed for each combination of scales, defining a 7-point envelope. The
uncertainty due to missing higher-order corrections, referred to simply as the scale uncertainty, is given by the

maximum variation of this envelope.

Parton Distribution Function: Parton distribution functions (PDFs) are affected by experimental uncertain-
ties on the datasets which enter the PDF fits as well as on the functional forms of the fitted models. These
uncertainties are provided through PDF error sets, each with a modified parameterization with respect to the
nominal PDF set. When estimating the PDF uncertainty, a process’s cross section must be recomputed for
each error set, as the PDF affects the cross section in a nonlinear way.

For Higgs predictions, the recommended PDF set is PDF4ALHC15 [301]. The associated error sets are

treated as independent nuisance parameters in the measurement, with the total uncertainty given by:
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(7.3)

where o is the cross section evaluated using the nominal PDF set and o7; is the cross section evaluated using
the i-th error set. A total of N, = 30 error sets exist.

For all of the background processes, including VV, VVV, Z+jets, and #f, the recommended PDF set is
NNPDF3.0 [300]. The total uncertainty is calculated as the standard deviation of the associated error sets:

N,

| Nex

Acppr = * D=2, (7.4)
Nerr i=1

where o; is the cross section evaluated using the i-th error set and (o") = 07 is the average cross section across

all error sets, (o) = Ne‘rg Zf\ff o;. A total of N = 100 error sets exist.

Strong Coupling Constant: The strong coupling constant, ay, is affected by experimental uncertainties on
the datasets which enter the ay fit as well as missing higher-order corrections to the renormalization group
equations governing its behaviour. The effect of the uncertainty on ag on a process’s cross section o is

evaluated by recomputing the cross section for up and down variations in @s and symmetrizing the midpoint:

|or(as (m2) + Aas) — o (as (m2) — Aas)|

) )
where a; is quoted at the scale of the mass of the Z boson and Aasg is its associated uncertainty. Depending on
the PDF set used, the uncertainty on ag may vary: for PDFALHCI15, ag (m%) =0.1180 + 0.0015 [301]; for
NNPDF3.0, a5 (m2) = 0.118 + 0.001 [300].

Aoy, =+

(7.5)

7.2.1 Higgs Boson Production

For both the VH and ggF production modes, a parton shower modelling uncertainty is evaluated by computing
the relative difference in the event yield between the nominal sample, which was showered with Pythia 8 [290],
and an alternative sample, which was showered with Herwic 7 [293, 294]. For VH production, the difference
is computed at particle-level, while for ggF production, the difference is computed at reconstruction-level. The
difference is symmetrized and assigned as the uncertainty.

A H — WW* branching ratio uncertainty of +2.2% / —2.1% is assigned to the event yields for all samples
which correspond to the production of Higgs bosons decaying to pairs of W bosons [97].

As VBF production is only relevant for the 2¢ DFOS VH channel and because it is strongly rejected by
that channel’s multivariate discriminant, there are no dedicated theoretical systematics on VBF production

included in the measurement.

7.2.2 Multiboson Production

The SHERPA 2.2.2 [291] V'V samples contain matrix elements for O or 1 jets at next-to-leading-order accuracy in
QCD and 3 or 4 jets at leading-order in QCD, with the merging of matrix elements for different jet multiplicities
performed using the MEPS@NLO prescription [317, 321, 334, 339]. A jet merging scale uncertainty is
evaluated by varying the choice of the scale Q used to separate the phase space covered by the matrix element

and the phase space covered by the parton shower. The scale of nominal sample, Q = 20 GeV, is varied up to
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30GeV and down to 15 GeV, resulting in two alternative samples. The relative difference in the event yield
between the nominal sample and each alternative sample is computed, and the larger difference is symmetrized
and assigned as the uncertainty.

A resummation scale uncertainty is evaluated by varying the soft gluon resummation scale of the nominal
sample up and down by a factor of 2, resulting in two alternative samples [481]. The relative difference in the
event yield between the nominal sample and each alternative sample is computed, and the larger difference is
symmetrized and assigned as the uncertainty.

The uncertainty due to the choice of parton shower recoil scheme, which controls the evaluation of the
momentum recoil during parton showering, is evaluated by comparing the nominal sample to an alternative
sample, each of which applies a different parton shower recoil scheme. In the nominal sample [380], the
parton shower proceeds via the ordered splitting of “dipoles”, each consisting of a parton which actual splits
(i.e., the “splitter”) and a parton which spectates (i.e., the “spectator””). The transverse momentum of the
parton emitted by the splitter is compensated by the spectator such that the virtuality and four-momentum
of the splitter-spectator system is invariant [482]. This strategy is known as the Catani-Seymour dipole
formalism [483, 484]. In the alternative sample [482], the transverse momentum of the emitted parton is
compensated by the set of all final state particles. The relative difference in the event yield between the nominal
sample and the alternative sample is computed, symmetrized, and assigned as the uncertainty.

For the uncertainties covering the jet merging scale, the resummation scale, and the parton shower recoil
scheme, the differences are computed at particle-level.

For SHERrPA 2.2.2 VVV production, a modelling uncertainty is evaluated by computing the relative differ-
ence in the event yield between the nominal sample and an alternative sample, which was generated with
MapGrapu5_aMC@NLO [292]." The difference is symmetrized and assigned as the uncertainty.

For MapGraruS _aMC @NLO WWggq production, only scale, PDF, and ag uncertainties are considered.
For gg — WW production, a conservative uncertainty of +100% / —50% is assigned to the cross section to
account for the leading-order accuracy of the sample. An uncertainty of +15% is similarly assigned to the

gg — ZZ production cross section [386].

7.2.3 Z+jets Production

For Z+jets production, a generator modelling uncertainty is evaluated by computing the relative difference in
the event yield between the nominal sample, which was generated with Suerpa 2.2.1 [291], and an alternative
sample, which was generated with MabGrapu5_aMC @NLO 2.2.2 [292].2 The difference is symmetrized and
assigned as the uncertainty.

7.2.4 Top Production

For tf production, a fragmentation and hadronization modelling uncertainty is evaluated by computing the
relative difference in the event yield between the nominal sample, which was showered with PyTHia 8, and
an alternative sample, which was showered with HerwiG 7.04 [293, 294] using the H7UE tune [294]. The
difference is symmetrized and assigned as the uncertainty.

IThe MapGrapu5_aMC@NLO events were interfaced to PyTaia 8 [290] using the A14 tune [346] to model the parton shower,
hadronization, and underlying event.

2The MapGrapH5_aMC@NLO events were simulated at leading-order accuracy in QCD for up to four final-state partons. The events
were interfaced to PytHia 8.186 [353] using the A14 tune [346] to model the parton shower, hadronization, and underlying event. A
next-to-next-leading-order cross section [388] was used to normalize the MC prediction.
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A generation and matching modelling uncertainty is evaluated by computing the relative difference in
the event yield between the nominal sample, which was generated with Pownec Box v2 [287-289, 374], and
an alternative sample, which was generated with MADGrAPH5_aMC@NLO 2.6.0 [292]. The difference is
symmetrized and assigned as the uncertainty.

For the calculation of the fragmentation/hadronization and generation/matching modelling uncertainties,
AtLrAST-II [485], a fast simulation framework for the ATLAS detector, is used to simulate both the nominal
and alternative samples.

The uncertainty due to additional radiation is evaluated by varying internal weights and computing their
effect on the production cross section. For initial-state radiation (ISR), the A14 Var3c eigentune [346] is varied
up and down, corresponding to a variation in the renormalization scale for the ISR shower up and down by
roughly a factor of 2. For final-state radiation (FSR), the renormalization scale for the FSR shower is varied up
and down by a factor of 2. In both cases, the variations have the effect of modifying the value of ag (m%) for
their respective showers.

For t7Z production, an uncertainty of +10% / —12% is assigned to the cross section [465].



Table 7.2: The total theoretical uncertainty per process in each signal region (SR) and control region (CR) entering the VH, H — WW* measurement. For each
process and region, the total uncertainty is obtained by summing the independent contributions in quadrature and is given as a relative variation on the event yield. An
empty cell indicates that no uncertainty is given for the corresponding process and region. Electroweak or strong production of same-sign (SS) WW is denoted by
the subscripts “EW” and “QCD”, respectively, and “Nj WZ” denotes WZ production with N reconstructed jets. The total uncertainties on Higgs boson production
include the H — WW* branching ratio uncertainty.

Total theoretical uncertainty per process [ %]

Region WH ZH ggF WW  gg— WW SSWWgy SS WWocp 0wz 21wz 77 gg—7Z WWW  WWwz Z+jets i iz
2 DFOS VH SR +6.0/-64 +92/-75 +27/-20 +29/-22 +100/-50 - - - - - - - — +20/-15 +23 -
Top CR - - — 428/-21 - - - - - - - - — +13/-10 +24 -
Z-+jets CR - - - 427/-21 - - - - - - - - — +13/-10 +21/-20 -
WW CR - - — 428/-21 - - - - - - - - — +11/-12 +25/-19 -
2¢ SS WH SR +5.2 - - - — 411/-8  +32/-22 — 417/-13  +10/-9 — +14/-11 - - - -
21 SS WH SR +53 - - - — +10/-8  +32/-22 - 419/-15  +14/-11 — +13/-10 - - - -
ept/ue SS WH SR +53/-52 - - - - 410/-8  +32/-22 - +17/-14  +11/-9 — 413/-10 - - - -
3¢ Z-dominated WH SR | +5.7/-5.8 - - - - - — +53/-56 +20/-16  +11/-9 — +16/-13 - - - -
3¢ Z-depleted WH SR | +5.9/-6.0 - - - - - —  49/-11 +24/-20 £11 - +16/-13 - - - -
0j WZ CR - - - - - - — +34/-39 - - - - - - - -
>1j WZ CR - - - - - - - — 420/-15 - - - - - - -
4¢ 1SFOS ZH SR — 486/-73 - - - - - - — +68/-65 +15 - 121 - — +10/-12
4¢ 2SFOS ZH SR — 482/-64 - - - - - - ~ 486/-77 +15 - 209 - ~ +10/-12
ZZ CR - - - - - - - - - +74/-71 +15 - - - - -

871

SHILNIVIIIONN DIIVINALSAS "L ¥41dVHD



Chapter 8

Statistical Analysis and Results

The VH, H - WW* measurement culminates with the statistical analysis, which is roughly divided into three
steps. The first step is the construction of a model describing the results. In the context of the VH, H —» WW*
measurement, this model is a likelihood function. The second step is fitting the model to the measured data.
The inputs to this step are the event yields in the signal and control regions, which are described in Chapter 6,
as well as the systematic uncertainties affecting those yields, which are described in Chapter 7. The third and
final step is the interpretation of the results. In this step, the significance of the measured results over the
background-only hypothesis is calculated.

This chapter describes the statistical analysis of the VH, H — WW* measurement. Section 8.1 provides a

description of the likelihood model and significance calculation, and Section 8.2 presents the measured results.

8.1 Statistical Analysis

The statistical analysis proceeds by a frequentist approach with the construction of a likelihood function, £,
which describes the “likelihood” of measuring a particular set of parameters defining the measurement model,
6, given the observed data. For counting experiments typical of particle physics measurements — that is,
where events occur with a constant average rate — the likelihood function is written as the product of Poisson

probability density functions (PDFs), one for each region or bin:

regions

= = Yt
LO|n) = 1_[ P(n; | v/(®)) where P(n|v)= - exp(—v). (8.1)
. n.
Here, n; and v; are the observed and expected numbers of events in region i, respectively. N.B. the expected
number of events is a function of the model’s parameters. The most probable set of parameters are those
which maximize the likelihood function given the observed data, known as the maximum likelihood estimators
(MLESs). The MLE of the parameter set is implicitly defined by:

—1|. .=0V0ecO. 8.2)
As is common practice, the MLE of a particular parameter 6 (or set of parameters @) is denoted by a hat: 8 (®).

The model’s parameter set is divided into two subsets: the parameters one is interested in measuring and

the parameters which are measured but may not be physically interesting. The former set of parameters are

149
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known as “parameters-of-interest” (POIs) and correspond to a set of scale factors or “signal strengths”, each of
which multiplies the event yield for an individual signal process. The latter set of parameters are known as
“nuisance parameters”. In the following sections, the POIs are denoted by g and the nuisance parameters are
denoted by & such that 0= gud.

Examples of nuisance parameters include normalization factors obtained using control regions, systematic
uncertainties, and statistical uncertainties. They are encoded in the likelihood function using constraint terms,
one for each nuisance parameter. A constraint term represents an auxiliary measurement which “constrains”

the effect of the nuisance parameter on the event yields. With the inclusion of constraints, Eq. 8.1 becomes:

nuisance parameters
[T @6, (8.3)

J

regions
-

LG, 917D = { [ ] P@E: v, )

l

X

where C; is the constraint term for nuisance parameter j, §;, whose central value is given by 0 ;. Each constraint

term is a function of one nuisance parameter only.

8.1.1 Likelihood Function for the Combined Fit

The likelihood function for the VH, H — WW* combined fit is given by the total product of Poisson PDFs for
each bin of each channel’s signal region distribution, Poisson PDFs for each control region, and constraint

terms for each nuisance parameter:

Nechannels Nbins in channel i
-
cadimm=l ] ] Pm

Nsigna]s Nbackgrounds
Z HieSijk(6) + Z bijf(e)]l

i=1 j=1 k=1 =1
Nconlrol regions Nsignals Nbackgmunds
-
x| T Plme| D) ms@+ > bu@|| (84)
=1 k=1 =1
Nhuisance parameters
X Cj’(gj'|9j’)
=1

where N denotes “number of”, 7 are the observed event yields in the signal regions, 77 are the observed event
yields in the control regions, s(9) corresponds to the expected signal yield in a particular region, and b(6)
corresponds to the expected background yield in a particular region. The subscripts on an event yield uniquely
map it to a particular bin of a signal region distribution or control region. For the inclusive measurement of
VH, H — WW" production, there is one signal process (Ngignas = 1) and one POL, pyg. For the resolved
measurement of WH, H — WW* and ZH, H — WW" production, there are two signal processes (Ngignai = 2)
and two POIs, uwy and pzy.

The expected signal and background yields are functions of the nuisance parameters and are parameterized
such that their response to each nuisance parameter is factorized from their nominal rates: s(ﬁ) = sox[];v;(0)).
The choice of the response function, v(6), and the associated constraint term depends on the type of nuisance
parameter [486]. For systematic uncertainties, the constraint takes the form of a unit Gaussian; for statistical
uncertainties and normalization factors obtained using control regions, the constraint takes the form of a
Poisson PDF. As an intuitive example, the response function for a normalization factor obtained using a control

region is the normalization factor itself, applied only to its associated background.
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8.1.2 Definition of the Test Statistic

To assess the level of agreement of the observed data with the statistical model, Eq. 8.4, the profile likelihood
ratio is constructed [487, 488]:

1.6
Ay =S89 (85)
£4.5)

where [i is the hypothesized value of the signal strength, fi and 5 are the unconditional MLEs, and 5 is the
conditional MLE when p is fixed to i. For simplicity, only a single POI is assumed. The value of profile
likelihood ration varies between 0 and 1, where 4 ~ 1 indicates good agreement between the hypothesized
value of y and its unconditional MLE while 1 <« 1 indicates disagreement.

A test statistic is a quantity for hypothesis testing, encapsulating both the statistical model and the observed
data in order to assess their compatibility. By the Neyman-Pearson lemma [489], the profile likelihood ratio
corresponds to the most powerful' test statistic for hypothesis testing. As is common practice in particle

physics, the test statistic for the VH, H - WW* measurement is the negative log-likelihood ratio:

qp = —2In (@), (8.6)

where ¢; ~ 0 indicates good agreement between the hypothesized value of ¢ and its MLE and increasing g5

indicates increasing disagreement [487, 488].

The test statistic is used to define the p-value of the measurement, which corresponds to the probability of

observing equal or greater disagreement with the hypothesized value of u:

00

Pi = fgqz i) dqz, 8.7

Gi,0bs

where g ops 15 the observed value of the test statistic and f(gj | i) is the PDF of the test statistic assuming a
hypothesized u = fi. The p-value is typically translated into the number of standard deviations from the mean
of a standard Gaussian whose integrated, one-sided tail equals such a probability:

Zy=0"'(1 - pp), (8.8)

where ®~! is the inverse cumulative function of a standard Gaussian. This quantity is referred to as the
significance or the sensitivity of the measurement, and a significance of Z = n is referred to as an “no
significance”.

The VH, H — WW* analysis corresponds to a discovery measurement, where one looks to measure the
presence of signal among background. The corresponding null hypothesis is that no signal is present, fi = 0,
and the alternative hypothesis is that signal is present in some nonzero amount. The analysis utilizes the test
statistic defined in Eq. 8.6 with i = 0 and the additional constraint that go = 0 if & < 0. The PDF of the test
statistic is obtained by sampling the PDFs governing the likelihood function many times and calculating the
test statistic for each iteration (“throwing toys”) or via asymptotic formulae [488, 490], which approximate the
PDF of the test statistic in the limit that the number of observations is large [491, 492].

I'The Type-II error rate, 3, corresponds to the probability of accepting the null hypothesis when the alternative hypothesis is true. The
power of the test is given by 1 — 3 [487].
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8.2 Results

The statistical model and combined fit are constructed using the software packages HistFactory [486],
RooFit [493], and RooStats [494], with minimization performed using the program Minurt [495].

The expected sensitivity for a given fit is obtained using the “Asimov” dataset [488], which is constructed
by fixing the data yields in each region and bin to their corresponding simulated yields. The uncertainties on a
given fit’s POIs and nuisance parameters are obtained using the program MiNos [495]: for each parameter 6 of
the unconditional maximum-likelihood fit, the negative log-likelihood function is scanned in the vicinity of
the parameter’s MLE, 6, and therefore the negative log-likelihood function’s minimum, £(8), with all other
parameters fixed to their MLEs. The parameter’s 68% upper and lower confidence bounds, 8ypper and Giower,
are identified as the roots of —2(In £(6) — In .[Z(@)) = 1 subject to 6 > fand 0 < 0, respectively. As the negative

log-likelihood function is asymmetric near its minimum, the resulting confidence bounds are also asymmetric.

8.2.1 Optimization of the Binning for Fitted Distributions

The signal region distributions provided to the VH, H — WW* combined fit are divided into several bins with
varying signal-to-background ratios. The bin edges are chosen in order to maximize the statistical sensitivity
of the fit using an optimization algorithm closely following that used by the Run 1 VH, H — bb analysis [496].
The optimization algorithm is seeded with an input distribution’s full range, [Xmin, Xmax]. An objective function
is defined:

ng([xi, x;1) ‘s np([xi, x;])

Z([x;, x;]) =
([xl x]]) s Ns b Nb

) (3.9)
where:
e [x;, x;] is the interval between bin edges x; and x;;

e ny([xi, x;]) and ny([x;, x;]) are the number of signal and background events in the interval [x;, x;],

respectively;

o N = ng([Xmin, Xmax]) and Np = 1p([Xmin» Xmax]) are the number of signal and background events in the

full range, respectively;

e 7, and 7, are parameters which tune the minimum number of signal and background events required per

bin, respectively.
The optimization algorithm proceeds as follows:

1. Starting at the rightmost edge, xn.x, the range of the interval is increased from right-to-left in steps of

0.01: [X, Xmax], Where (xpmax — X) is an integer multiple of 0.01 and ¥ satisfies Xpyin < X < Xmax;
2. Ateach step, Z([ X, xmax]) is calculated;
3. If Z([x0, xmax]) > 1 at the step ¥ = x, the interval [xo, Xmax] 1S assigned as a bin;

4. Steps 1-3 are repeated, starting from leftmost edge of the previous bin, xj, and increasing the interval

right-to-left, same as before;

5. If the leftmost edge, xpmin, is reached at any point in Steps 14, the interval [xyn, X,] is assigned as the

last bin and the algorithm terminates.
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The resulting bin edges are given by:

(xmin, xn’ xn—l’ M) xla xo’ xmax) ’

corresponding to n + 2 bins. The results of the binning optimization are shown in Table 8.1.

Table 8.1: Results of the binning optimization for each channel’s signal region distribution. For each signal
region, the values of the parameters z; and z;, as well as the expected sensitivity, Zy, for the single-channel
fit are shown. The single-channel fits use the optimized bin edges and only include statistical uncertainties.
N.B. a finer step size, 0.005, was used for the binning optimization of the 3¢ Z-depleted WH signal region
distribution.

Signal region ‘ (25> 2p) ‘ Zy ‘ Bin edges

2¢ DFOS VH ‘ (8,2) ‘ 1.29 ‘ (0.20,0.33,0.44,0.53, 0.60, 0.65,0.70, 0.75, 0.80, 1.00)
pu same-sign WH 1.63

ee same-sign WH 8,2) 0.61 | (0.00,0.21,0.34,0.47,0.58,0.68,0.76,0.84,0.93, 1.00)
ep/pe same-sign WH 1.71

3¢ Z-dominated WH | (8,2) 1.62 | (0.00,0.19,0.28,0.38,0.47,0.55,0.63,0.72,0.85, 1.00)
3¢ Z-depleted WH (5,3) | 2.92 | (-1.000,-0.750,-0.300,0.075, 0.425,0.675, 1.000)

4¢ 1SFOS ZH 3,4) 2.90 | (-1.00,-0.21,-0.13,-0.05,0.03,0.14,0.24, 1.00)
4¢2SFOS ZH (7,2) 1.36 | (-1.00,-0.06,0.01,0.06,0.10,0.13,0.16,0.20, 1.00)

8.2.2 Combined Fit

Table 8.2 shows the regions which enter the VH, H — WW* combined fit. The signal region distributions
constitute histograms with >2 bins, while the control regions constitute histograms with 1 bin or “counters”.
In the combined fit, a parameter is fully correlated across all of the regions it affects with the exception of the
>1-jets WZ normalization factor, which is decorrelated between the 2¢ and 3¢ channels.

Table 8.2: The regions entering the VH, H — WW?* combined fit. The pre-fit distributions within these regions
are referenced. Whether an input distribution constitutes a histogram or a counter is denoted by an “H” or a
“C”, respectively. The POIs, uwy and pzy, and the normalization factors (NFs) affecting the event yields are
also listed. A checkmark (V) indicates that a parameter affects the event yields in a given region. The subscript
on a normalization factor indicates the process it is applied to.

Parameter

Region Figure Type | pwy pizn NFop NFzies NFyy NFH iwz Nng” wz NFY iwz NFwww NFz
2¢ DFOS VH SR 6.4 H v v v v v - - - v -
Top CR 6.5a C v v v v v - - v

Z+jets CR 6.5b C v v v v v - - - v -
WW CR 6.5¢ C v v v v v - - - v

pu same-sign WH SR 6.8a H v v - - v - - v -
ee same-sign WH SR 6.8b H v v - - - v - v

et/ e same-sign WH SR | 6.8¢c H v v - - v - - v -
3¢ Z-dominated WH SR | 6.14a H v v - - v v v -
3¢ Z-depleted WH SR 6.19a H v v - - - - v v v -
0j WZ CR 6.14b C v v - - v v v

>1j WZ CR 6.14c C v v - - - v v v -
4¢ 1SFOS ZH SR 626a H - v - - - - - - - v
4¢ 2SFOS ZH SR 6.26b H - v - - - - - - - v
ZZ CR 6.27 C - v - - - - - - - v
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The post-fit expected and observed yields in each signal region are shown in Table 8.3, and post-fit
distributions of the signal-sensitive discriminants in the 2¢ and 3¢/4¢ channels are shown in Figs. 8.1 and 8.2,
respectively. The rates and shapes of the observed and expected event yields agree in all signal regions. The
best-values of the POIs and normalization factors are shown in Table 8.4, and 2D likelihood contours of the
measured cross sections are shown in Fig. 8.3.

For the combined 1-POI fit, the VH signal strength is measured to be:

pve = 0.92703 (stat.)* ) 13(sys.) ,

corresponding to a 4.60 significance over the background-only hypothesis. The VH cross section times the

H — WW* branching ratio is measured to be:

ovi X Byww- = 0.44 + 0.10(stat.) 305 (sys.) pb,

in agreement with the SM expectation of 0.48 + 0.01 pb.
For the combined 2-POl fit, the WH and ZH signal strengths are measured to be:

pwr = 0457077 (stat.)* 1 3(sys.) ,

+0.50 +0.23 (8.10)
tzn = 1.64757,(stat.)” 517 (sys.),

corresponding to significance levels of 1.50 and 4.60, respectively, over the background-only hypothesis. For
each production mode, the significance is calculated from a scenario where the production mode of interest is
considered absent while the other is treated as a background normalized from data. The WH/ZH cross sections
times the H — WW" branching ratio are measured to be:

own X Byww = 0.137005(stat.) 003 (sys.) pb,,

(8.11)
ozi X Buowwe = 0.31700(stat.)  0.03(sys.) pb .

in agreement with the SM expectations of 0.294 £ 0.009 pb and 0.190*0-9% pb, respectively. The measurements
of WH and ZH production agree with the SM at the 1.80 and 1.20 levels, respectively. The observed WH
significance is smaller than the expected significance of 3.30" due to lower-than-expected signal yields in the
2¢ same-sign WH and 3¢ Z-depleted WH channels. In the 2¢ same-sign WH channel, this is attributed to
the mismodelling of the WZ background, enhancing the expected event yields in the signal-sensitive bins; in
the 3¢ Z-depleted WH channel, this is attributed to a higher-than-expected WWW event yield, resulting in a
WWW normalization factor of ~2 and reducing the WH signal strength.

The contributions to the total uncertainties on the observed values of the signal strengths are listed in
Table 8.5. For all POlIs, the total uncertainties are dominated by statistical uncertainties in data. For the
measurements of uyy and gy, the RNN shape uncertainty for WZ and statistical uncertainties in simulation
are the leading sources of systematic uncertainty. For the measurement of uwy production, theoretical
uncertainties relating to WWW and 0-jet WZ production also contribute substantially to the total uncertainty.
Specifically, the modelling uncertainty for WWW production and the uncertainty due to the choice of parton
shower recoil scheme for O-jet WZ production are dominant. For the measurement of pzy, theoretical

uncertainties relating to ZH production and experimental uncertainties relating to muons are the leading
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sources of systematic uncertainty. Specifically, the uncertainty due to missing higher-order corrections to the

prediction for ZH production and the uncertainties on the muon isolation efficiency scale factors are dominant.

Table 8.3: Post-fit expected and observed yields in each signal region as measured by the combined 2-POI
fit. The top and Z+jets processes for a given channel correspond to those with only prompt leptons. The
uncertainties correspond to the total of all statistical and systematic sources. The quadrature sum of the
individual sources may differ from the total uncertainty due to correlations.

2¢ DFOS VH 2¢ same-sign WH
Process U ee eu/ue
WH 10.1 + 69 31 + 21 112 + 76 45 + 30
ZH 204 + 6.1 73 + 23 41 = 13 139 = 43
Other Higgs 583 = 73 190 = 22 93 = 1.1 327 = 38
ww 265 + 47 252+ 35 106 =+ 14 374+ 5l
wZzZ 414 =+ 3.1 1410 =+ 150 841 + 94 2600 =+ 270
ZZ 77 = 08 143 + 18 100.1 + 82 307 = 28
V+y 103 = 69 — — —
VvV 186 = 63 166 = 47 75 + 21 257 + 72
Z+jets 301 + 27 — - —
Top 1016 =+ 64 329 + 27 16.1 + 14 541 + 46
Misidentified leptons 265 = 63 360 =+ 140 1110 + 100 2160 + 270
Charge-flip electrons — — 921 + 67 1102 = 85
Total 1776+ 39 2420 =+ 47 3198 =+ 51 5957 + 70
Observed 1788 + 42 2438 + 49 3233 = 57 5906 =+ 77

3¢ WH 4CZH

Process Z-dominated Z-depleted 1SFOS 2SFOS
WH 110 = 75 57 = 39 — —
ZH 45 + 14 1.73 £+ 053 148 + 44 10.8 = 32
Other Higgs 1.80 = 0.25 281 = 031 1.87 = 0.22 0.68 = 0.08
wzZ 876 + 20 246 + 1.6 — —
zZ 130 =+ 17 2.63 + 0.28 292 + 15 3057 = 9.1
WWw 63 + 16 345 = 89 — —
wwz 378 £+ 0.11 1.63 =+ 0.06 10.81 = 097 1.57 = 0.14
WZzzZ 0.31 £+ 0.01 <0.1 044 + 0.03 < 0.1
Top 144 = 13 480 =+ 043 871 = 0.95 143 + 0.14
Misidentified leptons | 102  + 14 133 + 3.0 145 = 32 55 = 12
Total 1208 =+ 23 918 + 8.0 803 + 55 3258 = 95
Observed 1237 = 35 88 + 9 79 £+ 9 316 =+ 18
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Figure 8.1: Post-fit distributions of the signal-sensitive multivariate discriminants in the (a) 2£ DFOS VH, (b)
e same-sign WH, (c) ee same-sign WH, and (d) eu/pe same-sign WH signal regions. The post-fit results are
obtained from the combined 2-POI fit. The error bands include the statistical uncertainty as well as all sources
of systematic uncertainties.
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Figure 8.2: Post-fit distributions of the signal-sensitive multivariate discriminants in the (a) 3¢ Z-dominated
WH, (b) 3¢ Z-depleted WH, (c) 4 1SFOS ZH, and (d) 4¢ 2SFOS ZH signal regions. The post-fit results are
obtained from the combined 2-POI fit. The error bands include the statistical uncertainty as well as all sources
of systematic uncertainties.
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Table 8.4: The results of the VH, H — WW?* combined fit. The uncertainties correspond to the total of all
statistical and systematic sources. (a) The observed values of the signal strengths and the corresponding
sensitivities, Zy, for the single-channel fits as well as the combined 1- and 2-POI fits. For each fit, both the
expected and observed results are shown. (b) The observed best-fit values of the normalization factors from
the 2-POI combined fit. The subscript on a normalization factor indicates the process it is applied to.

(a) Parameters-of-interest (b) Normalization factors
Channel POI/Z, Expected Observed NFop 0.99’:83;
+0.15
1.00+1.02 1.94+1.07 NFZ+jets 0'86_0‘14
2¢ DFOS VH ’;:H 701'98 711.03 NFs 05902
20 +0.17
o ow | 100261 ~0.08 +0.58 NFsijwz | 09006
same-sign :
s Z 1.6 0.0 NEY,, | 103 +0.06
3¢ 0.16
HwH 1.00%04 0.64*042 NF ) wz 0.86%y 15
3w Z 28 8 NFwww | 21740
+0.08
4¢ 7H Uze 1.00*047 15903 NFzz 0.99%507
7 3.1 4.5
1.00+0.27 0. 2+O.25
Combined 1-POI Hve -0.25 92702
Z 4.7 4.6
Hwi 1002633 045203
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Figure 8.3: Two-dimensional likelihood contours of the observed values of ozy X By_,ww- versus owyy X
By_ww- for the 68% and 95% confidence levels (CLs). The 68% confidence level on the SM expectations is
also indicated.
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Table 8.5: Breakdown of the average contributions to the total uncertainties on the observed values of the signal
strengths. Indentation is used to denote subcategories. “Floating normalization” refers to the uncertainties on
the normalization factors obtained using control regions. N.B. the quadrature sum of the individual sources
may differ from the total uncertainty due to correlations.

Source | Aluve)/pve (%] Muwn)/pwn (%] Auze)/pzn [%]
Statistical uncertainties in data ‘ 222 57.8 28.4
Systematic uncertainties 13.9 36.9 12.0
Statistical uncertainties in simulation 6.4 14.3 5.9
Experimental systematic uncertainties 5.2 9.5 6.0
Electrons 1.2 1.8 1.6
Muons 2.5 2.8 4.1

Jet energy scale 0.6 2.1 0.4

Jet energy resolution 0.4 1.4 0.4
Flavour tagging 0.9 1.4 0.7
Missing transverse momentum 0.6 0.2 0.9
Pile-up 1.1 1.5 0.8
Luminosity 23 24 2.1
Misidentified leptons 2.9 7.1 2.7
Charge-flip electrons 1.5 4.5 <0.1
Theoretical uncertainties 7.2 19.5 8.2
WH 3.7 5.0 0.1
ZH 1.8 1.2 7.3
Top 2.9 5.8 24
Z+jets 1.7 33 1.5
ww 1.0 33 0.2
0-jet WZ 3.2 11.3 0.2
>1-jets WZ 0.2 0.8 0.3

Y44 0.8 1.4 0.6
vvv 24 12.6 0.3
RNN shape uncertainty for WZ 8.7 27.3 0.3
Floating normalizations ‘ <0.1 0.1 <0.1

Total | 26.2 68.6 30.9




Chapter 9

Conclusion

It has been ten years since a particle consistent with the SM Higgs boson was discovered by the ATLAS and
CMS experiments at the LHC. Since that time, a comprehensive experimental program has measured many
properties of the observed Higgs boson to accuracies better than 10% [497, 498]. This thesis is a contribution
to that experimental program, reporting the measurement of associated production of Higgs bosons decaying to
pairs of W bosons using the LHC Run 2 pp dataset collected by the ATLAS detector. Using 2-, 3-, and 4-lepton
final states and a suite of multivariate analysis techniques, the WH and ZH production cross sections times the
H — WW* branching ratio are measured to be 0.13*3%(stat.)* (03 (sys.) pb and 0.3170.%(stat.) + 0.03(sys.) pb,
respectively, in agreement with the Standard Model expectations.

Looking towards the future, the High-Luminosity upgrade of the LHC (HL-LHC) [499] is expected to be
operational in 2029. This upgrade will enable pp collisions with ten times the instantaneous luminosity of
the LHC, resulting in ten times more data over the HL-LHC’s lifetime. Along with a reduction in systematic
uncertainties [500], the larger dataset will allow the ATLAS and CMS experiments to establish di-Higgs
production and rare Higgs decays including H — up, H — c¢¢, and H — Zy [498]. Even further into
the future is the prospect of a lepton collider such as the International Linear Collider [S01] or the Future
Circular Collider [502]. With known initial states and a clean collision environment, a lepton collider will
enable measurements of many Higgs properties to better than 1% and more tightly constrain potential BSM
models [503]. Lepton colliders also offer an interesting opportunity for studying flavour tagging beyond
bottom or charm quark tagging — with improvements to particle identification, strange quark tagging may be
possible [3, 504, 505].

At start of this thesis, it was noted that the Standard Model is an incomplete picture of the universe —
measurements of the Higgs boson offer a portal for exploring some of its shortcomings. The remarkable
success of the Standard Model is also its curse, but it is a curse that the high-energy particle physics community

is intent on breaking.
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Appendix A

Four-Momentum Parameterization at
Hadron Colliders

While the four-momentum of a particle is most intuitively represented by (E, px, py, p;), the common parame-

terization adopted at hadron colliders is (E, pr, 17, ¢), where:

Energy E,
Transverse momentum pr = /p2 + P2,
1 +p; 0 A.l
Pseudorapidty n = = 1n(|ﬁI P ”) = —ln(tan(—)), (A1)
2 |ﬁ| — Pz 2

Azimuthal angle ¢ = arctan(&) .
Dx
The choice of pr is sensible as the longitudinal momentum p, is not known a priori at hadron colliders and
so only the transverse momentum may be constrained: ) pr = 0. Additionally, pseudorapidity has the nice
property of being approximately equal to the rapidity y for E > m (i.e., E ~ |p)):

1 w1 (E
—ln(|ﬁ| +pz) £2 —1n(ﬂ) =y. (A2)
2 |ﬁ|_pz 2 E - p,

As differences in rapidity are Lorentz invariant, differences in pseudorapidity are approximately Lorentz

n

invariant. For completeness, one has the reverse transformations:

p':pTSin¢’
’ . (A3)
p- = prsinhn,
|3l = prcoshn.
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Additional Distributions from Chapter 6
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Figure B.1: Output scores for the multiclassifier used by the 2¢ DFOS VH channel. The multiclassifier is
trained using events satisfying (event number) mod 5 # 1 (i.e., “k-fold 17), and it is deployed on both the
training and testing datasets to assess the level of agreement. The error bands/bars indicate the statistical

uncertainty.
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Figure B.2: Output scores for the multiclassifier used by the 2¢ DFOS VH channel. The multiclassifier is
trained using events satisfying (event number) mod 5 # 2 (i.e., “k-fold 2”), and it is deployed on both the
training and testing datasets to assess the level of agreement. The error bands/bars indicate the statistical

uncertainty.
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Figure B.3: Output scores for the multiclassifier used by the 2¢ DFOS VH channel. The multiclassifier is
trained using events satisfying (event number) mod 5 # 3 (i.e., “k-fold 3”), and it is deployed on both the
training and testing datasets to assess the level of agreement. The error bands/bars indicate the statistical

uncertainty.
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Figure B.4: Output scores for the multiclassifier used by the 2¢ DFOS VH channel. The multiclassifier is
trained using events satisfying (event number) mod 5 # 4 (i.e., “k-fold 4”), and it is deployed on both the
training and testing datasets to assess the level of agreement. The error bands/bars indicate the statistical

uncertainty.



Glossary

ALEPH Apparatus for LEP Physics.

ALICE A Large Ion Collider Experiment.
ALPHA Antihydrogen Laser Physics Apparatus.
ANN Artificial neural network.

ATLAS A Toroidal LHC Apparatus.

BDT Boosted decision tree.

BSM Beyond the Standard Model.

CERN European Organization for Nuclear Research.
CKKW Catani-Kuhn-Krauss-Webber (method).

CKM Cabibbo-Kobayashi-Maskawa (matrix).

CL Confidence level.

CMS Compact Muon Solenoid.

CP Charge-parity (symmetry/violation); Cluster Processor.
CR Control region.

CSC Cathode Strip Chamber.

CTP Central Trigger Processor.

DFOS Different-flavour, opposite-sign (lepton pair).

DGLAP Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (equations).

ECIDS Electron charge identification selection.
EMEC Electromagnetic endcap (calorimeter).

EW Electroweak.
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FCal Forward calorimeter.

FE Front-end (chip).

FF Fake factor.

fJVT Forward Jet Vertex Tagger.
FSR Final-state radiation.

FTK Fast TracKer.

ggF Gluon-gluon fusion.

HEC Hadronic endcap (calorimeter).
HL-LHC High-Luminosity LHC.
HLT High-Level Trigger.

HOM Higher-order mode.

IBL Insertable B-Layer.

ID Identified or identification.
ISR Initial-state radiation.
ITk Inner Tracker.

IVF Iterative Vertex Finder.

JEP Jet/Energy-sum Processor.
JER Jet energy resolution.
JES Jet energy scale.

JVF Jet Vertex Fraction.

JVT Jet Vertex Tagger.

L1 Level-1 (trigger).

L1A L1-Accept.

L1Calo L1 calorimeter (trigger).
L1Muon L1 muon (trigger).
L1Topo L1 topological (trigger).

LAr Liquid argon.

LEP Large Electron-Positron (Collider).
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GLOSSARY

LH Left-handed.
LHC Large Hadron Collider.
LHCb LHC beauty.

LO Leading-order (accuracy).

MC Monte Carlo.
MCC Module control chip.
MDT Monitored Drift Tube.

MLE Maximum likelihood estimator.

N°LO Next-to-next-to-next-to-leading-order (accuracy).

NF Normalization factor.

NLL Next-to-leading-logarithm (accuracy).

NLO Next-to-leading-order (accuracy).

NNLL Next-to-next-to-leading-logarithm (accuracy).
NNLO Next-to-next-to-leading-order (accuracy).

NTC Negative temperature coefficient (thermistor).

OS Opposite-sign (lepton pair).

PDF Parton distribution function; probability density function.

PLIV Prompt Lepton Improved Veto.
POI Parameter-of-interest.
PS Proton Synchrotron; parton shower.

PSB Proton Synchrotron Booster.

QCD Quantum chromodynamics.
QED Quantum electrodynamics.

QFT Quantum field theory.

RF Radio frequency.
RH Right-handed.

RNN Recurrent neural network.
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ROD ReadOut Driver.
Rol Region-of-Interest.
ROS ReadOut System.

RPC Resistive Plate Chamber.

SCT SemiConductor Tracker.

SF Scale factor.

SFOS Same-flavour, opposite-sign (lepton pair).

SM Standard Model.

SNO Sudbury Neutrino Observatory.
SPS Super Proton Synchrotron.

SR Signal region.

SS Same-sign (lepton pair).

STXS Simplified Template Cross Section.

TDAQ Trigger and data acquisition.
TGC Thin Gap Chamber.
TRT Transition Radiation Tracker.

TTVA Track-to-vertex association.

UE Underlying event.

VBF Vector boson fusion.
VBS Vector boson scattering.

VR Validation region.
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