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Zusammenfassung

Die Polarisation von Vektorbosonen bietet einzigartige Möglichkeiten zur Erforschung
des Standardmodells (SM) der Teilchenphysik und Effekte neuer Physik. Zwei solcher
Ansätze untersuchen exakte Aufhebungen bei hohen Energien in W±Z-Ereignissen, bei denen
beide Bosonen transversal polarisiert sind (TT), und die Energieabhängigkeit des Anteils
der Ereignisse, bei denen beide Bosonen longitudinal polarisiert sind (00). Ersteres ist als
“radiation amplitude zero” (RAZ) Effekt bekannt.

Um dies zu erreichen, werden Ereignisse mit leptonisch zerfallenden W±Z-Bosonen aus
den Run 2 Daten des ATLAS-Experiments am LHC ausgewählt. Diese Daten wurden bei einer
Schwerpunktsenergie von

√
s = 13 TeV aufgezeichnet und entsprechen einer integrierten Lu-

minosität von 140 fb−1. Der Anteil der doppelt longitudinal polarisierten Ereignisse in einem
Bereich mit pW Z

T < 70 GeV und 100 < pZ
T ≤ 200 GeV wir mit 18.9 ±3.4

3.3 (stat.) ±2.4
2.2 (syst.) %

gemessen. Wenn der pZ
T -Schnitt auf pZ

T > 200 GeV geändert wird, beträgt der Wert
13 ±9

8 (stat.) ±2
2 (syst.) %. Ersteres geht mit einer Signifikanz von 5.2σ gegenüber der Nullhy-

pothese, dass kein 00-Zustand existiert, einher. Wird die Messung mit einem eingeschränkteren
Modell durchgeführt, werden auch im Bereich pZ

T > 200 GeV Hinweise auf den 00-Zustand
mit einer Signifikanz von 3.2σ gefunden. Unter Verwendung von 100 < pZ

T ≤ 200 GeV wird
eine untere Schranke von 2.8σ für die Signifikanz der Zurückweisung der Hypothese gefunden,
dass die Anteile der longitudinal polarisierten W±- und Z-Bosonen unabhängig voneinander
sind.

Der RAZ-Effekt wird durch die Entfaltung der Größen ∆Y (WZ) und ∆Y (`WZ) für den
TT-Polarisationszustand und die Summe der Polarisationen in Regionen untersucht, in denen
pW Z

T kleiner als 10, 20, 40, oder 70 GeV, oder uneingeschränkt ist. Hier wird der Effekt als
eine Verringerung des differentiellen Wirkungsquerschnitts in der Nähe von ∆Y = 0 realisiert.
Um die Größe dieser Absenkungen zu quantifizieren wird eine Tiefenvariable (D) eingeführt.
Für den TT-Zustand wird ihr Wert in der Region mit pW Z

T < 70 GeV als 0, 68 ± 0, 10 und
0, 29±0, 06 gemessen, wenn ∆Y (WZ) bzw. ∆Y (`WZ) verwendet werden. Ersteres entspricht
einer geschätzten Signifikanz von D/∆D = 7.0 und weist auf eine genaue Messung der Tiefe
hin.
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Abstract

Polarization of vector bosons offers unique avenues for exploring the Standard Model
(SM) of particle physics and effects going beyond. Two such approaches investigate delicate
gauge cancellations at high energies in W±Z events where both bosons are transversally
polarized (TT) and the energy dependence of the fraction of events where both bosons are
longitudinally polarized (00). The former is known as the radiation amplitude zero (RAZ)
effect.

To achieve this, events with leptonically decaying W±Z bosons are selected in the Run 2
data of the ATLAS experiment at the LHC. This data was recorded at a center-of-mass energy
of

√
s = 13 TeV and encompasses an integrated luminosity of 140 fb−1. The fraction of doubly

longitudinally polarized events in a region with pW Z
T < 70 GeV and 100 < pZ

T ≤ 200 GeV is
measured to be 18.9 ±3.4

3.3 (stat.) ±2.4
2.2 (syst.) %. When the pZ

T cut is changed to pZ
T > 200 GeV,

the value is determined to be 13 ±9
8 (stat.) ±2

2 (syst.) %. The former is accompanied by a
significance of 5.2σ over the null hypothesis that no 00 state exists. If the measurement
is performed with a more restricted model, evidence for the 00 state is also found in the
pZ

T > 200 GeV region with a significance of 3.2σ. Using 100 < pZ
T ≤ 200 GeV, a lower bound

of 2.8σ is determined for the significance of rejecting the hypothesis that the fractions of
longitudinally polarized W± and Z bosons are independent of each other.

The RAZ effect is probed through the unfolding of the ∆Y (WZ) and ∆Y (`WZ) observables
for the TT polarization state and the sum of polarizations in regions requiring pW Z

T to be
smaller than 10, 20, 40, or 70 GeV, or unconstrained. Here, the effect is realized as a reduction
of the differential cross-section around ∆Y = 0. A depth variable (D) is introduced to
quantify the size of this dip and measured to be 0.68 ± 0.10 and 0.29 ± 0.06 for the TT state
in the region with pW Z

T < 70 GeV using ∆Y (WZ) and ∆Y (`WZ), respectively. The former
represents an estimated significance of D/∆D = 7.0 and indicates a precise measurement of
the depth.
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Chapter 1

Introduction

The strive for knowledge and an understanding of the world we live in has long been a driving
force for human endeavors. People as early as Thales of Miletus (around 600 BC) or Hypatia
of Alexandria (around 400 AD) have been documented studying subjects like physics, biology,
astronomy, and mathematics. In modern times, the study of the universe and all of its
properties has become more formalized, and those who examine the fundamental building
blocks of reality and their interactions are called physicists. Some of the most renowned ones
in scientific history include Isaac Newton [1] for groundbreaking contributions to classical
mechanics and gravity, Marie SkodowskaCurie [2] for pioneering research on radioactivity,
and Stephen Hawking [3] for significant advancements in the understanding of black holes.

The current status of fundamental physics is such that two theories together describe
all four known fundamental interactions in the universe. The first is Einstein’s “General
relativity” (GR), which describes gravity as a curvature of spacetime caused by the presence
of matter and energy [4]. The second theory is the “Standard Model” of particle physics (SM),
which describes the electromagnetic, weak, and strong nuclear forces. One major success of
the SM was the prediction of the Higgs boson, which was discovered in 2012 by the ATLAS
and CMS collaborations at the Large Hadron Collider (LHC) [5, 6].

Despite this success of the Standard Model, there are still many unresolved questions
and mysteries in fundamental physics. For instance, there is currently no complete theory
that unifies GR with the Standard Model [7–9], which is a major goal of modern theoretical
physics. Additionally, the existence of dark matter [10] and dark energy [11], which make up
a significant portion of the universe’s mass and energy, remain unexplained. Other puzzles
include the origin of neutrino masses [12], the observed asymmetry between matter and
antimatter in the universe [13, 14], and the anomalous mass of the W boson [15, 16]. There
is also the hierarchy problem [17], which refers to the large discrepancy between the energy
scales at which gravity and the other fundamental forces operate. Finally, the question of
quantum triviality [18], which concerns the consistency and stability of the Standard Model
at very high energies, remains an open and active area of research. These open questions
indicate that it is important to perform further measurements and probes of the Standard
Model to gather more hints about where a more complete theory may lie.

One avenue for study is a rather direct probe of electroweak symmetry breaking (EWSB)
via weak boson polarizations. As longitudinal polarization modes only exist for massive
bosons, they are directly linked to the Higgs mechanism, which provides the W± and Z
bosons with their mass.

The holy grail of weak boson polarization measurements would be the direct VLVL → VLVL

scattering. However, as there is currently no polarized weak boson accelerator and the short
lifetime of the weak bosons makes direct detection impossible with current means, the next best
approach is the extraction of polarization fractions in vector boson scattering processes at the
LHC. As these processes themselves are also incredibly rare and have only first been observed
in 2018/2019 by the ATLAS and CMS collaborations [19–21], a significant measurement of
joint boson polarization fractions has so far been unsuccessful [22].

On the other side of the spectrum are the basic but vital steps of measuring polarization

1



1 Introduction

in single and multi-boson final states [23–25]. The most recent measurement by the ATLAS
experiment has, for the first time, been able to measure all four combinations of transverse
and longitudinal polarization in W±Z diboson final states [26].

The work presented in this thesis represents another step from these inclusive final
states toward the ultimate goal of getting a better understanding of EWSB via vector
boson polarization. For that, a specific phase space enhancing the fraction of events with
two longitudinally polarized bosons is studied alongside regions designed to investigate the
radiation amplitude zero effect [27, 28].

Towards that, Chapter 2 of this work lays the theoretical foundation of the SM and
polarization. Chapter 3 describes the experimental setup of the LHC and the ATLAS detector
used to obtain the data presented. The simulation techniques and results used to generate the
theory predictions are presented in Chapter 4. The specific selections making up the unique
phase space used in this work are described in Chapter 5. With all required ingredients in
place, Chapter 6 shows a qualitative validation of the signal samples. Systematic uncertainties
described in Chapter 7 and a multivariate classifier presented in Chapter 8 are used for the
joint boson fraction measurement shown in Chapters 9 and 10. A description of the process
of unfolding data distributions, along with the results of applying that procedure to variables
sensitive to the radiation amplitude zero effect, makes up Chapter 11. Chapter 12 provides a
conclusion of this work and an outlook on future studies.

2



Chapter 2

Theoretical Foundations

All science aims to create and validate theories and models that describe observed nature
and can predict yet not seen aspects of it.

The theory that best does so in the realm of high-energy particle physics is the Standard
Model of particle physics (SM). Formulated as a gauge quantum field theory, the SM describes
the fundamental set of particles - leptons, gauge bosons, and the Higgs boson - as well as
their interactions via the electromagnetic, weak, and strong forces.

This chapter discusses the theoretical foundations underpinning the work of this thesis,
beginning with an overview of the SM, its mathematical description and particle content.

This thesis aims to measure W± and Z bosons and their polarization. Towards that,
Section 2.1.2 discusses the electroweak sector and electroweak symmetry breaking (EWSB)
more in-depth. Finally, Section 2.2 explains the intricacies of polarization in these processes.

2.1 Standard Model of particle physics
The Standard Model was built up in many stages, starting with Pauli’s [29] work on the
interaction of particles with the electromagnetic field. This was expanded on by Yang and
Mills [30] with the introduction of non-abelian gauge theories in search of a theory describing
the strong interaction.

The term“Standard Model” was first used by Pais and Treiman [31] in 1975 to refer to the
electroweak theory with four quarks. This was contributed to by Glashow [32] by combining
the electromagnetic and weak interactions in 1961 as well as Weinberg [33] and Salam [34]
which incorporated the Higgs mechanism [35–37]. The SM was completed to its modern
form through the theory of quantum chromodynamics (QCD), which describes the strong
interactions [38–40]. Tables 2.1 and 2.2 summarize the particle content of the SM, respectively
showing the fermions and bosons currently known to exist. All of the listed particles with
electric charge 6= 0 have a corresponding antiparticle with flipped charges but identical mass1.

Many excellent introductions into the SM exist [45–49]. This section summarizes the key
points relevant to this thesis based on these references, focusing on Ref. [45].

2.1.1 Gauge Theories
The Standard Model is defined by its Lagrangian. This is a formula containing the particle
content as well as the interactions these particles take part in. From it, the equations of
motion can be derived using the Euler-Lagrange equations. As a gauge theory, the Standard
Model Lagrangian, and thus all observable quantities, are invariant under a specific set of
local transformations of the kind:

ψ(~x, t) → ψ′(~x, t) = eiχ(~x,t)ψ, (2.1)
1It is not yet known whether neutrinos are their own antiparticles or if antineutrinos are distinct [41, 42].

3



2 Theoretical Foundations

Table 2.1: Properties of left-handed Standard Model fermions. Each one has a spin
of 1

2 and an antiparticle with the same mass but all charges are reversed. Shown are
the particles’ masses, electric charge Q, and the third component of the weak isospin T3
for the left-handed variant. The weak isospin of right-handed particles and left-handed
antiparticles is 0 instead. The only exception is neutrinos, where right-handed particles
and left-handed antiparticles have not been observed. While the observation of neutrino
oscillation [43] requires at least two neutrino mass eigenstates to have non-zero mass, the
exact values are not yet known. Instead, only upper limits have been measured. The values
quoted here are determined as the square roots of m2

να
=
∑

i
|Uαi|2 m2

νi
with α ∈ e, µ, τ

and i ∈ 1, 2, 3. The values of the masses are taken from Ref. [44].

Generation Fermion Mass in MeV Q T3 colored

1st e− electron 0.511 −1 − 1
2 no

νe electron-neutrino < 1.1 × 10−6 0 1
2 no

u up-quark 2.16+0.49
−0.26

2
3

1
2 yes

d down-quark 4.67+0.48
−0.17 − 1

3 − 1
2 yes

2nd µ− muon 105.7 −1 − 1
2 no

νµ muon-neutrino < 0.19 0 1
2 no

c charm-quark (1270 ± 20) 2
3

1
2 yes

s strange-quark 93.4+8.6
−3.4 − 1

3 − 1
2 yes

3rd τ− tau (1776.86 ± 0.12) −1 − 1
2 no

ντ tau-neutrino < 18.2 0 1
2 no

t top-quark (172.69 ± 0.30) × 103 2
3

1
2 yes

b bottom-quark 4180+30
−20 − 1

3 − 1
2 yes

where ψ is the wave function of a matter field and χ(~x, t) is a space-time dependent scalar
field. For the Lagrangian to satisfy this invariance, the existence of additional fields and
particles is required. This leads to interaction terms mediated by the associated gauge bosons.
According to Noether’s theorem [50], there exists a corresponding conserved charge to each
continuous symmetry. The internal symmetry obeyed by the SM is that of the non-abelian
group

SU(3)C ⊗ SU(2)L ⊗ U(1)Y , (2.2)

where the SU(3)C and SU(2)L ⊗ U(1)Y parts are related to the strong and electroweak
interactions, respectively. The theory describing the former is called quantum chromody-
namics (QCD). It is unknown and still an open research question if these are all the internal
symmetries of nature or why those three are realized. However, their discovery, as well as the
predictive power of a theory built just from requiring this symmetry to hold, are astonishing.

As a fully relativistic theory, the SM also satisfies the global Poincaré symmetry. The
conserved quantities associated with this symmetry through Noether’s theorem [50] are [51]:

• energy

• (linear) momentum

• angular momentum

• center-of-mass velocity.

2.1.2 Standard Model Lagrangian
Once the symmetries of the SM are set, it is possible to construct its Lagrangian. The SM
Lagrangian consists of three components describing the electroweak theory, the electroweak
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2.1 Standard Model of particle physics

Table 2.2: Properties of all Standard Model bosons sorted by the interaction they are
mediating. Shown are the particles’ masses, electric charge Q, and the third component of
the weak isospin T3. The number listed for the gluon mass is a “Theoretical value. A mass
as large as a few MeV may not be precluded.” The values of the masses are taken from
Ref. [44].

Interaction Boson Mass in GeV Spin Q T3 colored

electromagnetic γ photon < 1 × 10−27 1 0 0 no

weak W± W bosons (80.377 ± 0.012) 1 ±1 ±1 no
Z Z boson (91.1876 ± 0.0021) 1 0 0 no

strong g gluons 0 1 0 0 yes

- H Higgs (125.25 ± 0.17) 0 0 − 1
2 no

symmetry breaking required for fermion and boson masses, and quantum chromodynamics.
It can be summarized as:

LSM = LEW + LEW SB + LQCD. (2.3)

The following sections explore each of these parts in a bit more depth.

Electroweak Theory

The first evidence for the now combined electroweak theory was seen at the laboratory of the
European Organization for Nuclear Research (CERN). Neutral current interactions were first
observed by the Gargamelle experiment in 1973, which was the experimental indication of
the Z boson [52]. The full discovery of the W and the Z boson had to wait until 1983, when
it was achieved using the SPS Proton-Antiproton Collider [53–56].

It has been known since the Wu experiment [57] in 1957 that the weak interaction violates
parity. As a consequence, particles with different chiralities are treated differently. To handle
this correctly, the electroweak interaction acts differently on left-handed spinors ψL, which
form SU(2)L doublets, compared to their right-handed counterparts ψR, which are SU(2)L

singlets. These components can be built from the fermionic wave function ψ via

ψL/R = PL/Rψ = 1 ∓ γ5

2 ψ, (2.4)

with γ5 = iγ0γ1γ2γ3. The field content of the first generation of leptons can thus be written
as:

LL =
(
νe

e

)
L

=
(
PLψνe

PLψe

)
, (2.5)

lR = eR = PRψe. (2.6)

As right-handed neutrinos would have no electric, weak, or strong charge, they do not interact
with any other particle. Due to this, they have not been observed and are not part of the SM.
The analogous relations for the first generation of quarks read:

QLα =
(
uα

dα

)
L

=
(
PLψuα

PLψdα

)
(2.7)

uRα = PRψuα , (2.8)
dRα = PRψdα . (2.9)
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2 Theoretical Foundations

Using the Dirac adjoint spinor ψ̄ = ψ†γ0, the fermionic electroweak sector thus takes the
form:

Lew =
3∑

j=1
iL

j

L /DL
j
L + il

j

R /DljR

+ iQ
j

L /DQ
j
L + iuj

R
/Duj

R + id
j

R /Ddj
R,

(2.10)

where

/D = γµDµ,

Dµ = ∂µ − ig1
Y

2 B
µ − ig2

τi

2 W
µ
i

(2.11)

is the covariant derivative, which is needed for the Lagrangian to remain invariant under
SU(2)L ⊗ U(1)Y . Here, W a

µ (a = 1,2,3) and Bµ are the gauge fields of the SU(2)L and
U(1)Y subgroups, respectively, τi are the Pauli matrices and g1 and g2 represent the coupling
strengths. The values of the coupling strengths have to be determined by experiments but
are identical for the different particles. The sum over the indices j accounts for the three
known generations of leptons and quarks.

Focusing just on the first generation again and specializing to the U(1) terms for the
leptons results in:

Llepton(U(1)) = g1

2 [YL(ν̄Lγ
µνL + ēLγ

µeL) + YRēRγ
µeR]Bµ (2.12)

As left- and right-handed projections can have separate hypercharges Y , YR and YL have
been introduced.

By defining the physical, charged gauge boson fields

W±
µ = (−W 1

µ ± iW 2
µ)/

√
2, (2.13)

and considering that terms for right-handed fermions vanish due to them being singlets, the
leptonic terms stemming from the SU(2) are as follows:

Lleptons(SU(2)) = g2

2

[
ν̄Lγ

µνLW
3
µ −

√
2ν̄Lγ

µeLW
+
µ −

√
2ēLγ

µνLW
−
µ − ēLγ

µeLW
3
µ

]
(2.14)

Knowing from experiment [58] that neutrinos do not interact electromagnetically, the pure
neutrino interactions are investigated. The terms concerned with that in the Lagrangian are
proportional to

−g1

2 YLBµ − g2

2 W
3
µ . (2.15)

The physical fields Aµ and Zµ are then defined as orthogonal combinations of Bµ and W 3
µ ,

such that Aµ does not interact with neutrinos. Correctly normalized, they are written as:

Aµ =
g2Bµ − g1YLW

3
µ√

g2
2 + g2

1Y
2

L

, (2.16)

Zµ =
g1YLBµ + g2W

3
µ√

g2
2 + g2

1Y
2

L

, (2.17)

where Aµ is the photon field.
Adding these relations into the interaction terms containing only electrons and requiring

Aµ to couple equally to the left- and right-handed electrons, as that is what has been
experimentally observed [59, 60], one finds that

YR = 2YL. (2.18)
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2.1 Standard Model of particle physics

As YL only occurs in combination with g1, YL can be chosen to be YL = −1. Using that and
by comparison to the expected electromagnetic interaction with a coupling between photons
and electrons of −e, it can be seen that

e = g1g2√
g2

2 + g2
1
. (2.19)

The off-diagonal elements combining ν and e give rise to the observed charged current
interactions mediated by W± bosons [53]. It also makes sense to define the electroweak
mixing angle θW here:

sin θW = g1√
g2

2 + g2
1
, (2.20)

cos θW = g2√
g2

2 + g2
1
. (2.21)

Particle Masses

So far the Lagrangian has contained no mass terms mψ̄ψ = m(ψ̄RψL + ψ̄LψR) for fermions
or 1

2m
2
BB

µBµ for bosons. This is because the naive addition of such terms violates the SM’s
gauge symmetries. The solution to this discrepancy to observation [15, 16, 44] is provided by
the Higgs mechanism [35–37].

The main idea lies in the introduction of a complex scalar SU(2) doublet with a non-zero
vacuum expectation value:

φ =
(
φ+

φ0

)
=
(

φ1+iφ2√
2

φ3+iφ4√
2

)
, (2.22)

with a Lagrangian
Lφ = (Dµφ)†(Dµφ) − µ2φ†φ− λ(φ†φ)2. (2.23)

For µ2 < 0 and λ > 0, the minima of the potential term satisfy

φ†φ = −µ2

2λ = v

2 . (2.24)

An arbitrary choice of a minimum is

φ0 = 1√
2

(
0
v

)
, (2.25)

i.e. φ3 = v, φ1 = φ2 = φ4 = 0 in Equation 2.22. Expanding around this minimum yields

φ(x) = 1√
2

(
0

v + h(x)

)
. (2.26)

This choice breaks the SU(2)L ⊗U(1)Y symmetry to the usual QED one of U(1)Q and leaves
only the Higgs field h from the original four degrees of freedom. The Goldstone theorem
states that for each of the three broken generators, there is a corresponding Goldstone boson.
These are gauged away and “eaten” by the W and Z bosons to form their third spin degree
of freedom. Expanding the dynamic terms with the covariant derivative in Equation 2.23
results in mass terms for the W± and Z bosons, giving them a longitudinal polarization.
These three extra degrees of freedom are those of the Goldstone bosons that were gauged
away. The photon is left massless. The resulting masses are

MW = g2v

2 (2.27)

MZ = 1
2v
√
g2

1 + g2
2 = MW

cos θW
. (2.28)

This expansion also introduces three and four-point interactions between the Higgs boson
and the now massive weak gauge bosons. Substituting Equation 2.26 into the potential in
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2 Theoretical Foundations

Equation 2.23 also results in a mass term for the Higgs boson mh =
√

2λv ≈ 125 GeV as
well as three and four-point self-interactions. The vacuum expectation value is related to the
Fermi constant via

v = 2MW

g2
= 1√√

2GF

≈ 246 GeV, (2.29)

which has to be determined experimentally, as none of the potential parameters in Equa-
tion 2.23 are predicted by the SM.

Using the relation Q = T3 + Y
2 between the electric charge Q with the weak isospin T3

and the hypercharge Y , and requiring the Higgs field h to be electrically neutral, means
setting the hypercharge Y = 1 to compensate the weak isospin T3 = − 1

2 . A more pedagogical
introduction in multiple steps can be found in Ref. [45], while an in-depth and general
derivation is presented in Ref. [48]. That reference also contains more information about the
Goldstone bosons in different gauges and the delicate cancellations that occur in each of them
for the calculation of observables.

The last major missing thing now is the masses of fermions. While the Higgs mechanism
does not automatically introduce mass terms for the fermions, it opens up a way to add them
while keeping gauge invariance. For leptons and quarks, they are added as follows:

LY =
3∑

j=1

(
yj

`L
j

Lφ`
j
R +

3∑
k=1

Y jk
d Q

j

Lφd
k
R + Y jk

u Q
j

Liτ2φ
∗uk

R + h.c.

)
, (2.30)

where the yj
l are the Yukawa couplings of the leptons and Y jk are those of the quarks. The

additional sum and index for the quark terms are due to the mixing between the quarks’
flavor states. This is described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which
can be used to transform between mass (d, s, b) and flavor eigenstates (d′, s′, b′):

d′

s′

b′

 = VCKM

ds
b

 . (2.31)

The expansion of φ around its minimum yields masses mf = yf v√
2 , which are free parameters

of the theory, as well as couplings between the Higgs field and the fermions.

Boson Interactions and Kinematics

Matching observational facts, kinetic and interaction terms of the bosons are introduced to
the Lagrangian:

Lbosons = −1
4B

µνBµν − 1
4W

µν
i W i

µν − 1
4G

µν
a Ga

µν , (2.32)

with

Bµν = ∂µBν − ∂νBµ, (2.33)
Wµν

i = ∂µW ν
i − ∂νWµ

i + g2εijkW
µ
j W

ν
k , (2.34)

Gµν
a = ∂µGν

a − ∂νGµ
a + g3fabcG

µ
bG

ν
c . (2.35)

Here, εijk and fabc are the SU(2) and SU(3) structure constants.
The nature of the Wµν and Gµν field tensors give rise to three and four-point interactions

of the W± and Z bosons as well as the gluons. Those for the weak bosons are shown in
Figure 2.1.
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2.2 Polarization

W±

Z/γ

W±

(a)

W±

W±

W±|Z/γ

W±|Z/γ
(b)

Figure 2.1: Feynman diagrams for three (a) and four (b) point interactions of electroweak
gauge bosons. The “|” separator indicates that either the left or right option has to be
chosen at all points in the diagram. For the “/”, the sides can be picked independently
from each other. The charges of the W ± bosons have to be chosen such that the overall
charge is conserved.

The full SM Lagrangian is finally

LSM =
∑

f

if̄ /Df

+ (Dµφ)†(Dµφ) − µ2φ†φ− λ(φ†φ)2

− 1
4B

µνBµν − 1
4W

µν
i W i

µν − 1
4G

µν
a Ga

µν

+
3∑

j=1

(
yj

`L
j

Lφ`
j
R +

3∑
k=1

Y jk
d Q

j

Lφd
k
R + Y jk

u Q
j

Liτ2φ
∗uk

R + h.c.

)
.

(2.36)

Quantum Chromodynamics

The full covariant derivative, including parts needed to remain invariant under SU(3)C , is:

Dµ = ∂µ − ig1
Y

2 B
µ − ig2

τi

2 W
µ
i − ig3

λa

2 Gµ
a (2.37)

where λa are the Gell-Mann matrices and Gµ
a are the gluon fields and g3 the strong coupling

strength. As the leptons do not possess any color charge, the last, newly introduced, term
in Equation 2.36, representing 3 × 3 matrices in color space, gives zero contribution to
their dynamics. For the color-charged quarks, that term leads to a contribution to the SM
Lagrangian of the form

LQCD ∼ g3

2 q̄αγ
µλa

αβG
a
µqβ , (2.38)

where α/β = 1, 2, 3 are color indices. The gluon fields are all electrically neutral and interact
with quarks similarly to the electromagnetic field. However, unlike photons, the interaction
of a quark with a gluon can and does change the quark’s color. This comes from the fact that
not all of the generators are diagonal.

2.2 Polarization
This section gives an introduction to the polarization of vector bosons. First, Section 2.2.1
provides a quick overview of the foundational aspects needed to conceptually define polariza-
tions for moving massive bosons. The equations for describing massive spin-1 particles in
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2 Theoretical Foundations

the SM are shown in Section 2.2.2. Section 2.2.3 summarizes the statistical considerations
needed for polarization measurements in scattering experiments at particle colliders. Lastly,
the caveats of polarization of intermediate particles are addressed in Section 2.2.4.

2.2.1 Spin and Polarization
In relativistic quantum mechanics, an operator analogous to the classical spin operators can
be found in the Pauli-Lubanski operators. However, these only obey the desired relations for
particles at rest [61–63]. Then, one can classify particles by the projection of their spin onto
an arbitrary direction.

To generate particles with non-zero momentum, a Lorentz transformation can be applied.
However, just stating the particle’s transformed momentum is not enough for a clear clas-
sification of its spin. There are infinitely many frames that see the particle moving with
the same momentum. As these frames can be related by rotations around the momentum
vector, they can each report a different spin. Thus, the Lorentz transformation used has to
be specified to achieve a proper classification.

The frame used in this thesis is the “modified helicity frame”. Here, the spin quantization
axis in the boson rest frame is defined by its momentum in the W±Z rest frame. As such, a
particle that is observed in the state |p;λmod〉 in the laboratory frame will be found with a
spin component sZ = λmod in its rest frame. This is achieved by a Lorentz boost from the
laboratory frame into the W±Z rest frame and a subsequent rotation of the z-axis towards
the direction of the particle’s momentum, followed by a boost in that direction. As noted
above, this specific transformation to the particle’s rest frame needs to be employed to achieve
the equality between λmod and sZ .

A visualization of the “modified helicity frame”, alongside one for the “helicity frame”,
where the boson momentum, defining the spin quantization axis in the bosons rest frame, is
defined in the laboratory system, is shown in Figure 2.2. It also demonstrates the definitions
of the scattering angle cos θV and the decay angles cos θ?

`V or cos θ`V
. The former is defined

as the angle between the W± boson and the z-axis in the WZ rest frame, and the latter are
the angles between the direction of the boson momentum in the laboratory/WZ rest frame
and the lepton momentum in the boson rest frame. For the W boson, the lepton is used for
the decay angle, while the negatively charged lepton is used for the Z boson.

Figure 2.2: Visual representation of helicity and modified helicity frame. From Ref.[64]

2.2.2 Polarization of Massive Spin-1 Fields
To derive the basics of polarization of massive spin-1 particles, it is useful to start with the
Proca equation

(� +m2)Bµ − ∂µ(∂νB
ν) = 0. (2.39)
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This is the equation of motion for such particles as derived from the Lagrangian density,
contained in Equation 2.36, via the EulerLagrange equations. Taking the divergence yields

∂µB
µ = 0. (2.40)

Employing a plane wave ansatz Bµ = εµe−iq·x results in the condition

qµε
µ = 0. (2.41)

For a spin-1 particle with mass, three spin degrees of freedom are characterized by three
polarization vectors. For a particle traveling in z-direction these are

εµ− = 1√
2

(0,−1, i, 0), εµ+ = 1√
2

(0,−1,−i, 0), εµ0 = (0, 0, 0, 1). (2.42)

With a Lorentz boost for a velocity corresponding to the momentum p along the z-axis
followed by a rotation, one can get the relations [65]

εµ±(p) = e±iφ

√
2

(0,− cos θ cosφ± i sinφ,− cos θ sinφ∓ i cosφ, sin θ) (2.43)

εµ0 (p) = p0

m

(
|~p|
p0 , cosφ sin θ, sinφ sin θ, cos θ

)
(2.44)

in the helicity basis.
Helicities + and − are called transversely polarized, right- and left-handed, respectively,

while helicity 0 is called longitudinal polarization. In this work, the shorthand notation of
‘T’ for the transverse and ‘0’ for longitudinal polarization will be used. The longitudinal
polarization is also sometimes abbreviated with the letter ‘L’. This should not lead to confusion
with left-handed states as these are not studied directly in this thesis.

The polarization vectors obey the completeness relation

3∑
λ=1

εµλ(p)ε∗ν
λ (p) = −gµν + pµpν

m2 . (2.45)

In the unitary gauge, the Feynman rules for internal and external lines of massive spin-1
particles can be found as

i(−gµν + pµpν )
m2

p2 −m2 + iε
, (2.46)

ελ(p), (2.47)
ε∗λ(p). (2.48)

2.2.3 Spin Density Matrix
In collisions at the LHC, the polarizations of initial state particles are usually not known.
Additionally, the polarization of any particular intermediate boson can not be determined
directly. Due to this, a statistical description is required.

In cases like these, the use of a density matrix, or density operator, is advised. More
information about spin density matrices can be found in Ref. [61, 66]. The spin density
matrix, as any other density matrix, is positive semi-definite, Hermitian, and has a trace of
one.

Provided that 〈S,m| form a basis of the spin space, the spin density matrix can be written
as

ρ̂ =
m=+S∑
m=−S

ωm|S,m〉〈S,m|, (2.49)
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with ωm between 0 and 1 being the probability of finding the system in the state 〈S,m|. The
trace of one implies

Tr(ρ) =
m=+S∑
m=−S

ωm = 1. (2.50)

As discussed in Section 2.2.1, the classical spin formalism can be retained in relativistic
quantum mechanics by moving to the helicity basis with the helicity operator

h = S · ~p
|~p|

. (2.51)

In the helicity basis, the spin density matrix can be written according to Equation 2.49 with
a basis of the polarization vectors from Equation 2.42. Then, in this basis, some components
can be measured in an experiment. Here, the diagonal elements of the spin density matrix are
called the polarization fractions, and the off-diagonal elements represent interference terms.
Via Equation 2.50 it follows that

f0 + fL + fR = f0 + fT = 1, (2.52)

which can be trivially expanded to cases with two vector bosons.

2.2.4 Intermediate Polarized Bosons
As shown at the beginning of this chapter it is straightforward to define and access the
polarization of external vector bosons as their polarization vectors show up directly in the
matrix element. However, both the W± and the Z boson are too short-lived to be measured
directly as external particles with current accelerator and detector experiments. Thus, it is
necessary to consider the case of intermediate polarized bosons such as those shown in the
Feynman diagrams in Figure 2.3.

As the polarization vectors do not directly appear in the propagator as shown in Equa-
tion 2.47, they have to be reintroduced via the completeness relation

4∑
λ=1

εµλ(p)ε∗ν
λ (p) = −gµν + pµpν

m2 . (2.53)

The relation here differs slightly from the one in Equation 2.45 by a fourth unphysical
polarization, which vanishes for on-shell bosons or decays to massless leptons [67]. Applying
this substitution and adding a term accounting for the finite width Γ of the bosons leads to
the following amplitude:

M =
∑

λ

Mprod
µ

iεµλ(p)ε∗ν
λ (p)

p2 −m2 + iΓmMD
ν =:

∑
λ

MF
λ . (2.54)

Here, MF
λ is the fully polarized amplitude for a single vector boson with polarization λ

and Mprod
µ and MD

µ are the production and decay amplitudes. To calculate polarized cross-
sections one subsequently uses just MF

λ instead of the full amplitude M. One point to note
here is that the sum of polarized cross-sections calculated this way will not (generally) be
equal to the unpolarized cross-section calculated directly from M. This is due to missing
interference terms that arise when squaring the amplitude:

|M|2︸ ︷︷ ︸
coherent sum

=
∑

λ

∣∣MF
λ

∣∣
︸ ︷︷ ︸

incoherent sum

+
∑
λ6=λ′

MF
λ M∗F

λ′︸ ︷︷ ︸
interference

(2.55)

The interference terms only cancel when the amplitude can be integrated over the full
range of φ. This also means that no lepton selection criteria are applied. Under the same
conditions, the angular distribution of W±/Z decays follows a simple analytical distribution.
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q

q′

`±

(−)
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`′+

`′−

W±

W±

Z

(a)

q
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`±

`′+

`′−

W±

`±

Z

(b)

q

q′

`±

(−)
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`′+

`′−

W±

Z

(c)

q

q′

`±

(−)
ν`

`′+

`′−

W±

Z

(d)

Figure 2.3: Leading order Feynman diagrams for the process qq → `±(−)
ν` `′+`′−. Doubly

resonant diagrams can be seen in (a), (c) and (d). Meanwhile, (b) shows an example of a
non-resonant diagram where the matrix element can not be split cleanly into production
and decay for each boson. Two more such diagrams exist with a W ± or Z boson being
radiated from the neutrino instead. The fermion arrows related to the W ± boson are set
for the case of a W +.

This distribution can be projected onto Legendre polynomials to extract the polarization
fractions [67, 68].

In practice, this does not work, as realistic setups always include such lepton selection cuts.
This necessitates the full simulation of this process via Monte Carlo generators. For more
complex processes, like W±Z production, another difficulty arises in the form of non-resonant
diagrams like the one in Figure 2.3b. The above procedure can not be applied to diagrams like
these, as they can not be factorized into the production and decay of the bosons. However,
simply ignoring such single- or non-resonant diagrams would break gauge invariance. Different
Monte Carlo generators use different techniques to rectify this situation while introducing as
minimal approximations or biases as possible. Some common approaches are:

• Narrow-Width Approximation (NWA): This approximation replaces the denomi-
nator of the propagator with a delta function:

1
p2 −m2 + iΓm → π

mΓδ(p
2 −m2) (2.56)

It is used by Sherpa [69, 70]

• Double-Pole Approximation (DPA): In this approach, only the numerator of
the propagator is adjusted while leaving the denominator unchanged. There, the
momenta of the vector bosons are projected to on-shell values. The DPA is used in the
PHANTOM [71] generator as well the RECOLA program [72, 73]. More information
on this technique, as well as caveats on how to choose the projection, can be found in
Ref. [67]. This technique is also often referred to as On-Shell Projection (OSP) in the
literature.
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• Pure Diagram Selection: This method vetoes all diagrams that are not fully resonant,
introducing violations of gauge invariance. Optionally, a cut can be applied to select
how on-shell the decay products have to be to limit the size of the gauge violation.
This approach is used by MadGraph5_aMC@NLO [74, 75] with an on-shell condition
|m? −m| ≤ bwcutoff · Γ and a default value of bwcutoff = 15 [76, 77]. Here, m? is
the invariant mass of the boson produced in the event and m the literature on-shell
mass.

The accuracy of all three approaches is on the order O(Γ/M) [68, 74, 78].

2.3 W ±Z Production
Measuring polarization in the production of W±Z bosons is of interest for multiple reasons.
The first is the direct link of the longitudinal polarization to the Higgs mechanism, as shown
in Section 2.1.2. Another one is the prediction of amplitude zeros in the production of two
transversally polarized bosons. While an experimental investigation of this effect is of interest
in and of itself, this reduction in the transverse polarizations also causes a higher fraction of
doubly longitudinal events, making it easier to study the first aspect.

The starting point to investigate this so-called radiation amplitude zero (RAZ) effect is
the helicity amplitudes for the process

f1(p1)f̄2(p2) → W±(pW )Z(pZ). (2.57)

Based on the three leading order diagrams as shown in Figure 2.4 the helicity amplitudes
can be derived as [27]
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q′

W±

Z

W±

(a)

q

q′

W±

Z

(b)

q

q′

W±

Z

(c)

Figure 2.4: Leading order (a) s-, (b) t- and (c) u-channel Feynman diagrams for the
process f1(p1)f̄2(p2) → W ±(pW )Z(pZ).

M (λw, λz) = Fε∗µ (pw, λw) ε∗ν (pz, λz) V̄ (p2)Tµν 1
2 (1 − γ5)U (p1) , (2.58)

with

Tµν = gf1
− γµ

(
/p1 − /pz

)
u

γν

+ gf2
− γν

(
/p1 − /pw

)
t

γµ

+ QW cot θw

s−M2
W

[(
/pz − /pw

)
gµν + 2pν

wγ
µ − 2pµ

z γ
ν
]
.

(2.59)

where λ are the polarizations of the bosons with λ = ±1, 0, ε the bosons’ polarization vectors,
V/U the (anti-)fermion spinors, gfi

− = 1
sin θW cos θW

(T f
3 − Qf sin2 θW ) the couplings of the

Z-boson to left-handed fermions and s, t and u the Mandelstam variables. The factor F is

F = C
e2

√
2 sin θW

, (2.60)
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2.3 W±Z Production

where C = δi1i2Vf1f2 , with i1, i2 denoting the incoming quarks color indices and Vf1f2 the
quark mixing matrix element. Moving to the parton center-of-mass frame, which, at leading
order, is the same as the W±Z center-of-mass frame, and writing these amplitudes out for
each of the separate polarizations yield [27]

M(±,∓) = F sin θ (λw − cos θ)X,

M(±,±) = F sin θ
[(
λw (rz − rw) − β + cos θ + β

α− β cos θ
1 − rw

)
X + 2βY

]
,

M(0, 0) = F
sin θ√
2rw2rz

[(
−βρ+ βwβz cos θ + βρ

α− β cos θ
1 − rw

)
X + 2βρY

]
,

M(±, 0) = F
(1 − λw cos θ)√

2rz

[(
2λwrz − β + βz cos θ + β

α− β cos θ
1 − rw

)
X + 2βY

]
,

M(0,±) = F
(1 + λz cos θ)√

2rw

[(
−2λzrw − β + βw cos θ + β

α− β cos θ
1 − rw

)
X + 2βY

]
,

(2.61)

with θ being the scattering angle of the W±-boson with respect to the q1 direction as well as
the following shorthands:

X = s

2

(
gf1

−
u

+
gf2

−
t

)
,

Y = gf1
−

M2
Zs

2u(s−M2
W ) ,

α = 1 − rW rZ ,

β = (α2 − 4rW rZ)1/2,

rV = M2
V

s
,

βW = 1 + rW − rZ ,

βZ = 1 − rW + rZ ,

ρ = 1 + rW + rZ .

With the amplitude M(±,∓) being independent of Y it vanishes when X = 0, so when

gf1
−
u

+
gf2

−
t

= 0 or cos θ0 = α

β

(
gf1

− + gf2
−

gf1
− − gf2

−

)
. (2.62)

Unlike the Wγ case, the position of the amplitude zero is dependent on the energy through α
and β. However, this dependence is small, and in the limit of s � M2

V , it lies at

cos θ0 '

{
1
3 tan2 θW ' 0.1 for dū → W−Z,

− 1
3 tan2 θW ' −0.1 for ud̄ → W+Z.

(2.63)

At high energies, strong cancellations occur between the terms in square brackets, leaving
only the (±,∓) and (0, 0) amplitudes non-zero. This can be seen in two steps.

First, for s → ∞
rV → 0,
β → 1,
α → 1,

(2.64)

thus, all the terms in the square brackets that include X are proportional to 1
s . As Y ∝ 1

s this
means that the full square bracket term scales as 1

s . The factors before the square brackets
grow as

15



2 Theoretical Foundations

1 for M(±,±), (2.65)√
1
1
s

=
√
s for M(±, 0), (2.66)√

1
1
s

=
√
s for M(0,±), (2.67)√

1
1
s2

= s for M(0, 0). (2.68)

Due to this, only the (0, 0) amplitude remains finite out of all those with a square bracket
term as the 1

s and s contributions cancel. Additionally, the (±,∓) contribution stays non-zero
as it has no s dependence at all. The amplitudes for the (0, 0) and (±,∓) states tend towards

M(±,∓) −→ F

sin θ (λw − cos θ)
[(
gf1

− − gf2
−

)
cos −θ

(
gf1

− + gf2
−

)]
,

M(0, 0) −→ F

2 sin θ MZ

MW

(
gf2

− − gf1
−

)
,

(2.69)

in the limit s → ∞. A derivation of these starting from Equations 2.61 is shown in Appendix B.
When neglecting the weak hypercharge, this results in the squared amplitudes [79]

∣∣MTT
W Z

∣∣2 = g4

32

(s
t

− s

u

)2
sin2 θ

(
1 + cos2 θ

)
,∣∣M00

W Z

∣∣2 = g4

16 sin2 θ.

(2.70)

It can be seen from this and
(

s
t − s

u

)2 ∝ cos2 θ
sin4 θ [27] that the TT states are dominant in

the forward regions | cos θ| ∼ 1 while the longitudinal polarizations dominate centrally with
cos θ ∼ 0. At full leading order, this means that in the W±Z center-of-mass frame, which
is also the partonic center-of-mass frame, with θ = π

2 the bosons are back to back with a
rapidity2 of YW = YZ = 0 and thus a rapidity difference of ∆YW Z = |YW − YZ | = 0.

As such, the RAZ effect can be investigated by measuring the ∆Y (WZ) distribution and
seeing a reduced cross-section around ∆Y (WZ) = 0.

2.3.1 W ±Z Production at Hadron Colliders
Measuring W±Z production at hadron colliders like the LHC provides two complications
over the setup discussed so far in this section.

The first is the fact that either of the quarks initiating the process can come from either of
the protons taking part in the collision. As such, it is not possible to determine the direction
of the q1 that defines the scattering angle in Equations 2.61. Due to this, the scattering angle
is measured with respect to a fixed axis in practice, leading to a symmetric distribution that
disturbs the exact zero specified in Equation 2.63. This is one of the reasons why it is useful
to investigate the RAZ effect using the rapidity difference, where the reduction is expected at
zero and thus not affected by the symmetrization.

The second complication originates from the unstable nature of the W± and Z bosons.
This necessitates the inclusion of the bosons’ decays in defining the final state. The work in
this thesis focuses solely on the fully leptonic final states due to its clean signature and good
reconstructibility. This leads to the observed final state of `±(−)

ν` `
′+`′−, with its corresponding

Feynman diagrams already shown in Figure 2.3. Any number of additional jets is allowed to
still be classified as signal, as these can always originate from initial state radiation.

2Rapidity is introduced in section 3.2 in Equation 3.1.
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2.3 W±Z Production

In the detector, other reactions can mimic the signal processes. These either come from
processes at different coupling orders, ones with additional particles that are not reconstructed,
or through the misidentification of one object as another. Some of the main backgrounds
include the ZZ, W±Zjj-EW , ttV , tt, V V V , V γ and Z + j processes, with ZZ, ttV and tt
being the largest ones. Example Feynman diagrams for the first four of these processes are
shown in Figure 2.5.
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Figure 2.5: Example Feynman diagrams for background processes to W ±Z production.
Shown are the (a) ZZ, (b) W ±Zjj-EW , (c) ttZ and (d) tt processes.

The ZZ process can mimic the `±(−)
ν` `

′+`′− finale state when one of the four leptons is
not reconstructed. For ttZ, the produced particles can be the same as those from W±Z in
case the W from the top quark decays hadronically. If the W decays leptonically, one of the
additional leptons can fail to be reconstructed, which leaves three leptons in the final state.

The situation is slightly different for the W±Zjj-EW process. It naturally produces the
expected leptonic finale state. The reason it is not considered as signal here is due to the
unavailability of polarized samples at the start of the analysis. A gauge-invariant separation
is possible due to the different coupling orders between W±Zjj-EW and the signal process.

An example of a reducible background is tt, where the correct final state can not be
reached through a particle not being detected. Instead, one of the jets has to be misidentified
as a lepton.
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Chapter 3

Experimental Setup

The data analyzed in this thesis was recorded by the ATLAS experiment [80] at the Large
Hadron Collider (LHC) [81].

This chapter briefly summarizes the key aspects of both machines needed to understand
their basic functionality as well as all related elements of this thesis. The information is
taken from their respective technical reports [80–82] where more in-depth discussion and
descriptions can be found.

3.1 The Large Hadron Collider
Situated beneath the Franco-Swiss border, the LHC serves as the preeminent particle accel-
erator, facilitating high-energy collisions crucial for probing the fundamental constituents
of matter. The LHC was built in the 26.7 km long tunnel initially designed for the LEP
experiment [83] at CERN. It is designed to accelerate protons and collide them at a center of
mass energy of 14 TeV with an unprecedented luminosity of 1 × 1034 cm−2 s−1. It can also
collide heavy ions at different energy ranges and luminosities [84].

The basic layout of the LHC follows the LEP tunnel geometry as shown in Figure 3.1. The
LHC comprises eight arcs and eight straight sections, with each straight segment spanning
approximately 528 meters. These straight sections can function as either experimental or
utility insertions. The two general-purpose experiments are positioned on opposite sides of the
ring. The ATLAS experiment is situated at Point 1, while the CMS experiment [85] occupies
Point 5. Two additional experiments can be found at Point 2 and Point 8, respectively, housing
the ALICE [86] and LHCb [87] experiments. A circular path for the beams is maintained by
1,232 dipole magnets. Additionally, 392 quadrupole magnets are employed to ensure beam
focus [82].

3.1.1 Injector Chain
The magnet setup of the LHC does not allow for the acceleration of protons from rest up
to their target energy of 6.5 TeV. Due to this, a series of pre-accelerators is used to bring
the protons to an energy of 450 GeV before they are injected into the LHC. The accelerator
complex present at CERN in 2022 is shown in Figure 3.2.

The LHC’s injector chain is a series of particle accelerators that prepare and accelerate
particles before they enter the main LHC ring. This chain consists of several accelerators,
each progressively increasing the energy of the particles. A description of the chain alongside
the main challenges to get it running is given in Ref. [89]. The main components, as they
were used for proton-proton collisions during the time that the data for this thesis was taken,
are quickly summarized below:

1. Linear Accelerator (Linac 2) [90, 91]: Protons are supplied by ionizing hydrogen gas
and accelerated in a linear accelerator (Linac 2) to an energy of approximately 50 MeV.
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Figure 3.1: “Schematic layout of the LHC (Beam 1- clockwise, Beam 2 anticlockwise).”
From Ref. [81].

Figure 3.2: “The CERN accelerator complex layout in 2022.” From Ref. [88].

20



3.1 The Large Hadron Collider

2. Proton Synchrotron Booster (PSB) [92]: The proton beams from Linac 2 are further
accelerated in the Proton Synchrotron Booster (PSB), increasing their energy to around
1.4 GeV.

3. Proton Synchrotron (PS) [93]: The PS takes the beams from the PSB and accelerates
them to even higher energies, reaching approximately 25 GeV.

4. Super Proton Synchrotron (SPS) [94]: The Super Proton Synchrotron (SPS) serves as
the final injector, taking the beams from the PS and accelerating them even closer to
the speed of light, achieving energies of about 450 GeV. These beams are then injected
into the main LHC ring.

The performance of the injector chain during Run 2 of the LHC, the period relevant to this
thesis, is discussed in Ref. [95]. Starting in 2010, work was done to upgrade the LHC’s
injector chain. A description of this project can be found in Ref. [96].

3.1.2 Experiments at the LHC
The LHC and its injector chain host a variety of different experiments studying the Standard
Model, supersymmetry, exotic isotopes, and cosmic rays.

At the time of writing, during Run 3 of the LHC, nine detector experiments hosted directly
at the LHC are analyzing the particles produced in its collisions.

ATLAS (A Toroidal LHC Apparatus) [80]: One of the two general-purpose detectors at the
LHC. It investigates a wide variety of topics. These range from probing all the aspects
of the SM to physics beyond the Standard Model, like supersymmetry or dark matter.
More information about the ATLAS experiment is given in Section 3.2.

CMS (Compact Muon Solenoid) [85]: The second general purpose detector at the LHC. It
and the ATLAS detector serve as independent verification of each other’s measurements
and discoveries. Additionally, different choices were made when designing the two
detectors, resulting in different strengths and weaknesses.

ALICE (A Large Ion Collider Experiment) [86]: Unlike the first two mentioned experiments,
ALICE’s main focus are not proton-proton collisions. Instead, it aims to study the
strong interaction and, specifically, quark-gluon plasma through the results of heavy
ion collisions.

LHCb (Large Hadron Collider beauty) [87]: An experiment with the main physics goal of
studying CP violation in rare decays of charm and beauty or b hadrons. LHCb uses
an unusual detector design. Instead of having a cylindrical detector around the whole
collision point, its detector is concentrated in the forward direction.

TOTEM (TOTal Elastic and diffractive cross-section Measurement) [97, 98]: While techni-
cally an independent measurement, TOTEM is situated around the interaction point
feeding the CMS experiment. Its main physics goals are a measurement of the total pp
cross-section as well as studying elastic and diffractive scattering. With components
positioned more than 200 m from either side of the collision point, it represents the
LHC’s ‘longest’ experiment.

LHCf (Large Hadron Collider forward) [99, 100]: Similar to TOTEM, this experiment sits
around one of the general-purpose detectors. In this case, it lays 140 m from either side
of the ATLAS collision point. It is capable of measuring neutral particles in the most
extreme forward region up to zero degrees. This information can then be used to tune
models utilized in the simulation of air showers induced by ultra-high-energy cosmic
rays in the Earth’s atmosphere.

MoEDAL-MAPP (Monopole and Exotics Detector at the LHC - MoEDAL Apparatus for
Penetrating Particles) [101, 102]: Sharing the interaction point with LHCb, it is the
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first of a series of experiments dedicated to searches for new physics that the general
purpose detectors are likely not sensitive to. While its main goal is the search for
magnetic monopoles, it is generally looking for highly ionizing, feebly interacting, and
very long-lived neutral particles.

FASER (ForwArd Search ExpeRiment) [103, 104]: Positioned 480 m away from the ATLAS
detector it aims to measure light, extremely weakly-interacting particles. At low pT ,
such particles would be produced in large numbers, even with low production cross-
sections. As they are expected to have high energies and small cross-sections, they are
also expected to travel macroscopic distances before decaying. Given the restricted size
of the general purpose detectors together with their limited angular range, a detector
placed ≈ 500 m downstream of the collision point can fill this gap.

SND@LHC (Scattering and Neutrino Detector at the LHC) [105, 106]: Also located 480 m
downstream from the ATLAS detector this experiment aims to study neutrinos. With
its position slightly off-axis compared to FASER, it can measure neutrinos at larger
angles.

3.1.3 Run 2 Performance

As the data for this thesis was taken during Run 2 of the LHC, its performance and configu-
ration are discussed here briefly. More detailed information can be found in Ref. [107].

Run 2 of the LHC lasted from April 2015 until December 10th 2018, operating at a
center-of-mass energy of

√
s = 13 TeV. During this time, it operated with a stable beam for a

total of 5861 h and delivered an integrated luminosity of 160 fb−1 to CMS and ATLAS. The
integrated luminosity per year for the years 2011 to 2018 can be seen in Figure 3.3.

Figure 3.3: “Overview of the integrated LHC luminosity.” From Ref. [107].

Set up for a nominal bunch spacing of 25 ns, operation was switched to that value in
July 2015 after initially starting with a wider one of 50 ns. The number of bunches per ring
fluctuated between 1868 and 2556, never quite reaching the design value of 2808. Meanwhile,
the number of protons per bunch ranged from 1.1 × 1011 to 1.25 × 1011. The maximum was
reached throughout parts of 2017, together with the minimal quoted value of bunches per
ring. This leads to a higher than usual number of mean interactions per crossing 〈µ〉 as shown
in Figure 3.4.
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Figure 3.4: “Number of Interactions per Crossing”: “Shown is the luminosity-
weighted distribution of the mean number of interactions per crossing for the 2015 – 2018
pp collision data at 13 TeV center-of-mass energy. All data recorded by ATLAS during
stable beams is shown, and the integrated luminosity and the mean mu value are given in
the figure. The mean number of interactions per crossing corresponds to the mean of the
Poisson distribution of the number of interactions per crossing calculated for each bunch. It
is calculated from the instantaneous per bunch luminosity as µ = Lbunch × σinel/fr where
Lbunch is the per bunch instantaneous luminosity, σinel is the inelastic cross-section which
we take to be 80 mb for 13 TeV collisions, and fr is the LHC revolution frequency.” From
Ref. [108].

3.2 The ATLAS Experiment
ATLAS is one of the prominent components of the LHC and plays a pivotal role in capturing
and analyzing the outcomes of these collisions with remarkable precision. It represents one
of the largest collaborative efforts ever attempted in science, with over 5000 members and
almost 3000 scientific authors across 182 Institutions and 43 countries [109].

This section provides an overview of key components of the ATLAS experiment: the phys-
ical ATLAS detector, object reconstruction procedures, and the data-taking and processing
workflow.

3.2.1 The ATLAS Detector
As a general-purpose detector at the LHC, the ATLAS detector has to be able to measure
and withstand very high interaction rates, radiation doses, particle multiplicities and energies.
On top of that, the measurements have to be done with an incredibly high precision.

This section first describes the general coordinate system used for the ATLAS detector,
followed by a very short introduction to its technical components. A detailed overview can
be found in Ref. [80].

Coordinate system

The ATLAS detector uses a right-handed coordinate system with the interaction point of the
collisions defined as the origin. The x-, y- and z-axis are defined as follows: The positive x-axis
points from the origin to the center of the LHC ring, while the positive y-axis points upwards.
Lastly, the z-axis points along the beam direction, with the positive side determined by the
coordinate system being right-handed. Positions and directions are commonly described using
the angles φ and θ. Here, φ describes the azimuthal angle around the beam axis and θ the
polar angle from the beam axis. The rapidity and pseudorapidity are then defined as

y = 1
2 ln E + pz

E − pz
(3.1)
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and
η = − ln tan(θ/2), (3.2)

respectively. The transverse values (denoted by a subscript ‘T ’) pT , ET , Emiss
T are defined in

the x-y plane. Lastly, ∆R describes the distance in the pseudorapidity-azimuthal angle space
as

∆R =
√

∆η2 + ∆φ2 (3.3)

Components

The basis for the design of all the other detector components lies in the nominal forward-
backwards symmetry of the detector as well as its magnet configuration. It is comprised of a
thin superconducting solenoid around the inner-detector cavity and three large superconduct-
ing toroids around the calorimeters. A cutaway view of the ATLAS detector with all of its
components can be seen in Figure 3.5.

Figure 3.5: “Cut-away view of the ATLAS detector. The dimensions of the detector are
25 m in height and 44 m in length. The overall weight of the detector is approximately
7000 tonnes.” From Ref. [80].

To be able to investigate as many physics processes as possible, the ATLAS detector
needs to detect the resulting particles from each of them. A particle must travel a minimum
distance of around 35 mm from the center to the border of the beam pipe in order to reach the
detector. As such, only particles with a lifetime long enough to traverse this distance before
decaying have any chance of being measured. An additional constraint for the possibility of
efficient detection is the interaction via either the strong or electromagnetic force. Particles
that only interact via the weak force or gravity have no realistic chance of being detected
over the length of the ATLAS detector. As such, it is built with the target of detecting and
separating as many of the remaining particles as possible. These include electrons, muons,
photons, and light hadrons. For this purpose, ATLAS is built in layers that excel at detecting
and measuring the properties of different classes of these particles. From the beam pipe going
outwards, the main components are:

Inner detector: Submersed in a 2 T solenoidal field, it serves to perform pattern recognition
as well as precise momentum and vertex measurements and identification of electrons.
In the inner part, this is achieved using a combination of discrete high-resolution
semiconductor pixel and stripe detectors. Straw-tube tracking detectors that can
generate and detect transition radiation are used in the outer part. Covering the range
|η| < 2.5, it can measure a particle’s momentum and charge through the curvature of
its path in the magnetic field.
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Electromagnetic calorimeter: Consisting of lead-LAr detectors with accordion-shaped
kapton electrodes and lead absorber plates, its main purpose is to measure the energy
of light electromagnetically interacting particles. For this, it has high granularity to
achieve good position and energy resolution. It is split into two regions. The first is the
barrel part, which covers a range of |η| < 1.475. The two end-cap components cover
the remaining range of 1.375 < |η| < 3.2. The calorimeter consists of three sections in
depth in the precision region |η| < 2.5 and two with coarser transverse granularity in
the remaining region 2.5 < |η| < 3.2.

Hadronic calorimeter: The hadronic calorimeter comprises multiple parts. The first,
placed directly outside the EM calorimeter, is a scintillator-tile calorimeter covering
|η| < 1.7 and using steel as the absorber. It is separated into a large barrel |η| < 1.0
and two smaller extended barrel cylinders 0.8 < |η| < 1.7 on either side of the central
barrel.
The Hadronic End-cap Calorimeter (HEC) and the Forward Calorimeter (FCal) again
use liquid argon as their active material. They cover the ranges 1.5 < |η| < 3.2 and
3.1 < |η| < 4.9, respectively. They also differ in the absorber material they use. The
HEC uses copper, while the FCal uses both copper and tungsten. Here, the copper
component is optimized for electromagnetic measurements, while the tungsten ones aim
to measure hadronic interactions.

Muon system/Muon spectrometer: The muon system is the outermost layer of the
ATLAS detector and gives it its distinct overall appearance. It is composed of an
air-core toroid system with a long barrel and two end-cap magnets. Its excellent muon
momentum resolution is achieved using three layers of high-precision tracking chambers
composed of Monitored Drift Tubes and Cathode Strip Chambers. The muon system
covers the range |η| < 2.7.

A summary of the mentioned components, their resolution, and angular coverage are given in
Table 3.1.

Table 3.1: “General performance goals of the ATLAS detector. Note that, for high-pT

muons, the muon-spectrometer performance is independent of the inner-detector system.
The units for E and pT are in GeV.” From Ref. [80].

3.2.2 Object Reconstruction
Objects used for analysis have to be reconstructed from the signals measured by the ATLAS
detector. This chapter gives a summary of how the reconstruction works for the particles
used in this thesis. More information about used working points and uncertainties are given
in Chapters 5 and 7, respectively.

Electrons and Photons

This section summarizes the basic points of Ref. [110]. More information can be found there.
The first step in the reconstruction of electrons and photons is the creation of EM topo

clusters. These are clusters formed from the electromagnetic and hadronic calorimeters that
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have a total energy above 400 MeV and a ratio of EEM

Etot
> 0.5. Next, tracks are constructed in

the inner detector, matched to clusters and refitted.
Electron candidates are then found as EM topo clusters with one or more matched tracks.

Matching criteria and the procedure employed to handle multiple matches can be found in
Ref. [111].

Photon candidates are either EM topo clusters that are matched to at least one con-
version vertex or clusters matched to neither tracks nor conversion vertices. From these
candidates, final clusters are built from all of those clusters that are matched to the candidates.
Bremsstrahlung can cause one candidate to be reconstructed as two clusters. Due to this,
multiple close-by clusters are merged.

Usually, not all of these reconstructed electrons and photons are used in an analysis. To
select those particles that come from processes of interest, certain quality criteria are applied.
The tighter the criteria, the higher the background rejection. However, that also decreases
the efficiency for desired particles. The criteria used for this analysis are discussed later in
Chapter 5.

Muons

Full information about muon reconstruction as well as identification criteria and efficiencies
for identification, vertex association and isolation can be found in Ref. [112].

Reconstruction of muons is mainly based on information from the inner detector and
the muon system. Additionally, calorimeter information can be used to determine track
parameters and to account for cases with large energy loss.

In the muon system, first preliminary track candidates are built from segments using a
loose constraint based on a parabolic trajectory. Here, a segment is created by individual
hits in the system. More information from the muon system is added and a global χ2 fit of
the trajectory is performed. From that, outlier hits can be removed, and missed hits can
be added to the candidate. Furthermore, lower-quality tracks that share a lot of hits with
higher-quality ones are removed. Using the complete detector information, five muon types
are defined:

Combined muons: Represent muon system tracks matched to inner detector tracks.

Inside-out combined muons: Reconstructed from inner detector tracks that are extrapo-
lated to the muon system and matched to at least three hits. The information from
the inner detector is combined with the hits in the muon system and energy loss in the
calorimeters.

Muon-spectrometer extrapolated muons: These are muons reconstructed from just the
muon system if a track from there can not be matched to a track in the inner detector.

Segment-tagged muons: Inner detector tracks extrapolated to the muon system that
tightly match a segment in the muon system are used to reconstruct segment-tagged
muons.

Calorimeter-tagged muons: Lastly, these muons are reconstructed from inner detector
tracks that can be matched to energy deposits in the calorimeters that are consistent
with minimum-ionizing particles. Due to large background contamination, this algorithm
requires tracks to have a pT of at least 5 GeV.

Jets

More information about the jet reconstruction algorithms used at ATLAS can be found in
Ref. [113].

The main reconstruction method used is the anti-kT algorithm [114] with a radius
parameter R = 0.4. The inputs for this algorithm come from Monte Carlo simulations or
data. Here, the first step is calorimeter cells, which are clustered using the nearest neighbor
algorithm. Current ATLAS analyses combine this with information from the inner detector
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to build PFlow [115] jets. One aspect is the subtraction of deposited energy from charged
particles. This is replaced by momenta of inner detector tracks matched to those clusters.
These PFlow jets exhibit better energy and angular resolution, reconstruction efficiency and
pileup stability. Further pileup suppression is achieved using Jet vertex tagging (JVT) [116].

Missing Transverse Momentum

Details of the Missing transverse momentum (MET/Emiss
T ) reconstruction in ATLAS can be

found in Ref. [117]. This section summarizes the core information from that reference.
The Emiss

T reconstructed in ATLAS is comprised of two main components. The first
component arises from signals associated with hard-events, encompassing fully reconstructed
and calibrated leptons, photons, and jets (referred to as hard objects). The second contribution
to Emiss

T originates from soft-event signals. These are comprised of charged-particle tracks
linked to the hard-scatter vertex but not to any hard object.

The reconstruction algorithms for each of these contributions, as quickly summarized
earlier in this chapter, are independent of each other. This can lead to double counting of
contributions if they are reconstructed as multiple particles. To avoid this a signal ambiguity
resolution is introduced to reject already counted terms.

3.2.3 Trigger and Data Taking
With collisions happening at a rate of roughly 40 MHz, the ATLAS trigger system has to
provide an enormous rejection of minimum-bias processes. This is required, as physical
limitations only allow for an event data recording rate of ≈ 1.2 kHz. Additionally, a high
efficiency for the processes of interest has to be maintained to not hinder their exploration.
To achieve this task, the ATLAS trigger system works in two stages.

First, the Level-1 (L1) trigger system uses a subset of the full detector information to
reduce the event rate down to 100 kHz. It does so by using custom-made electronics and
is mainly limited by the bandwidth of the readout. Looking primarily for high-pT muons,
electrons/photons, jets, and τ -lepton decays, as well as large Emiss

T , it makes its decisions and
defines Regions-of-Interest (RoI’s).

The second step, the High-Level-Trigger (HLT), combining the Level-2 and event filter
steps from Run 1, uses the information from these RoI’s and fast trigger algorithms to
reject some events as early as possible. The final selection is performed using algorithms
similar to those used for offline reconstruction and can access information from the full
detector if necessary. Unlike the L1 trigger, the HLT is almost entirely based on commercially
available computers and networking hardware. The average output rate of the HLT is 1.2 kHz,
corresponding to a total reduction of a factor of 104.

Figure 3.6 shows an overview of the trigger and data acquisition systems of the AT-
LAS detector during Run 2. More information on the full trigger system can be found in
Refs. [80, 118].
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Figure 3.6: “The ATLAS TDAQ [Trigger and Data Acquisition] system in Run 2 showing
the components relevant for triggering as well as the detector read-out and data flow.”
From Ref. [118].
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Chapter 4

Simulation

The purpose of science is to build theories describing nature and verifying (or disproving)
their correctness/usefulness by comparing these theories with reality. The complexity of the
theories and high multiplicity of final states in particle physics, and especially proton–proton
collisions, necessitate the use of powerful simulation software to generate predictions that can
be compared to experimental data. In Section 4.1.1, this chapter offers a very brief overview
of the general methodology of how these programs operate. A more general overview of that
can be found in Ref. [119]. Sections 4.2 and 4.3 describe the data and the Monte Carlo
samples used in this thesis, respectively.

4.1 MC Simulations
The simulation of proton-proton collisions happens in steps due to the extremely high
complexities of the states that enter the detector as well as the vast energy scales. This section
gives a brief overview of each of these steps in Section 4.1.1, followed by a description of how
the combination of two of these steps works when going beyond leading-order predictions in
Section 4.1.2.

4.1.1 Simulation Steps
Figure 4.1 shows a representation of the full simulation of a single event as generated by an
MC event generator. The different colors represent the different steps of the simulation. This
section will give a quick explanation of each of these steps.

Hard process

The simulation step that handles processes at the highest energy is the hard process represented
by the central, dark red blob in Figure 4.1. It lays the ground for the main characteristics of
kinematic distributions as well as the number of events that are expected to occur for a given
process according to

N = σ ·
∫
L(t)dt. (4.1)

Here, L is the luminosity and σ is the cross-section of the process of interest. The overall
cross-section of a process depends on the particles involved and the considered kinematic
regions. For any infinitesimal phase-space volume, the differential cross-section is proportional
to the matrix element M:

dσ ∝ |M |2 dΦ. (4.2)

For a given process, the matrix element can be determined from the Feynman rules for all
the diagrams that connect the initial and final states. In general, there is an infinite number
of diagrams connecting any two states with a physical transition. However, if the involved
couplings are smaller than 1, diagrams that go beyond the smallest order in the couplings are
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Figure 4.1: Representation of the simulation steps in an MC event generator for a tth
event. The most energetic part is the hard interaction (large, dark red circle). Afterward,
the produced top quarks and the Higgs boson decay (small, bright red circles). At any of the
points so far, additional QCD radiation can be produced (red lines). The resulting partons
hadronize (bright green ovals), and some of the resulting hadrons subsequently decay (dark
green circles). In any collision, secondary interactions can occur (purple oval) and progress
through similar steps. Photons can be emitted during any of these steps (yellow lines).
From Ref.[120].

suppressed. This lowest order for any given process is referred to as leading-order (LO), while
those including an additional one are called next-to-leading order (NLO). Depending on the
process, this additional order can come from any of the fundamental forces. If no specification
is given, the additional coupling present is the strong one αS . Additional couplings of either
the weak or electromagnetic force are usually grouped under NLO EW.

Using the factorization theorem [121], the cross-section can be calculated as [119]

σ =
∑
a,b

∫ 1

0
dxadxb

∫
dΦnPDFa(xa, µF )PDFb(xb, µF ) · 1

2xaxbs
|M|2 (Φn;µF , µR). (4.3)

Here, a and b are possible initial state partons. Depending on the process of interest, their
flavor is not necessarily known and, as such, has to be summed over. Additionally, with
the LHC being a proton-proton collider, the energy of each constituent quark can not be
determined exactly. They are represented by the xi as the fraction of the proton’s energy
that the parton possesses. As such, they have to be integrated over according to parton
distribution functions (PDF), which parameterize these fractions for the different partons and
are usually obtained from external measurements. The factorization scale µF separates long
and short-distance physics and describes the scale at which the transition from PDF to matrix
element description happens. µR is the renormalization scale required for regularization.
It represents the energy scale at which divergent loop integrals are regulated by adjusting
coupling constants and masses. Both of these scales can be set by hand or determined
dynamically by the processes and each event’s kinematics. They are usually chosen to be
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nominally equal. The s represents the Mandelstam variable encoding the overall energy of
the process, and M is the matrix element for the transition from the initial to the final state
for the process of interest.

Neglecting the PDFs, only the integral over the phase space Φn remains. This has a very
high dimensionality of 3n− 4, where n represents the number of final state particles. This
makes a classical analytical calculation extremely difficult. Due to that, the integration is
usually done numerically using Monte Carlo methods [122, 123].

Complex procedures have been developed to achieve optimal and fast integration [124]
and eventually event generation. Here, after the phase space integration, the phase space is
sampled to produce events. Usually, the events are first produced with a weight proportional
to the cross-section for easier integration and generation, and finally partially vetoed to
unweight them. With that, each final event will have roughly the same weight, as is expected
in data, while the kinematics still follow the expected distributions.

Parton shower

Usually, only a few, zero to two, QCD emissions are included directly in the hard matrix ele-
ment. All others have to be produced via a Markov chain approach called parton shower [125].
Hereby, partons are emitted successively according to splitting functions until their energy is
too low. Care has to be taken when handling recoils and the change of scales throughout
the emissions. Additionally, splitting functions can diverge for low energies and small angles.
A detailed overview of parton shower generators can be found in Ref. [126]. This phase is
shown in Figure 4.1 in the form of bright red lines.

Hadronization

Color confinement dictates that the quarks and gluons created by the hard processes and the
parton shower can not be observed directly. Instead, only hadrons or their decay products can
be measured in the detector. As hadronization happens at low energies where perturbative
calculations of QCD break down, phenomenological models fitted to data are used. The light
green blobs in Figure 4.1 represent this stage of the event simulation.

Two main approaches exist to model this effect. These are the cluster [127, 128] and
string [129, 130] models, both ideas from Ref. [131]. The string model is based on confinement
and the linear potential between quarks. In this model, quarks and antiquarks are connected
by strings representing the potential energy between them. At large enough separations, the
potential energy becomes so large that it is energetically favorable to break the string and
create a new quark-antiquark pair. Meanwhile, the cluster model is derived from the concept
of preconfinement [132]. This comes from the observation that late in a parton shower at low
energies, partons are grouped in colorless clusters. These can then decay into the observed
final-state hadrons. A slightly more in-depth, but still pedagogical, explanation of this is
given in Ref. [133].

The author of this thesis implemented an interface [134] in Sherpa, which uses the cluster
model [135], for hadronization with Pythia8, using the string model [136, 137], to evaluate
uncertainties arising from the different approaches.

Decays

A lot of the hadrons produced during hadronization, as well as τ -leptons and potentially other
BSM particles produced in the hard process, are unstable and decay before or in the detector.
These decays also have to be simulated, shown in dark green in Figure 4.1, while taking great
care to correctly model spin correlations. Some Monte Carlo generators like Sherpa [138],
Pythia [136, 139] and Herwig [140] are able to handle these decays themselves. However,
there are also dedicated packages available like TAUOLA [141] and EvtGen [142] that can be
interfaced with.

To achieve the best possible results, current implementations generally use both calculations
from matrix elements as well as results from phenomenological models based on observed
data to model the decays of heavy, unstable particles.
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QED radiation

The yellow lines in Figure 4.1 indicate QED radiation. This can occur at any stage of the
event generation and must be simulated correctly. One approach to do that is by employing
functionally the same algorithm used for the QCD shower. Another option is to follow the
Yennie-Frautschi-Suura (YFS) formalism [143].

Underlying event

The last elements of Figure 4.1 that have not been discussed are those in purple. They
represent the so-called underlying event. Here, remnants of the initial state hadrons can
participate in further hard interactions. A general discussion of the underlying event and its
components is given in Ref. [144].

As factorization theorems do not handle this scenario, their simulation is based on
phenomenological models. The most significant contribution to the underlying event is
multiple parton interactions. A model for simulating these was first given in Ref. [145].

4.1.2 Matching and Merging
Parton showers give approximations of the contributions from higher-order diagrams. Some
processes, like the W±Z production discussed in this thesis, need to go beyond these approxi-
mations and require more accurate predictions.

There are two common approaches for calculating higher-order predictions and harmonizing
them with parton shower setups to avoid double counting. A summary will be given below,
while a more in-depth discussion of matching and merging can be found in Ref. [126].

Matching

For matching, matrix elements of NLO or higher are calculated. Subsequently, the parton
shower contributions from lower orders are computed and subtracted from the higher order
calculation as these would be the components that would be double counted. The result can
then be processed as normal by the parton shower. Two of the most widely used approaches
for matching are the aMC@NLO [146] and Powheg [147, 148] methods. A comparison of
the two methods can be found in Ref. [149].

Merging

In the second approach, additional (separate) tree-level calculations are performed with
additional real emissions. All of these processes have to be combined with each other and
the parton shower. This also suffers from issues of double counting as both the additional
tree-level matrix elements and the parton shower include effects from real corrections.

The basic idea to avoid this double counting in merging is to veto parton shower emissions
that are already included in the additional matrix elements. For that, it is necessary to find a
mapping between the matrix element configurations and the parton shower branchings. This
requires the parton shower calculation to be invertible. Then, any n+ 1, and in general n+ k,
configuration can be mapped back to the original n particle configuration. A representation
of this can be seen in Figure 4.2a.

Afterward, the shower can add further emissions at any point in the configuration. This is
shown in Figure 4.2b, demonstrating a “truncated shower”, where the evolution is truncated
at a scale where gluons from the hard scattering calculation have to be reimplemented. When
a parton shower emission gives the same multiplicity as one of the hard matrix elements and
the emission is hard (constitutes its own jet), it has to be vetoed to avoid double counting.
Instead, it should be simulated from the matrix element as shown in Figure 4.2b. This
introduces the merging scale Qcut, which is a parameter of the merging algorithm and usually
of the order O(25 GeV).
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(a) (b)

Figure 4.2: (a): “Sketch of a clustering sequence identifying the e+e− → qq inclusive
reaction in a e+e− → qqgg final state.” (b): “Sketch of a truncated parton-shower emission
in the existing history and its correspondence to the higher-order tree-level matrix element.”
From Ref. [126].

Multiple schemes exist for merging such multi-leg setups with parton showers. Two
common ones are the MLM [150] and the CKKW (Catani-Krauss-Kuhn-Webber) [151]
schemes. Comparisons of these can be found in Refs. [150, 152].

For the CKKW algorithm, an updated version called CKKW-L [153, 154] exists. It is
implemented in Pythia8 and Sherpa, with the former being used for the signal samples
of this thesis. These are described in Section 4.3.1. The basic steps are the same, but the
CKKW-L algorithm takes a different approach to calculating the Sudakov factors and vetoing
in the shower. Specifically, CKKW-L builds a full cascade history with intermediate steps.
Then, contrary to CKKW, where the smallest scale is always chosen for each clustering, all
possible ordered shower histories are considered, and one is chosen according to a probability
proportional to the product of the relevant branching probabilities. More detailed descriptions
and further differences can be found in the original papers and the comparison references
mentioned above.

4.2 Data Samples
The data used in this thesis was taken during Run 2 of the LHC, spanning from 2015 to
2018. Only proton-proton collisions at an energy of 13 TeV with a bunch-crossing of 25 ns are
analyzed. Good run lists (GRL) remove events recorded during periods when the detector
was not functioning correctly [155]. A representation of their impact on the luminosity can be
found in Figure 4.3 and the selected GRLs are given in Appendix A.1. The data comprises a
total integrated luminosity of 140.1 fb−1 [156, 157]. This, as well as the calibrated uncertainty
of 0.83 % [156] was determined using the LUCID-2 detector [158].

4.3 MC Samples
This section summarizes the signal and background samples used in the polarization fraction
and unfolding measurements. First, the polarized signal samples are discussed in Section 4.3.1.
Next, unpolarized samples of the signal processes are introduced in Section 4.3.2. Finally,
background samples are summarized in Section 4.3.3.

After their simulation, as described below, every generated event is passed through the
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Figure 4.3: “Total Integrated Luminosity and Data Quality in 2015-2018”:
“Cumulative luminosity versus time delivered to ATLAS (green), recorded by ATLAS
(yellow), and certified to be good quality data (blue) during stable beams for pp collisions
at 13 TeV centre-of-mass energy in 2015-2018. The complete pp data sample in 2018 is
shown. The delivered luminosity accounts for the luminosity delivered from the start
of stable beams until the LHC requests ATLAS to put the detector in a safe standby
mode to allow a beam dump or beam studies. The recorded luminosity reflects the DAQ
inefficiency, as well as the inefficiency of the socalled "warm start": when the stable beam
flag is raised, the tracking detectors undergo a ramp of the high-voltage and, for the pixel
system, turning on the preamplifiers. The data quality assessment shown corresponds to
the All Good efficiency shown in the 2015-2018 Full Dataset DQ tables here [Hyperlink to:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/DataQualityResults]. The All
Good Data Quality criteria require all reconstructed physics objects to be of good data
quality.” From Ref. [108].

full ATLAS detector simulation based on geant4 [159, 160]. Afterward, reconstruction is
performed with the same algorithms used for the data. Additional bunch crossings are added
to the MC samples proportionally to the numbers occurring in the respective data periods.
This is done to simulate pileup effects.

4.3.1 Signal Simulations for Polarized W ±Z Production
The main polarized signal samples used in this thesis are produced with MadGraph 2.7.3 [74].
They were validated and requested by the author of Ref. [161] and make use of the feature
introduced in version 2.7.0 to specify the polarization state of particles [75]. For massive spin-1
bosons, the available options are transverse and longitudinal polarization. It is currently not
possible to separate left- and right-handed helicity states.

The samples are split by the bosons’ decay channels. Specifically, one set of samples is
generated where at least one boson decays into a τ -lepton, while another set requires zero
τ -leptons. For the case without τ -leptons, an example process definition for the case with
two longitudinally polarized bosons is given by:

generate p p > wpm{0} z{0}, w+ > l+ vl, w- > l- vl~, z > l+ l-. (4.4)

As described in Section 2.2, polarization is not a Lorentz invariant quantity. It is thus
necessary to specify the frame that determines the boson polarization in the helicity basis.
MadGraph’s default value is the parton-parton center-of-mass frame. While that is identical
to the desired W±Z rest frame at leading order, that is not the case anymore when including
additional jets and the parton shower. Thus, the frame is specified using the me_frame setting.
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For that, a collection of particles is specified. Their combined rest frame is then used as the
defining frame. The particles are specified by the order they appear in the process definition,
with intermediate particles substituted by their resolved decays. So for a definition

generate pp > w+{0} z{0} j, w+ > l+ vl, z > l+ l-,

the following matchings are given:

q1 q2 l+ vl l+ l− j

1 2 3 4 5 6 7.

Thus, the final setting used is

'me_frame' : '3,4,5,6'

to select the W±Z center-of-mass frame. The notation is explained in short in Ref. [162, 163]
and in more detail in Ref. [75].

Part of this thesis focuses on events with high transverse momenta up to pZ
T > 200 GeV.

To produce enough events in that region to allow for a good statistical analysis while still
keeping the generation time reasonable, the sample production is split. Separate sets of
samples are produced for pZ

T < 150 GeV and pZ
T ≥ 150 GeV.

MadGraph is currently only able to simulate polarized processes at LO. Due to this, and
knowing that the NLO corrections to W±Z production are sizeable [164], some of these
corrections are recovered by including an additional jet in the matrix element. The showering
and merging of the two matrix element calculations is done using Pythia8 8.244. The
merging algorithm used is CKKW-L with a merging scale of 25 GeV.

Modeling of the PDF is done nominally via the NNPDF3.0NLO PDF set [165]. Its variations,
as well as some other sets, are used when evaluating the uncertainty caused by this choice.
This is discussed in more detail in Chapter 7. The sample requests can be found in Ref.
[166], while the final job options for the case of two longitudinal bosons with pZ

T ≥ 150 GeV
can be found in Ref. [167]. The other job options are stored under equivalent links with
IDs 507020 through 507034. A summary and some additional information about the signal
samples can be found in Appendix A.2.

4.3.2 Signal Simulations for Unpolarized W ±Z Production
The lack of MC generators with the ability to generate polarized samples at NLO1 necessitates
the use of a leading order + merged setup. It is important to ensure that this, as well as the
approximations made due to the decay chain syntax and the lack of polarization interference
effects, do not introduce significant mismodeling. One step in doing so is a comparison against
simulations that do not make these approximations and contain full NLO effects. This is
discussed in Chapter 6. For this and related purposes, three pre-existing MC samples are
used.

The first is generated with Powheg+Pythia8 with NLO QCD matrix elements matched
to parton showers (PS). The CT10NLO PDF set is used for the hard-scattering process, while
Pythia8 uses the AZNLO CTEQ6L1 tune [161].

Another sample used for this cross-check is generated at NLO in QCD with Mad-
Graph5_aMC@NLO and Pythia8. Unlike the Powheg+Pythia8, this one also includes
up to two jets directly from the matrix element. They are matched and merged to the
parton shower using the FxFx merging scheme [74]. The merging scale is set at 25 GeV and
the parton distribution function set is NNPDF3.0. The default dynamic renormalization and
factorization scale set by MadGraph5_aMC@NLO (option “-1”) is used [161].

Lastly, a sample generated with Sherpa 2.2.2 is used. This sample is also chosen partially
for deriving concrete uncertainties due to NLO corrections in Chapter 7 and used to generate
pseudo data for early fit validations. However, these are not shown in this thesis. The sample

1Recent developments of Sherpa make it now useable for this purpose [70]. However, these were not
available in time to be used in this work.
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is produced with up to 3 additional jets from the matrix element. The processes with zero and
one partons are generated at NLO, while the case with two and three is generated at LO. A
merging cut of 20 GeV is used alongside the NNPDF3.0 PDF set [161]. Matching and merging
are performed using the MC@NLO [149] and MEPS@NLO [168, 169] methods, respectively.

Additional information about these samples is also included in Appendix A.2.

4.3.3 Simulations for Background Processes
Besides the signal process described above, there are also other physical processes that lead
to the same final state in the detector. Those that contain the final state with at least three
leptons form the irreducible background and are estimated using MC samples directly. Such
processes can be confused for the signal when some additional particles fall outside of the
detector range or are not reconstructed due to the limited efficiency. The clearest example
of this is ZZ production, where one of the leptons can fail to be reconstructed, leading to
the identical three-lepton final state expected for W±Z production. Other processes only
mimic the signal process when another object, like a jet, is misreconstructed as a lepton.
These backgrounds are called reducible and are estimated using a data-driven approach, as
explained in Refs. [24, 26, 161, 170, 171]. However, these also make use of MC samples. An
overview of samples used for the estimation of the backgrounds is taken from Ref. [161] and
given below:

1. ZZ: Simulated with Sherpa 2.2.2 with NLO QCD accuracy for zero and one jet and
LO for two and three jets.

2. tt̄Z and tt̄W : Generated at NLO QCD with MadGraph5_aMC@NLO.

3. V V V : Sherpa 2.2.2 is used to generate these samples at NLO accuracy with no
additional jets. One and two additional jets are also included directly from the matrix
element. However, these are only simulated at LO.

4. WZjj-EW : Electroweak W±Z production is also considered as a background. It is
simulated at LO accuracy using Madgraph+Pythia8 and includes all processes that
produce an `ν``jj final state with a coupling order of α6

EW, regardless of the presence
of actual W± and Z propagators.

5. tt̄: Simulated with Powheg+Pythia8 at NLO.

6. Zγ and Wγ: Version 2.2.2 of Sherpa is used to generate these samples at NLO
accuracy.

7. Z + j: Nominally generated with Powheg+Pythia8 at NLO. Photos++ [172, 173] is
used to simulate the final QED radiation.

Some more information about the utilized background samples can be found in Ref. [161]
and in Appendix A.3.
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Chapter 5

Selection

To measure the signal process, it is necessary to separate it from all other ones occurring
in the vast number of LHC collisions. One step in doing so is requiring the collision result
to contain the expected final state particles. For that, it is first necessary that the event
contains objects that can be reconstructed as these particles. Depending on the exact particle
kinematics, there can be a significant chance that objects are reconstructed incorrectly. To
minimize the effect of this on the analysis, multiple criteria are required to be fulfilled for a
reconstructed particle to be used in the analysis. These criteria are discussed in Section 5.1.
Afterward, criteria are applied to the event as a whole, such as requiring the existence of
a pair of leptons that could reasonably come from a Z boson. These sets of criteria are
summarized in Section 5.2. Lastly, the selection applied at the truth level is discussed in
Section 5.4.

The implementation of the reconstructed level analysis was initially done by the ATLAS
group at the University of Science and Technology of China [174, 175] with early cross-checks
and validations performed by the author of this thesis [176]. This was later taken over by the
author of Ref. [161], who also performed the truth level analysis using the RIVET toolkit [177].
As such, the content of this chapter follows Ref. [161].

The reconstructed level analysis is done using Analysis Release 21.2.188 [178]. Object
calibrations and scale factors are applied following the recommendations of the combined
performance groups [179]. The samples use the STDM5 derivations (pTags 4097/4095), where
events with three leptons (e or µ) and tight slimming are preselected [180].

5.1 Object Selection
The main objects of interest in this analysis are electrons and muons. Their selection is
described in Section 5.1.1. The analysis also makes use of jets and missing transverse
momentum. The criteria for these objects to be used in the analysis are described in
Sections 5.1.2 and 5.1.3, respectively. Lastly, Section 5.1.4 summarizes the overlap removal
procedure applied to avoid using one underlying object as both a lepton and a jet.

5.1.1 Lepton Object Selection

Electrons and muons undergo a three-tiered process of object selection, categorized as baseline
leptons, Z leptons, and W leptons. These selection criteria are implemented sequentially,
with each level designed to be more stringent and encompass a narrower set of candidates
than the preceding one. Consequently, every W lepton also qualifies as a Z lepton, and both
W and Z leptons meet the criteria for baseline leptons. Baseline leptons are subject to the
least restrictive selection criteria to efficiently screen out four-lepton events. Signal leptons
must adhere to the more rigorous standards set by W and Z lepton selections to minimize
the impact of fake-lepton backgrounds.
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Muon Object Selection

Before any of the following selections are applied, the momenta of all muons are calibrated.
Baseline, Z, and W selection criteria are summarized in Table 5.1.

The pT progressing from pT > 5 GeV for the baseline selection, through pT > 15 GeV for
Z muons up to pT > 20 GeV for W ones clearly show the progression from loser to tighter
cuts. Another one is the requirement of |η| < 2.7 for baseline muons. This, alongside the
other criteria, is looser than the |η| < 2.5 applied to Z and W muons to increase the rejection
of the ZZ(∗) → ```′`′ process. See Section 5.2.1 for how this is achieved exactly.

Even for baseline muons, those with |η| < 2.5 are required to pass the lepton-vertex
association selection [181]. There are additional requirements on the significance of the track’s
transverse impact parameter relative to the beamline, as well as the longitudinal impact
parameter, z0, in the form of |d0/σd0 | < 3 and |z0 · sin(θ)| < 0.5 mm, respectively. Here z0
describes the difference between the value of z of the point on the track at which d0 is defined
and the longitudinal position of the primary vertex.

The MuonSelectionTool [182] defines working points which classify muons according to
a selection of reconstruction quality criteria. Different working points have different levels
of efficiency and background rejections. Baseline muons are required to pass the Loose
quality selection. Unlike those criteria used for the Z and W muons, this one includes
calorimeter-tagged muons. See Section 3.2.2 for a description of the types of reconstructed
muons. Z muons use the Medium quality working point, while W muons are required to pass
the criteria defined by the Tight working point.

When it comes to isolation requirements, the PflowLoose_FixedRad one is used for
baseline and Z muons, while W muons use the stricter PflowTight_FixedRad requirement.

Table 5.1: Three levels of muon object selection used in the analysis. Content from
Ref. [161].

Muon object selection
Selection Baseline selection Z selection W selection
pT > 5 GeV X X X
|η| < 2.7 X X X
Loose quality X X X
|dBL

0 /σ(dBL
0 )| < 3 (for |η| < 2.5 only) X X X

|∆zBL
0 sin θ| < 0.5 mm (for |η| < 2.5 only) X X X

PflowLoose_FixedRad isolation X X X
Overlap removal X X X

pT > 15 GeV X X
Medium quality X X

pT > 20 GeV X
Tight quality X
PflowTight_FixedRad isolation X

Electron Object Selection

The calibration of the momentum for raw reconstructed electrons involves utilizing the
ElectronPhotonFourMomentumCorrection package [183]. Every electron must satisfy object
quality criteria, ensuring the exclusion of electrons with clusters influenced by the presence
of dead FEB and high voltage regions of the detector. The selection process for candidate
electrons involves three levels, as outlined in Table 5.2. These utilize the electron CP
recommendations [184].

The transverse momentum criteria for electrons mirror those for muons. They progress
through pT > 5 GeV,pT > 15 GeV and pT > 20 GeV for baseline, Z and W electrons.
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5.1 Object Selection

Here, pT is calculated from the four-vector of an electron based on its calorimetric energy,
while direction comes from the tracker.

Also, like muons, electrons are required to have |η| < 2.5. In this case, this refers
to the value in the tracking volume. An additional criterium of |ηcluster| < 2.47 for the
reconstruction of the cluster. While baseline electrons are allowed to be reconstructed in
the region of 1.37 < |ηcluster| < 1.52, this is not allowed for those that pass the Z and W
selections. This exclusion is due to the calorimeter crack.

Each level of the electron selection imposes likelihood (LH) identification criteria on
electron candidates [185, 186]. The criteria progress through LooseLH+BLayer, MediumLH and
TightLH identification. Their respective efficiencies are in the ranges 84 − 96%, 72 − 93% and
68 − 88% for electrons with 10 < pT < 80 GeV. Like muons, electrons are required to pass
the lepton-vertex association selection [181]. They also have the same requirements on z0 of
|z0 · sin(θ)| < 0.5 mm. However, the criterium on the significance of the track’s transverse
impact parameter is changed to |dBL

0 /σ(dBL
0 )| < 5. Isolation requirements of Loose_VarRad,

HighPtCaloOnly and Tight_VarRad are required for electrons to pass the baseline, Z and
W selections, respectively.

Ambiguities between electrons and photons are removed using the EGammaAmbiguityTool.
This is only done for the W selection. Its role is to suppress the Zγ background by requiring
W selected electrons not to pass photon reconstruction. The introduced inefficiency on true
electrons from W decays is roughly ∼ 5 %. The dedicated DFCommonAddAmbiguity tagger [187]
serves as another rejection for converted photons misidentified as electrons. The inefficiency
here is ∼ 0.5 %. This is significantly outweighed by its reduction of the Zγ backgrounds by
35 % in the inclusive W±Z event selection, which is described in Section 5.2.1.

A correction to the MC due to the misidentification of the charge of the electrons is
applied. Electron charge misidentification rates differ between Monte Carlo simulations and
data. Scale factors correcting for this, as well as related uncertainties, are obtained using the
official EgammaChargeMisIdentificationTool [188] tool. These scale factors are applied to
all Z and W selected electrons.

Table 5.2: Three levels of electron object selection used in the analysis. Content from
Ref. [161].

Electron object selection
Selection Baseline selection Z selection W selection
pT > 5 GeV X X X
Electron object quality X X X
|ηcluster| < 2.47, |η| < 2.5 X X X
LooseLH+BLayer identification X X X
|dBL

0 /σ(dBL
0 )| < 5 X X X

|∆zBL
0 sin θ| < 0.5 mm X X X

Loose_VarRad isolation X X X
Overlap removal X X X

pT > 15 GeV X X
Exclude 1.37 < |ηcluster| < 1.52 X X
MediumLH identification X X
HighPtCaloOnly isolation X X

pT > 20 GeV X
TightLH identification X
Tight_VarRad isolation X
DFCommonAddAmbiguity ≤ 0 X
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5.1.2 Jet Object Selection
The jets used in this analysis are reconstructed from particle flow objects using the anti-kt
algorithm with a radius parameter of ∆R = 0.4. Jets are required to have pT > 30 GeV
and |η| < 4.5 to be considered. Calibration and uncertainties are done according to the
consolidated jet recommendations from ATLAS [189].

Jet vertex tagging is used to remove pile-up jets. This is done following the recommen-
dations in Ref. [190] by using the pile-up jet vertex taggers JVT for central jets and fJVT
for forward jets. Specifically, JVT uses the Tight working point while fJVT makes use of
its Loose working point as stated in the recommendations detailed in Ref. [190]. Also, in
accordance with the recommendations, the taggers are applied to all jets with pT < 60 GeV.
Data/MC calibrations from May 2020 are used to correct the MC efficiencies. These are
defined in Ref. [190].

5.1.3 Missing Transverse Momentum
In the analysis presented in this thesis, Emiss

T is reconstructed with the METMakerTool [191].
Calibrated electrons and muons passing the baseline selection and calibrated jets before any
selection are used as inputs for this tool. Following the Jet/ETmiss group recommenda-
tions [192], the PFlow Emiss

T reconstruction with the track-based measurement of the soft
term is used in the analysis to circumvent pile-up induced degradation of calorimeter-based
measurements of the soft term.

5.1.4 Object Overlap Removal
As most of the reconstruction algorithms are independent of each other, it is possible that
one detector signal can be reconstructed as multiple different particles.

To resolve these potential ambiguities overlap removal procedures are performed to only
keep one phyiscal particle per detector information. This is done among baseline level leptons
and jets, but with isolation and |d0/σd0 | requirements released for leptons. The applied
procedure follows the recommendations described in the Harmonization Document [193]. The
implementation is performed similarly to the AssociationUtils tool [194] in its Standard
overlap-removal configuration.

More overlap removal is performed for electrons sharing the same ID-track or those with
clusters close to each other. In each case, the most energetic electron is kept. For the ID-track,
this is classified using pT , while the cluster ET is used in the other case.

Lastly, any calorimeter-tagged muon that shares an ID-track with an electron is removed.

5.2 Event selection
Two kinds of special phase spaces are used in the following analyses. They both build
on an inclusive W±Z phase space, which has been used in other analyses studying that
process [24, 26]. This baseline phase space, as well as those built on top of it, are summarized
in this section.

5.2.1 Inclusive W ±Z events selection
The selection of W±Z candidate events is summarized in Table 5.3.

One significant background for studies of W±Z events is those with two Z bosons. They
can mimic signal events if one lepton is not identified properly or falls outside of the detector
range. This can especially be the case when tight criteria are applied to select the used
leptons. To avoid this, a “ZZ veto” is applied by counting leptons directly after overlap
removal. This means leptons passing the baseline selection without considering the isolation
and d0 significance cuts.

Next, candidate events need to have exactly three leptons in accordance with the expec-
tation of the final state. Additionally, each of these leptons needs to pass the Z selection
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5.2 Event selection

criteria. To ensure compatibility with the existence of a Z boson, the event is required to
have at least one pair of same-flavor opposite charge (SFOC) leptons. With three leptons
total, there can be two such pairs. In that case, the pair with m`` closest to the Z boson
mass is chosen as the Z boson candidate. The remaining lepton is then required to pass its
respective W lepton selection.

Increasing the transverse momentum threshold of the leading lepton to 25 GeV for the
2015 sample and to 27 GeV for 2016–2018 is done to improve the chances that the triggering
lepton is above the trigger efficiency turn-on curve.

The last two steps in the selection are targeted towards ensuring that the reconstructed
leptons originate from W and Z bosons. To do that, the SFOC lepton pair has to be close
to the literature mass of the Z boson. Specifically |M`` −MZ | < 10 GeV. For the W boson
the requirement is that the transverse mass is above 30 GeV, where the transverse mass is
defined by the W candidate lepton and the missing transverse momentum as

mW
T =

√
2p`

TE
miss
T (1 − cos ∆φ) . (5.1)

In this case, ∆φ represents the angle between the constituents in the transverse plane.
Multiple of the variables used in polarization measurements require a reconstruction of

the W -boson, specifically its center-of-mass frame. With the neutrino escaping the detector,
this is not fully possible. To get an approximate result, the literature W -boson mass is used
as a constraint to calculate the z component of the neutrino momentum [24]. This results in
a quadratic equation for the neutrino pz. The smaller solution is chosen in case multiple real
ones exist. If none exists, then the real component of the complex solutions is chosen.

Table 5.3: Overview of the inclusive event selection. Content from Ref. [161].

Inclusive event selection
Event cleaning Reject LAr, Tile and SCT corrupted events and incomplete events
Primary vertex Hard scattering vertex with at least two tracks

Trigger 2015 HLT_e24_lhmedium_L1EM20VH || HLT_e60_lhmedium || HLT_e120_lhloose
HLT_mu20_iloose_L1MU15 || HLT_mu50

Trigger 2016–2018 HLT_e26_lhtight_nod0_ivarloose || HLT_e60_lhmedium_nod0 || HLT_e140_lhloose_nod0
HLT_mu26_ivarmedium || HLT_mu50

ZZ veto Less than 4 baseline leptons
N leptons Exactly three leptons passing the Z lepton selection

Leading lepton pT plead
T > 25 GeV (in 2015) or plead

T > 27 GeV (in 2016-2018)
Z leptons Two same flavor oppositely charged leptons passing Z-lepton selection

Z invariant mass |M`` −MZ | < 10 GeV
W lepton Remaining lepton passes W -lepton selection

W transverse mass mW
T > 30 GeV

∆R ∆R(`−
Z , `

+
Z ) > 0.2, ∆R(`Z , `W ) > 0.3

5.2.2 Signal Region Definitions
The analyses performed for this thesis comprise two main measurements. The first is a
measurement of the fraction of doubly longitudinal events at high energies, discussed in
Chapter 9, and the second is a measurement to investigate the radiation amplitude zero
effect. Each of these measurements has corresponding signal regions to enhance the signal of
interest. These build on top of the inclusive W±Z selection described in the previous section
in Table 5.3. They comprise of cuts on pW Z

T and pZ
T . The pW Z

T cuts aim to reduce higher-order
effects associated with jet activity. On the one hand, this allows for easier modeling of the
processes with the existing MC generators, but it also serves to restore the RAZ effect, which
is otherwise washed out through these higher-order corrections. The latter part also has the
advantage of decreasing the size of the TT contribution and thus increasing the fraction of 00
events. Cuts on pZ

T drive the energy of the events to higher values. This results in a further
increase of the 00 fraction and pushes toward the kinematic region where the Goldstone
boson equivalence theorem holds [195, 196]. The values of the cuts are motivated by theory
papers [197, 198]. The two sets of regions are summarized in Table 5.4.
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Table 5.4: Overview of the selection criteria used to build the fiducial signal regions.
Multiple values for a cut in a region category indicate that a region exists for each of the
cut values. Content from Ref. [161].

Signal regions
Selection Radiation Amplitude Zero 00-enriched
Pass inclusive WZ event selection X X
Transverse momentum of the WZ system (pW Z

T ) < 10, 20, 40, 70 GeV < 70 GeV
Transverse momentum of the Z boson (pZ

T ) - (100, 200] , > 200 GeV

5.3 Background Estimation
The inclusive selection discussed earlier mainly aims to reduce the impact of non-WZ processes
and reaches values of around 20 % for their contribution to the total number of expected events
[26]. While this is not their purpose, the signal region cuts reduce this further to the level of
10 % [161]. Despite the small amount of non-WZ events entering our signal regions, it is still
necessary to estimate and include these background contributions in the statistical analysis.
While most of the physical processes are treated individually for this purpose, backgrounds
are grouped based on their origin into two categories for figures and tables. Specifically, the
V V V , ZZ, W±Zjj-EW and ttV processes are grouped into the Prompt category. All of
these contain three prompt leptons and are estimated directly from MC samples as described
in Section 4.3.3. The other backgrounds are combined under the Non-prompt label. These
enter the signal regions through a misidentification of a detector signal as a lepton. As this
is known to be badly modeled by MC generators, they are estimated using a data-driven
approach as mentioned in Section 4.3.3.

5.4 Truth Selection
The object and event selections defined in the previous selections are deeply tied to the
physical ATLAS detector. Values measured within them can not be interpreted without
taking the physics of the detector itself into account. With detector simulation times on the
order of minutes per event [199, 200], it is infeasible for most theoreticians to compare the
predictions of their models to results measured purely at the reconstructed level. Due to
this, it is helpful to provide measurements at the truth level where they can be compared
more easily. To do this, it is necessary to define truth-level fiducial phase spaces close to the
reconstructed level ones. Then, it is possible to transfer the results from the reconstructed
phase space to the corresponding fiducial region.

In light of this, two sets of fiducial regions are defined. They are summarized in Table 5.5.
The region without the pW Z

T and pZ
T criteria is the same as the one used for the inclusive

diboson polarization measurement [26].

Table 5.5: Overview of the selection criteria used to build the analysis signal regions.
Multiple values for a cut in a region category indicate that there exists a region for each of
the cut values. Content from Ref. [161].

Fiducial region selection RAZ 00-enriched
Lepton |η| < 2.5
pT of `Z , pT of `W [GeV] > 15, > 20
mZ range [GeV] |mZ −mPDG

Z | < 10
mW

T [GeV] > 30
∆R(`−

Z , `
+
Z ), ∆R(`Z , `W ) > 0.2, > 0.3

pW Z
T [GeV] < 10, 20, 40, 70 < 70
pZ

T [GeV] - (100, 200] , > 200 GeV
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5.4 Truth Selection

The definitions of these regions rely on particle-level objects. Their definitions follow
ATLAS recommendations [201]. They and the above event selections are chosen to be close
to their reconstructed level counterparts.

Due to that, the leptons used for these phase spaces are prompt ones, meaning that they
do not originate from hadron or τ decays. Specifically, they should be dressed leptons. These
are reconstructed by clustering all photons in a cone of ∆R < 0.1 around a bare lepton. Here,
a bare lepton is one after QCD final state radiation. This mimics the way leptons, specifically
electrons, are reconstructed in the ATLAS detector [202].

Next, the bosons are reconstructed from the leptons using the “resonant shape” algo-
rithm [24]. It is based on the estimator

P =
∣∣∣∣∣ 1
m2

(`+,`−) − (mPDG
Z )2 + iΓPDG

Z mP DG
Z

∣∣∣∣∣
2

×

∣∣∣∣∣ 1
m2

(`′,ν`′ ) − (mPDG
W )2 + iΓPDG

W mP DG
W

∣∣∣∣∣
2

. (5.2)

Here, mPDG
Z , mPDG

W , ΓPDG
Z and ΓPDG

W are the world averages for the W and Z mass and width
according to the Particle Data Group [44]. P is calculated for every possible combination
of ` − ` and ν − ` pairs that conform to the charge and flavor requirements of originating
from the Z or W boson, respectively. The assignment chosen is the one with the highest
value for P . Kinematic cuts are then applied on pT , η, mZ and mW

T , matching those in the
reconstructed region. Lastly, separation cuts of ∆R(`−

Z , `
+
Z ) > 0.2 and ∆R(`Z , `W ) > 0.3 are

applied to avoid ambiguities between overlapping leptons that can occur at the reconstructed
level.
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Chapter 6

Validation

As already mentioned in Chapter 4, the current lack of MC generators that can simulate
separate polarizations at full NLO1 requires the use of an LO + merging setup. A qualitative
validation of these samples is done in this chapter. They are performed in three steps. The
first, in Section 6.1, is a comparison of the sum of the polarized samples with full NLO
samples that only contain the coherent sum of all polarizations. Second, a comparison against
NLO calculations done by theorists is performed. This is shown in Section 6.2. A comparison
against real measured data is summarized in Section 6.3. Quantitative uncertainties are
derived from these comparisons in Chapter 7.

Most of the figures in this section are produced by the author of Ref. [161] and largely
taken directly from there.

6.1 Validation Against Unpolarized NLO Monte Carlo
In this section, the sum of the polarized signal samples is compared against the full NLO
samples from Powheg+Pythia8, MadGraph5_aMC@NLO, and Sherpa as described
in Chapter 4. If the remaining missing NLO effects, as well as the approximations done in
the polarized samples, are small, then the comparison should reveal no large deviations. The
comparisons in this section are performed at the truth level in the region with pZ

T > 200 GeV
as described in Section 5.4.

Figure 6.1 shows shape-only comparisons between different NLO generators and the sum
of polarizations for variables pW Z

T , r21
2, pT of the leptons3 and pW

T after the pZ
T > 200 GeV

selection. Figure 6.2 shows more comparisons for variables lepton η, ∆Y (WZ), cos θW , and
cos θ`(W ) between NLO and LO simulation in the same 00-enhanced phase-space. More
variables can be found in Appendix C

It can be seen that the sum of leading order samples agrees well within the band of NLO
samples.

6.2 Validation Against NLO QCD Fixed Order Calcula-
tions

Another comparison is done against calculations performed by theorists [73, 203]. These
are performed at fixed order without parton shower effects. They employ the double-pole
approximation as described in Section 2.2.4. They can not be used to simulate individual
events or perform geant4 simulation studies. However, the authors of Refs. [73, 203] have

1Recent developments in Sherpa now make it useable for this purpose [70]. However, these were not
available in time to be used in this work.

2r21 is defined as the ratio of the subleading to the leading boson momentum r21 := pT (V 2)
pT (V 1)

3The histogram is filled three times per event, once per lepton.
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(a) (b)

(c) (d)

Figure 6.1: Comparison between NLO (Powheg+Pythia8, MadGraph5_aMC@NLO
and Sherpa) and the sum of LO polarized samples for (a) pW Z

T , (b) r21, (c) pT for each
of the three leptons and (d) pW

T , in the W0Z0 enhanced phase space with pZ
T > 200 GeV.

From Ref. [161].

applied the same methods as described there to provide distributions for a phase space
matching the 00 enhanced one with pZ

T > 200 GeV as described in Section 5.4.
A comparison against them can not give a full (in)validation of the polarized Monte Carlo

samples. This is due to the lack of parton shower simulation in the provided distribution.
Additionally, only the decay channel W → eνe;Z → µµ is included in the theory calculations,
while all flavor combinations of electrons and muons are used in the polarized samples. Due
to this, the comparison is done only at the shape level. Normalization differences are not
investigated. Instead, the overall fractions as predicted by the NLO calculations and the
polarized samples are shown in Table 6.1.

Table 6.1: “Predictions of diboson polarization fractions from the NLO QCD calculations
and from the LO-merged MadGraph5_aMC@NLO samples for the signal region with
pZ

T > 200 GeV. It should be pointed out that the fractions from the NLO calculations are per-
formed at the particle level, while the fractions for LO-merged MadGraph5_aMC@NLO
samples are performed after parton showering.” From Ref. [161].

f00 f0T fT 0 fT T

NLO calculations 23.6% 5.0% 4.6% 66.8%
LO-merged 0+1 jets samples 23.8% 5.8% 5.2% 65.2%

To get at least some handle on the impact of the shower, the ratio (NLO/LOmerged)XX

(NLO/LOmerged)T T
,
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(a) (b)

(c) (d)

Figure 6.2: Comparison between NLO (Powheg+Pythia8, MadGraph5_aMC@NLO
and Sherpa) and the sum of LO polarized samples for different kinematic variables: (a)
shows the distribution of η for all the three leptons, (b) ∆Y (W Z), (c) cos θW , and (d)
cos θ`(W ), in the W0Z0 enhanced phase space with pZ

T > 200 GeV. From Ref. [161].

where XX ∈ (00, 0T, T0, TT ), is used to get an estimate of its effect. If all polarizations
share the same shape differences, as indicated by the ratios (NLO/LOmerged)XX , then it can
reasonably be assumed that these are due to the shower. This is especially the case when
considering the good agreement observed in the previous section.

Shape comparisons of ∆Y (WZ) and cos θW between the NLO calculations and the
polarized samples are shown in Figures 6.3 and 6.4, respectively. They include the comparisons
for all four polarization states. They show very good agreement between the polarized samples
and the theoretical calculations. Only the ∆Y (WZ) distribution of the 0T polarization state
shows significant deviations at high values.

Additional variables are shown in Figures 6.5, 6.6, 6.7, 6.8 and 6.9. These only show the
comparisons for the 00 and TT states for the pW Z

T , pZ
T , mW Z

T , W lepton p`
T (W ), and Z lepton

p`
T (Z) variables, respectively. The mixed states are not shown here as their overall fraction in

this region is small.
In these comparisons, it can be seen that some variables show shape differences from the

theoretical calculations. This is most visible for pW Z
T . However, the impact of the lack of a

parton shower is expected to be most relevant for exactly this variable. Due to this, it makes
sense to look at the bottom panel in the plots. While it is also not completely flat for the
pW Z

T case, it still shows that the differences are very similar between the different polarization
states, indicating that the deviations are mainly due to this modeling difference. The same
effects can be seen for most of the other variables in the set.
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(a) (b)

(c) (d)

Figure 6.3: Shape comparison between NLO calculations by theorists and MC samples for
(a) LL, (b) LT, (c) TL, (d) TT separately in the LL-enhanced phase space with pZ

T > 200 GeV
for ∆Y (W Z). The middle panel shows the ratio between the two predictions. The bottom
panel shows the ratio of ratios: (NLO/LO−merged)XX

(NLO/LO−merged)T T
with XX ∈ (LL, LT, T L, T T ). From

Ref. [161].
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(a) (b)

(c) (d)

Figure 6.4: Shape comparison between NLO calculations by theorists and MC samples for
(a) LL, (b) LT, (c) TL, (d) TT separately in the LL-enhanced phase space with pZ

T > 200 GeV
for cos θW . The middle panel shows the ratio between the two predictions. The bottom
panel shows the ratio of ratios: (NLO/LO−merged)XX

(NLO/LO−merged)T T
with XX ∈ (LL, LT, T L, T T ). From

Ref. [161].
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(a) (b)

Figure 6.5: Shape comparison between NLO calculations by theorists and MC samples
for (a) LL and (b) TT separately in the LL-enhanced phase space with pZ

T > 200 GeV for
pW Z

T . The middle panel shows the ratio between the two predictions. The bottom panel
shows the ratio of ratios: (NLO/LO−merged)XX

(NLO/LO−merged)T T
with XX ∈ (LL, T T ). From Ref. [161].

(a) (b)

Figure 6.6: Shape comparison between NLO calculations by theorists and MC samples
for (a) LL and (b) TT separately in the LL-enhanced phase space with pZ

T > 200 GeV for
pZ

T . The middle panel shows the ratio between the two predictions. The bottom panel
shows the ratio of ratios: (NLO/LO−merged)XX

(NLO/LO−merged)T T
with XX ∈ (LL, T T ). From Ref. [161].
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(a) (b)

Figure 6.7: Shape comparison between NLO calculations by theorists and MC samples
for (a) LL and (b)TT separately in the LL-enhanced phase space with pZ

T > 200 GeV for
mW Z

T . The middle panel shows the ratio between the two predictions. The bottom panel
shows the ratio of ratios: (NLO/LO−merged)XX

(NLO/LO−merged)T T
with XX ∈ (LL, T T ). From Ref. [161].

(a) (b)

Figure 6.8: Shape comparison between NLO calculations by theorists and MC samples
for (a) LL and (b) TT separately in the LL-enhanced phase space with pZ

T > 200 GeV for
p`

T (W ). The middle panel shows the ratio between the two predictions. The bottom panel
shows the ratio of ratios: (NLO/LO−merged)XX

(NLO/LO−merged)T T
with XX ∈ (LL, T T ). From Ref. [161].

51



6 Validation

(a) (b)

Figure 6.9: Shape comparison between NLO calculations by theorists and MC samples
for (a) 0 and (b) TT separately in the LL-enhanced phase space with pZ

T > 200 GeV for
p`−

T (Z). The middle panel shows the ratio between the two predictions. The bottom panel
shows the ratio of ratios: (NLO/LO−merged)XX

(NLO/LO−merged)T T
with XX ∈ (LL, T T ). From Ref. [161].
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6.3 Validation Against Data
The last validation is a comparison against real data. Care has to be taken with such
comparisons to not introduce any bias into the measurement. Due to this, data is usually
blinded until an analysis has progressed enough that it is unlikely that biases will still be
introduced. As such, comparisons were first performed in the inclusive region as it is very
close to the already unblinded region used in Ref. [26].

Since LO calculations are used for different polarization states, a LO → NLO QCD scale
factor of 1.489 is applied for the overall normalization. This is derived as the ratio of the
Sherpa sample to the sum of polarized samples in the truth-inclusive region.

As a last step, reweighting factors correcting for data-MC differences in the Njets dis-
tribution are calculated. For this the simulated WZ events are split into categories of
Njets ∈ (0, 1, 2, 3+). Then, a factor is applied to each event in this bin in such a way that
the final number of events in each of these categories matches between data and MC. The
derived values are(1.03, 0.84, 0.93, 1.42) for the categories, respectively. It has to be noted
that these factors were derived with an NLO QCD k-factors of 1.525, which was derived the
same way as above, except that the reconstructed level inclusive region was used.

Figures 6.10 to 6.13 show the comparisons for the inclusive region. In Figure 6.10 it can
be seen that the jet multiplicity reweighting results in good agreement between data and
MC. The other figures also show good modeling of most of the variables. The only visible
differences can be seen for cos θV and ∆Y (`WZ).

Figure 6.10: Comparison between data and prediction for Njets. From the author of
Ref. [161].

Later in the analysis, the data in the 00-enhanced regions was unblinded, and a comparison
to data was performed there as well. In this case, the jet multiplicity weight derived from the
inclusive region is still applied. However, the flat QCD k-factor is changed to 1.376 for the
100 <pZ

T ≤ 200 GeV and 1.324 for the pZ
T > 200 GeV region. Additionally, per sample k-factors

due to EW effects are applied. The values for each sample and region are listed in Table 6.2
and originate from calculations provided by the authors of Ref. [204]. Figures 6.14 and 6.15
show the comparisons between data and MC for the pZ

T > 200 GeV and 100 < pZ
T ≤ 200 GeV
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regions, respectively. Good agreement is observed in the 100 <pZ
T ≤ 200 GeV region. The

bin-by-bin deviations in the pZ
T > 200 GeV region are larger. However, they are still reasonably

compatible within the statistical uncertainty. Due to this, no significant mismodelling is
considered to be found.

Table 6.2: k-factors due to NLO EW effects. Content from the author of Ref. [161].

Polarization 100 < pZ
T ≤ 200 GeV pZ

T > 200 GeV
00 0.958 0.878
0T 0.982 0.964
T0 0.980 0.992
TT 0.950 0.889

(a) (b)

(c) (d)

Figure 6.11: Comparison between data and prediction for (a) Emiss
T , (b) MW

T , (c) pW Z
T ,

and (d) r21 in the W Z inclusive region. The non-prompt background is estimated using
the matrix method. From the author of Ref. [161].
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(a) (b)

(c) (d)

(e) (f)

Figure 6.12: Comparison between data and prediction for (a) reconstructed neutrino
pz, (b) rapidity difference between the `(W ) and Z boson, (c) lepton η, (d) lepton pT , (e)
the leading Z lepton pT and (f) the subleading Z lepton pT in the W Z inclusive region.
The non-prompt background is estimated using the matrix method. From the author of
Ref. [161].
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(a) (b)

(c) (d)

Figure 6.13: Comparison between data and prediction for the (a) cos θ∗
` (W ), (b) cos θ∗

` (Z),
(c) cos θV , and (d) ∆φ between the W and Z leptons in WZ rest frame in the W Z inclusive
region. The non-prompt background is estimated using the matrix method. From the
author of Ref. [161].
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(f)

Figure 6.14: Comparison between data and prediction for (a) |∆Y (`W Z)|, (b) pW Z
T , (c)

pT (`W ), (d) pT (`Z
2 ), (e) cosθ`Z and (f) cosθ`W in the 00 enhanced region with pZ

T > 200 GeV.
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(f)

Figure 6.15: Comparison between data and prediction for (a) |∆Y (`W Z)|, (b) pW Z
T ,

(c) pT (`W ), (d) pT (`Z
2 ), (e) cosθ`Z and (f) cosθ`W in the 00 enhanced region with

100 < pZ
T ≤ 200 GeV. The y-axis labels in these and similar figures of “Events/X” fol-

low the ATLAS Style Guide [205–207]. The X indicates the nominal bin size and for a bin
of width “Size”, the y-axis reports the bin’s events multiplied by X/Size.
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Chapter 7

Uncertainties

This chapter discusses all the sources of uncertainties affecting the measurements performed in
this thesis. Section 7.1 covers all sources related to the experimental setup. Background-related
uncertainties are summarized in Section 7.2. Lastly, uncertainties affecting the modeling of
the signal predictions are described in Section 7.3.

7.1 Experimental Systematic Uncertainties
The first part of this section describes the uncertainty of the total luminosity measurement.
The rest describes uncertainties related to the physics objects used in this thesis. As these
are independent of any specific process or analysis, they are derived centrally by dedicated
combined performance groups within ATLAS. They compile sets of variations covering all
potential uncertainties. These typically include uncertainties in the object identification,
reconstruction, isolation, and kinematics measurements. These variations are then applied
to all MC samples and have their effects propagated to the final yields and distributions.
Depending on the analysis, full or reduced sets of uncertainties can be used. The following
sections summarize which sets and variations were used in this work.

7.1.1 Luminosity
The uncertainty in the combined 2015–2018 integrated luminosity is 0.83 % [156]. It is
obtained using the LUCID-2 detector [158]. This uncertainty is applied to all processes that
have their normalization estimated from MC. These are all the processes considered, except
for the fake background, which uses a data-driven method. The uncertainty is applied in
both the fraction measurement discussed in Chapter 9 as well as the RAZ measurement in
Chapter 11.

7.1.2 Muons
Uncertainties for muons are derived by the Muon Combined Performance group. Information
about muon reconstruction and how specific uncertainties are estimated can be found in
Ref. [112]. Table 7.1 summarized the specific muon-related variations used in this thesis.
These names later appear again in plots and descriptions related to the final measurements.

7.1.3 Electrons
A description of electron and photon reconstruction and associated uncertainties can be
found in Refs. [110, 111]. As this analysis is very much statistically dominated and does not
independently measure in different bins of η, the reduced ‘1NP_v1’ model is used [161, 183].
It combines all physical effects in quadrature and considers them fully correlated across the
whole η range of the detector. The final list of electron and photon-related uncertainties is
shown in Table 7.2.
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Table 7.1: Summary of uncertainties related to muon measurements.

Nuisance parameter name Description
MUON_EFF_ISO_STAT Muon statistical isolation efficiency uncertainty
MUON_EFF_ISO_SYS Muon systematic isolation efficiency uncertainty
MUON_EFF_RECO_STAT Muon reconstruction and identification efficiency statistical uncertainty for pT > 15 GeV
MUON_EFF_RECO_STAT_LOWPT Muon reconstruction and identification efficiency statistical uncertainty for pT < 15 GeV
MUON_EFF_RECO_SYS Muon reconstruction and identification efficiency systematic uncertainty for pT > 15 GeV
MUON_EFF_RECO_SYS_LOWPT Muon reconstruction and identification efficiency systematic uncertainty for pT < 15 GeV
MUON_EFF_TTVA_STAT Muon statistical track-to-vertex association efficiency uncertainty
MUON_EFF_TTVA_SYS Muon systematic track-to-vertex association efficiency uncertainty
MUON_ID Muon momentum resolution uncertainty: Inner detector
MUON_MS Muon momentum resolution uncertainty: Muon system

MUON_SAGITTA_RHO
“Variations in the scale of the momentum (charge-dependent),
based on combination of correction on combined (Z scale)
and recombination of the corrections” From Ref. [208]

MUON_SAGITTA_RESBIAS “Variations in the scale of the momentum (charge-dependent),
based on the residual charge-dependent bias after correction” From Ref. [208]

MUON_SCALE Muon momentum scale uncertainty

Table 7.2: Summary of uncertainties related to electron measurements.

NP name Description
EG_RESOLUTION_ALL Electron and photon energy resolution uncertainty
EG_SCALE_ALL Electron and photon energy scale uncertainty
EG_SCALE_AF2 Electron and photon Atlas Fast sim. energy scale uncertainty
EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR Electron isolation efficiency uncertainty
EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR Electron identification efficiency uncertainty
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR Electron reconstruction efficiency uncertainty

7.1.4 Jets

Systematic variations on the jets are applied through the dedicated ATLAS “JetUncertain-
tiesTool”. Separate uncertainties are provided related to jet energy scale and jet energy
resolution [209]. For the first, a ‘GlobalReduction’ model is used. It combines the nearly 100
nuisance parameters into a set of just 20 and is intended for analyses not used within combi-
nations. Similarly, a ‘SimpleJER’ model is used for the jet energy resolution uncertainties.
This combines 34 original nuisance parameters down to 8. Additionally, smearing is only
applied to MC events. These sets are appropriate as the analyses do not directly consider or
apply cuts on jets. The list of resulting nuisance parameters is given in Table 7.3

7.1.5 Missing Transverse Momentum

As described in Chapters 3 and 5, missing transverse momentum is reconstructed using a
hard and a soft term. Uncertainties on the hard term come directly from the uncertainties
of the relevant object described in the previous sections. Additional uncertainties are then
applied for the soft term [191, 210]. The resulting uncertainties are shown in Table 7.4.

More details on the reconstruction and evaluation of the uncertainties for Emiss
T are

described in Ref. [117].

7.1.6 Flavor tagging

Flavor tagging is performed using the neural-network-based DL1r tagger. More informa-
tion about flavor tagging and corresponding uncertainty determination can be found in
Refs. [211, 212]. The total number of sources of uncertainties in the tagging is reduced from
O(100) to O(10) through the use of eigenvector decomposition [213, 214].

The final set of flavor tagging uncertainties used in the analysis is given in Table 7.5.
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Table 7.3: Summary of uncertainties related to jet measurements.

NP name Description
JET_EtaIntercalibration_NonClosure_2018data Jet η inter-calibration non-closure in 2018 data
JET_EtaIntercalibration_NonClosure_highE Jet η inter-calibration non-closure at high energyy
JET_EtaIntercalibration_NonClosure_negEta Jet η inter-calibration non-closure for negative η
JET_EtaIntercalibration_NonClosure_posEta Jet η inter-calibration non-closure for positive η
JET_EtaIntercalibration_TotalStat Jet η inter-calibration statistical uncertainty
JET_EtaIntercalibration_Modelling Jet η inter-calibration modelling uncertainty
JET_Grouped_NP_[1-3] Jet energy scale uncertainty 1-3
JET_Effective_NP_[1-7] Jet energy scale uncertainty from the in situ analysis grouped
JET_Effective_NP_8restTerm Remaining uncertainty from the from the in situ analysis
JET_BJES_Response Jet energy scale uncertainty on b-jets
JET_fJvtEfficiency Forward-Jet-Vertex-Tagging (fJVT) efficiency uncertainty
JET_JvtEfficiency Jet-Vertex-Tagging (JVT) efficiency uncertainty
JET_Flavor_Composition Jet flavour composition mismodelling uncertainty
JET_Flavor_Response Jet flavour response mismodelling uncertainty
JET_JER_DataVsMC_MC16 Jet energy resolution based on the difference between data and MC
JET_JER_EffectiveNP_[1-6] Jet energy resolution (JER) uncertainties 1-6
JET_JER_EffectiveNP_7restTerm Remaining jet energy resolution (JER) uncertainty

JET_Pileup_OffsetMu Pileup dependent uncertainty for the offsets
of the mean number of interactions per bunch crossing

JET_Pileup_OffsetNPV Pileup dependent uncertainty for the offsets
of the number of primary vertices

JET_Pileup_PtTerm Pileup dependent uncertainty of the pT term
JET_Pileup_RhoTopology Pileup dependent uncertainty of the ρ topology
JET_PunchThrough_MC16 Uncertainty related to very high energy jets which escape the detector
JET_SingleParticle_HighPt Jet energy scale uncertainty from behaviour of high pT jets

Table 7.4: Summary of uncertainties related to met measurements.

NP name Description
MET_SoftTrk_ResoPara MET track-based soft term resolution uncertainty along the pT -Hard axis
MET_SoftTrk_ResoPerp MET track-based soft term resolution uncertainty perpendicular to the pT -Hard axis
MET_SoftTrk_Scale MET track-based soft term offset along the pT -Hard axis

7.1.7 Pileup
Systematic uncertainties of the pileup reweighting are evaluated through the use of a dedi-
cated “PileupReweightingTool” [215, 216], which is also used to perform the nominal pileup
reweighting. They are realized by changing the value of a ‘DataScaleFactor’ used to improve
agreement between data and MC. The corresponding uncertainty in the analysis is named
PRW_DATASF.

7.2 Uncertainties on Background Contributions
Uncertainties on the non-prompt background are determined as part of the data-driven
approach, giving the nominal estimation of the background. This is described in Ref. [161].

In the final analysis, they are represented by two variations:

FakeBkg_Stat: Uncertainty due to the limited statistics available for the background
estimation

FakeBkg_MetCut: Uncertainty describing the impact of the choice of Emiss
T cut on the

estimation. Here the cut value is varied between the nominal 25/30 GeV and 50 GeV
for the up and 20 GeV for the down variation.

Table 7.5: Summary of uncertainties related to flavor tagging measurements.

NP name Description
FT_EFF_Eigen_B_[0-8] flavor-tagging efficiency uncertainties for b-jets 0-8
FT_EFF_Eigen_C_[0-3] flavor-tagging efficiency uncertainties for c-jets 0-3
FT_EFF_Eigen_Light_[0-3] flavor-tagging efficiency uncertainties for light jets 0-3
FT_EFF_extrapolation Uncertainty from extrapolating the tagging weights to high pT for b-jets
FT_EFF_extrapolation_from_charm Uncertainty from extrapolating the mistagging to high pT for c-jets
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For the prompt backgrounds, flat normalization uncertainties are applied. Their overall
size is estimated either from scale and pdf uncertainties or through differences between
predicted and observed cross-sections in dedicated analyses. The chosen values for each
process alongside sources motivating the values are given in Table 7.6.

Table 7.6: Background normalization uncertainties applied in the analysis.

Sample Unc. Source
ZZ 15 % [217–219]
tt+ V 13 % [220, 221]
WZjj-EW 20 % [222]
V V V 20 % [223]

7.3 Signal Modeling Uncertainties
The last category considered is modeling uncertainties. These are process-specific uncertainties
that arise due to an incomplete understanding of the processes of interest at the theoretical
level. Some sources of such uncertainties are common to many ATLAS analyses. For
these recommendations by the ATLAS Physics Modelling Group (PMG) exist [224]. A
dedicated tool (PMGSystematicsTool) is provided for calculating these uncertainties [225].
These recommendations are provided and followed for the PDF 7.3.1, strong coupling 7.3.2,
scale 7.3.3 and shower 7.3.4 uncertainties. Additional uncertainties are derived from the
remaining NLO QCD and EW effects. For these, no central recommendations exist. The
estimation is described in Sections 7.3.5 and 7.3.6, respectively.

The derivation and implementation of most of these uncertainties were performed by the
author of Ref. [161], while the author of this thesis did the derivation of the nominal NLO
EW uncertainties.

7.3.1 Parton Distribution Function (PDF)
As mentioned in Chapter 4, the PDF set used for the simulation of the signal samples is the
NNPDF 3.0 PDF set. The central PDF used is the one with the number 260000. Following
the PDF4LHC recommendations [226, 227] a 68 % confidence level for the PDF uncertainty
has been obtained.

The PDF uncertainty is computed using 100 replicas of the NNPDF 3.0 PDF set. For
each bin i, this is done according to

∆PDFNi =

√√√√ 1
(nrep − 1)

nrep∑
k=1

(
N

(k)
i,NNPDF − 〈Ni,NNPDF〉

)2
, (7.1)

where k ∈ 0, 1, 2.......nrep and nrep = 100, while k = 0 corresponds to the central PDF. Here,
the mean of the PDFs is computed as

〈Ni,NNPDF〉 = 1
nrep

nrep∑
k=1

N
(k)
i,NNPDF . (7.2)

Other PDF sets such as PDF4LHC15_nlo_30_pdfas [226], CT14nlo [228],
MMHT2014nlo68clas118 [229] were also investigated. However, they are not used further in
this work as their inclusive cross-sections were found to be within 68% confidence interval
determined from the NNPDF replicas [161]. The uncertainty is included in the fit under the
name theo_PDFUncertainty.
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7.3.2 Strong Coupling αS

Following the recommendation in Ref. [226], the PDF and αs uncertainties are calculated and
combined, where variations of αs = 0.117 and αs = 0.119 are used along with the nominal
value of αs = 0.118. For the calculations, refer to Equation 7.3.

The uncertainty in the i-th bin due to the variation of the αs, evaluated at the mass of
the Z boson, used is calculated as follows:

∆αsNi =
∣∣∣∣Ni(αs = 0.119) −Ni(αs = 0.117)

2

∣∣∣∣ . (7.3)

These values come from the value and uncertainty of αS(mZ) according to the Particle Data
Group [44]. In the fraction measurement, this uncertainty is included in the PDF uncertainty
described in the previous section by adding it in quadrature to the result shown there. In the
RAZ measurement, it is included as a standalone uncertainty.

7.3.3 Scale
As described in Chapter 4, the matrix element of a process does not only depend on the
kinematics of the incoming and outgoing particles but also the (unphysical) renormalization
µR and refactorization µF scales. These scales would not have an impact if calculations could
be performed to all orders of perturbation theory. However, this is (currently) not possible.
Due to this, a procedure is employed to estimate the impact of the choice of these scales
on the measurement. This is done by varying each scale independently to values of 0.5, 1.0,
and 2.0 of its nominal value. Out of all the nine possible combinations, the variations with
{µR, µF } ∈ ({0.5, 2.0}, {2.0, 0.5}) are discarded to avoid large logarithms coming from the
large scale differences [224].

The uncertainty on the expected number of events Ni in bin i is then calculated by

∆scaleNi = max
j

|Ni(µR,i, µF,i) −Ni(µR,0, µF,0)| , (7.4)

where j and 0 represent the j-th scale variation and central scale, respectively. In the fraction
measurement, this uncertainty is listed as theo_ScaleUncertainty.

7.3.4 Parton Shower
Technical issues with Herwig prevented the generation of samples that use an alternative
generator for showering of the signal samples. Instead, uncertainties are derived by using eigen-
variations of the A14 tune. These cover variations of ISR/FSR/MPI and color reconnection
parameters in an independent way.

The recommendation is to estimate the effect of the five up and five down variations.
Then, variations with small effects on the observables of interest should be neglected. Finally,
the remaining ones are to be summed in quadrature.

An inspection of the individual variations showed that only one had a significant impact on
the observables used in the fraction and RAZ measurements. As such, the maximum deviation
between its up and down component towards the nominal is used as the full showering
uncertainty. The name of this uncertainty in the fit is theo_ShwrEigenTuneUnc.

7.3.5 NLO QCD
While good agreement between the signal samples and NLO samples and calculations were
found in Sections 6.1 and 6.2, some differences were still observed. To account for this, an
uncertainty is added.

The NLO QCD corrections are applied based on the strategy used by the ZZ polarization
analysis [230, 231] as well as the inclusive W±Z polarization analysis [26]. A binwise k-factor
is applied to each polarized sample individually by reweighting distributions of a variable
having a significant impact on the results. For the RAZ regions, ∆Y (`WZ) is used for

63



7 Uncertainties

reweighting while unfolding the ∆Y (`WZ) distribution, and ∆Y (WZ) is used for reweighting
while unfolding the ∆Y (WZ) distribution. For the 00 signal regions, the variables used for
reweighting are ∆Y (`WZ) and cos θW .

Two types of corrections are used:

1. NLO QCD (without interference): The basic QCD reweighting factor for each polarized
sample is derived as

kfactor = MoCaNLOParton
Pol

MGLOParticle
Pol

× Sherpa-NLOParticle
Incl

MoCaNLOParton
Incl

, (7.5)

where ‘Pol’ indicates the sample for which the uncertainty is derived and ‘Incl’ refers
to samples without a split of polarization, so the coherent sum of all polarizations,
including interference effects. The MoCaNLO input distributions are provided by the
authors of Refs. [204, 232, 233], while MGLO refers to the signal samples described in
Section 4.3.1 and Sherpa-NLO to the Sherpa 2.2.2 sample mentioned in Section 4.3.2.
The first term reweights the respective polarized MadGraph sample to NLO. This also
removes parton shower effects as these are not present in the MoCaNLO distributions.
To account for this, the second term is used to add them back.
After the NLO QCD k-factor is applied, the interference effect

InterfReco
NLO =

(
1 −

∑
Pol MoCaNLOParton

Pol
MoCaNLOParton

Incl

)
× Sherpa-NLOReco

Incl , (7.6)

is subtracted from it via

RewtFactor(without interference) = Sherpa-NLOReco
Incl − InterfReco

NLO∑
Pol
(
MGLOReco

Pol × kfactor,Pol
) . (7.7)

The same variables are used for calculating the NLO QCD and interference weights.
The total QCD correction is then the product of these two factors

kfσQCD = kfactor ×RewtFactor(without interference), (7.8)
dσNLO QCD = dσMG-LO × kfσQCD , (7.9)

where the d indicates distributions.
The uncertainty is calculated by taking the difference between this reweighted distribu-
tion and the nominal distribution, which has a constant NLO QCD kfactor applied.

d∆QCD = dσNLO QCD −Nominal (7.10)

2. NLO QCD (with interference): Here, Equation 7.5 is still applied, but instead of
Equation 7.7, Equation 7.11 is used:

RewtFactor(with interference) = Sherpa-NLOReco
Incl∑

Pol
(
MGLOReco

Pol × kfactor,Pol
) . (7.11)

kfσQCD(w.Inter) = kfactor ×RewtFactor(with interference) (7.12)
dσNLO QCD(w.Inter) = dσMG-LO × kfσQCD(w.Inter) (7.13)

The uncertainty is applied to the nominal distribution as the difference between the
NLO QCD correction with and without interference.

d∆QCD(Inter Only) = dσNLO QCD(w.Inter) − dσNLO QCD (7.14)

The uncertainties are referred to, respectively, as theo_NLOQCDCorr_Unc_rewt and
theo_NLOQCDCorrOnlyInter_Unc_rewt. Each of them exists twice in the fit with the used
variable appended to this name. The same is true for the NLO EW uncertainties discussed in
the next section.
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7.3.6 NLO EW
Next-to-Leading order corrections from the electroweak theory are expected to become sizeable
at higher energies. Thus, it is of interest to incorporate these in the measurement. Just as
with NLO QCD correction, there is currently no MC generator that can generate polarized
samples with them included. Due to this, a similar approach is taken as in the previous
section. It uses calculations at both NLO QCD and NLO EW. Such corrections have become
available for W±Z production with both bosons in a definite polarization state [204, 232, 233].
These calculations have been provided by the authors of the above papers for all signal regions
of the RAZ and 00 fraction measurements.

Figures 7.1 and 7.2 show comparisons of ∆Y (`WZ) and ∆Y (WZ) distributions between
the theoretical calculations for NLO QCD+EW and NLO QCD in the RAZ regions with
pW Z

T < 70 GeV. In this region, the corrections are relatively small and mostly flat in the
shape of the variables of interest.

The situation is different in the regions used to extract the 00 polarization fraction.
Examples for the region with pZ

T > 200 GeV are shown in Figures 7.3 and 7.4. Clear impacts
on the shapes of ∆Y (`WZ) and the average pT of the three leptons can be seen. Both
variables show sensitivity to the polarization of the bosons and are thus of interest in the
fraction measurement. To account for these effects, a reweighting approach similar to the one
described in Section 7.3.5 is taken to estimate uncertainties from these values. Specifically,
binwise corrections are calculated for two variables, ∆Y (`WZ) and the average pT of the
three leptons, via

kfσQCD+EW/QCD = dσQCD+EW/dσQCD (7.15)
dσNLO QCD+EW = dσMG-LO × kfσQCD × kfσQCD+EW/QCD (7.16)
d∆EW Only = dσNLO QCD+EW − dσNLO QCD (7.17)

where kfσQCD and dσNLO QCD are the QCD k-factors and corrections from Equations 7.8
and 7.9, respectively. In the RAZ measurement, the corrections are calculated directly for
the studied variables ∆Y (`WZ) and ∆Y (WZ). This uncertainty can be identified in the fit
as theo_NLOOnlyEWCorr_Unc_rewt.

Combining NLO QCD+EW Uncertainties

When using both NLO QCD and NLO EW corrections, there is always a question regarding
how they should be combined. Generally, there are two approaches [230, 231]. An additive
one

dσNLO+
= dσLO × (1 + δQCD + δEW), (7.18)

and a multiplicative one

dσNLO×
= dσLO × (1 + δQCD) × (1 + δEW), (7.19)

with
δQCD = d∆σQCD

dσLO
, δEW = d∆σEW

dσLO
. (7.20)

The nominal approach used in Equation 7.16 is equivalent to the additive one as

dσNLO QCD+EW = dσMG-LO × kfσQCD × kfσQCD+EW/QCD (7.21)

= dσLO × (((((((dσLO + d∆QCD

dσLO

× dσLO + d∆QCD + d∆EW

(((((((dσLO + d∆QCD
(7.22)

= dσLO × dσLO + d∆QCD + d∆EW

dσLO

(7.23)

= dσLO × (1 + δQCD + δEW). (7.24)

Here, MG-LO is the calculation from 0+1 jet MG samples, and LO is the actual theoretical
leading order calculation without any jets.
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7 Uncertainties

The multiplicative combination corrections are also calculated. Here, d∆σEW is also
determined through distributions generated by a program provided by the authors of Ref. [204].
They are added as an uncertainty using the difference to the nominal additive approach

d∆Multi Only = dσNLO×
− dσNLO+

, (7.25)

using the name theo_NLOOnlyMultiCorr_Unc_rewt.
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Figure 7.1: Comparison between NLO QCD + EW and NLO QCD of ∆Y (`W Z)
for the four polarizations in the RAZ region pW Z

T < 70 GeV. Shown are the compar-
isons for (a) 00, (b) 0T, (c) T0 and (d) TT. Additionally shown is (e) a comparison of
NLO(QCD+EW)/NLO(QCD) for the four polarizations.
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Figure 7.2: Comparison between NLO QCD + EW and NLO QCD of ∆Y (W Z) for
the four polarizations in the RAZ region pW Z

T < 70 GeV. Shown are the comparisons
for (a) 00, (b) 0T, (c) T0 and (d) TT. Additionally shown is (e) a comparison of
NLO(QCD+EW)/NLO(QCD) for the four polarizations.
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Figure 7.3: Comparison between NLO QCD + EW and NLO QCD of ∆Y (`W Z) for
the four polarizations in the 00 enhanced region with pZ

T > 200 GeV. Shown are the
comparisons for (a) 00, (b) 0T, (c) T0 and (d) TT. Additionally shown is (e) a comparison
of NLO(QCD+EW)/NLO(QCD) for the four polarizations.
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Figure 7.4: Comparison between NLO QCD + EW and NLO QCD of the average lepton
pT for the four polarizations in the 00 enhanced region with pZ

T > 200 GeV. Shown are the
comparisons for (a) 00, (b) 0T, (c) T0 and (d) TT. Additionally shown is (e) a comparison
of NLO(QCD+EW)/NLO(QCD) for the four polarizations.
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Chapter 8

Multivariate Analysis

To be able to measure smaller and smaller cross-sections, such as those of processes at the
bottom right of Figure 8.1, it is necessary to utilize as much of the available information
about the process of interest as possible. Doing so with the magnitude of available kinematic
variables and their correlations has proven to be increasingly difficult for humans to do
manually. As such, analysis strategies have slowly shifted from trying to optimize signal
region cuts and fit variable selection by hand to utilizing multi-variate approaches instead.
When following such a strategy, the manual tuning is reduced to a minimum and mainly done
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Figure 8.1: “Summary of several Standard Model total and fiducial production cross-
section measurements .... The measurements are corrected for branching fractions, compared
to the corresponding theoretical expectations. In some cases, the fiducial selection is different
between measurements in the same final state for different center-of-mass energies

√
s,

resulting in lower cross-section values at higher
√

s.” From Ref. [234].

to select the specific physics target of interest as well as work around known mismodelings in
detector or MC simulation.

While the general process of W±Z production is not at such a low cross-section, the
focus on the 00 polarization, as well as the additional kinematic cuts, still necessitates the

71



8 Multivariate Analysis

use of such an approach. The one used in this work makes use of boosted decision trees as
implemented in ROOT’s [235] Toolkit for Multivariate Data Analysis (TMVA). The following
section gives a brief introduction to this topic. A more thorough description, as well as more
technical implementation details, can be found in the TMVA user guide [236].

This chapter first covers the basics of boosted decision trees in Section 8.1. Afterward,
the concrete setup and optimization procedure used for the classifier in the signal region with
pZ

T > 200 GeV is described in Sections 8.2 and 8.3, respectively. Finally, Section 8.4 presents
the similarities and differences for the setup used in the region with 200 GeV > pZ

T > 100 GeV.

8.1 Boosted Decision Trees
One of the simplest multi-variate classifiers imaginable is a decision tree. Such a tree classifies
events by taking individual yes/no decisions until a leaf node is reached. The classification of
that event is then determined by which leaf node it arrived at. Each decision is only based on
a singular variable. This effectively splits the parameter space into multiple hypercubes, each
identified as signal- or background-like. Figure 8.2 shows an example of such a decision tree.

Figure 8.2: “Visualization of a single binary decision tree from the set of trees in the
baseline BDT. Events are classified by evaluating the selection indicated in the current
node (rounded rectangles) starting from the root node on the left. Events passing the
indicated cut in each node follow the upper edge, those failing, follow the lower edge. Once
a leaf node (circle) is reached the event is classified depending on whether the leaf node
has a signal purity of more than 50% (signal leaf node), or as background otherwise. The
signal purity in each node is indicated in grey below each node.” From Ref. [237].

An individual decision tree is built iteratively. The starting point for “growing” such a
tree is a root node containing the entire signal and background samples. These are supplied
as vectors of selected observables for each event. This and subsequent nodes are then each
split into two new ones. To determine how a given node should be split, a search over the
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8.1 Boosted Decision Trees

available variables is performed. For each variable, the possible cut values are determined by
the nCuts options. Based on this, nCuts equidistant values between the variable’s minimum
and maximum value in the training dataset are tried. A node is then split into two nodes
based on the Gini Index p · (1 − p), where p = S

S+B is the signal purity. The variable and
cut value that the splitting should be based on are chosen such that the increase in the Gini
Index is maximized. This is assessed by comparing the weighted averages of the child nodes’
indices to the Gini Index value of the parent node. The weighting is done according to their
relative fractions of events. Nodes are split until either the depth of the tree is at the value of
MaxDepth or the fraction of events in a node compared to the total training sample is smaller
than MinNodeSize. Any node not split further is a leaf node and is classified as signal if the
purity is larger than 0.5 and as background otherwise.

8.1.1 Boosting
To improve classification performance and reduce the influence of statistical fluctuations, a
boosting approach is used. The main idea is to combine multiple base functions with low
discriminative power, so-called “weak learners”. Instead of using a single decision tree for
the classification, a collection of multiple trees is trained and combined. The final boosted
decision tree classifier has the form

F (x;P ) =
M∑

m=0
βmf(x; am); P = {(βm, am) | m = 0, 1, 2, . . . ,M} (8.1)

with x being the observable vectors for each event, f(x; am) the individual trees with parame-
ters am, and βm the real numbered weight of each tree.

The role of the boosting procedure is now to find the parameters P such that the classifier
has the smallest deviation to the true value y. This deviation is measured using a loss function
L(F, y), which defines the boosting procedure. As optimizing the whole loss function for the
full boosted decision tree with all its weights and parameters of each tree is not feasible, an
iterative approach is used. Here, a tree is added one by one with its parameters and weight
optimized to minimize the total loss while leaving all the previous trees intact:

(βm, am) = arg min
β,a

N∑
i=1

L(fm−1(xi) + βf(xi; a), yi), (8.2)

where fm−1 is the BDT up to the previous iteration, f is the current tree to be added and xi

is the observable vector for event i out of N . This is done until the number of trees matches
the specified NTrees.

The boosting algorithm employed in this work is TMVAs Grad implementation of gradient
boosting and uses a loss function

L(F, y) = ln(1 + e−2F (x)y), (8.3)

where y is the vector of target labels. Unlike the earliest and most popular boosting method,
AdaBoost [238], this loss function is more robust to outliers. However, it does not possess
as easy a boosting algorithm. Instead, the minimization is done via steepest-descent. For
this, the gradient of the loss function is calculated with respect to the predictions of the
BDT of the previous iteration fm−1(x). The tree for the new iteration is then grown and
adjusted to approximate this gradient. The addition of this new tree represents a step along
the negative gradient. The value of βm, controlled through the Shrinkage setting, then takes
the role of a step length or learning rate. A value below one can increase the robustness of
the BDT. To increase the stability of the classifier even further, the boosting is combined
with a bagging-like resampling procedure. Here, every tree is trained only on a fraction of
the whole sample. This option is enabled through the UseBaggedBoost switch. The value of
BaggedSampleFraction controls the fraction of events that each tree sees.

In practice, the constituent trees forming a BDT constructed through gradient boosting
are typically regression trees. These represent a generalization of decision trees. Unlike
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decision trees, where every leaf is labeled as signal or background, regression trees assign
labels from a continuous range of numbers that are indicative of the node’s signal purity.

More information about the used implementation can be found in Ref. [236], and a more
in-depth discussion of boosting is shown in Ref. [239].

8.2 Training Setup
This section summarizes the overall setup for the BDT used in this work. The implementation
uses an interface to TMVA and was developed for Ref. [237].

While multiple settings mentioned in the previous section are optimized with the procedure
described in Section 8.3, some are fixed from the start. As mentioned in the previous section,
one of these is the chosen boosting algorithm, which is set as BoostType = Grad. Bagging is
enabled by setting UseBaggedBoost and the fraction of events that each tree sees is set to 60 %
via BaggedSampleFraction = 0.6. As not many events with negative weights are expected,
they are treated as normal using the default setting of NegWeightTreatment = pray.

All other settings not specified here or listed for optimization in Section 8.3 are kept at
their default values.

8.2.1 Training Inputs
The BDT is trained to discriminate the 00 polarization (signal) state against all the other
polarization states (background). The training does not include the other non-WZ-QCD
background processes due to their low impact and MC statistics in this region. The signal
and background sets are split into two statistically independent sub-samples according to the
parity of each event’s EventNumber. The classification method is trained on the first sample,
the training sample, to create the BDT score distribution. It is then tested on the second
sample to check the performance and potential overtraining of the classifier.

8.2.2 Training Variables
The training is performed using the events that pass the selection defined in Section 5.2.2. The
procedure for building BDTs, as described in the previous section, has two major shortcomings
that necessitate a preprocessing of the input variables to achieve the best performance possible.

The first is the fact that, at any point, only one-sided cuts are considered. Window cuts
are only possible through two individual cuts at different layers but in the same branch of a
tree. However, these are not guaranteed to be tried as it is unlikely that the first of the two
cuts required would be the one with the highest separation power. As such, it is useful to use
the absolute value for variables that are symmetric around zero but have a difference in their
absolute values between signal and background.

The second concerns variables containing long but small tails in their distribution. For
a fixed value of nCuts, the tried cut values for building a tree are taken from equidistant
values between the maximum and minimum values of the variable. As such, long tails or a
single outlier event at extremely high energy can cause very few cuts to be tested in regions of
interest at lower energy. To circumvent this issue, two transformations are applied. The first
is the use of logarithms for momentum-related distributions. This significantly reduces the
impact of outlier events and long tails. Additionally, many distributions have hard minimum
and maximum thresholds applied. This replaces events with low or high values with the
respective threshold value.

The sensitivity of several observables to the different diboson polarization states was
investigated. Table 8.1 shows the full list of observables considered for the training. It also
includes the transformations applied to the variables in the two signal regions as well as
values for the following figures of merit when using nCuts = 20. For all evaluation metrics
n1,i (h1,i) and n2,i (h2,i) are the values of the ith bin of the normalized (cross-section scaled)
distributions of the two input histograms. In this case, these are usually the signal and
background histograms.
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• Non-overlap (fN-O):

fN−O(n1, n2) = 1 − fO = 1 −
Nbins∑
i=1

min(n1,i, n2,i) (8.4)

The non-overlap represents the difference in the overlap of the two normalized distribu-
tions from one. If both distributions are identical, then their minimum is always their
value, the sum of which is one. As such, two identical distributions have a Non-overlap
of zero. Differences between the two distributions lead to larger values up to 1.

• Separation (fSep):

fSep(n1, n2) = 1
2

Nbins∑
i=1

(n1,i − n2,i)2

n1,i + n2,i
(8.5)

The separation is a performance evaluation metric for normalized distributions, already
implemented in TMVA [236] and originally from Ref. [240]. For the calculation, bins
where both contributions are zero are skipped. Identical distributions have a separation
of zero, while differences in the shapes lead to larger values up to one.

• Reduced χ2 (fred. χ2):

fred. χ2(n1, n2) = 1
Nbins − 1

Nbins∑
i=1

(n1,i − n2,i)2

∆n2
1,i + ∆n2

2,i

(8.6)

The χ2-test is commonly used to evaluate the compatibility of two distributions. Identical
distributions lead to a value of zero, while compatible distributions are indicated by
values around one. For incompatible distributions, this value can grow arbitrarily large,
depending on the uncertainties.

• Approximated ROC-integral (fROC):

AUC =
Nbins∑
i=1

(min(Rej(B)i, Rej(B)i−1) × (Eff(S)i−1 − Eff(S)i)) , (8.7)

where

Rej(B)0 = 0
Eff(S)0 = 1

Rej(B)i =
∑i−1

j=1 nB,j∑Nbins

j=1 nB,j

Eff(S)i =
∑Nbins

j=i nS,j∑Nbins

j=1 nS,j

The receiver operating characteristic (ROC) curve describes the background rejection
over the signal acceptance of a classifier. The integral under this curve (AUC) is a
common metric to evaluate classifiers. Random classifiers have a value of 0.5, while a
perfect classifier achieves an integral of 1. In this context of quantifying the compatibility
of two distributions larger values, up to 1, indicate that the distributions are different.
A value close to 0.5 indicates similar or identical distributions, while values below 0.5
are representative of an anti-classifier.

• Estimated total discovery significance (fSoBZ30):

Z30 = max
i

Si√
Bi + (0.3 ·Bi)2)

, (8.8)
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8 Multivariate Analysis

with

Si =
Nbins∑
j=i

hS,j (8.9)

Bi =
Nbins∑
j=i

hB,j (8.10)

(8.11)

Unlike all the other metrics used, this one is not only sensitive to shape differences but
also to the overall normalization of the two histograms. Additionally, this figure of merit
is a good approximation of the discovery significance of the signal given a constant
background with a 30 % systematic uncertainty.

Table 8.1: Overview of the variables considered for the MVA training. Shown are the
values of the figures of merit for each variable using 20 equidistant cuts after applying the
listed transformations. The variables are ordered by descending fN-O.

Observable Figures of merit Transformations
fN-O fSep fred. χ2 fROC fSoBZ30 Function min max

∆Y (`WZ) 0.44 0.255 1980.38 0.75 1.33 abs 3.2
cos θV 0.40 0.215 1661.14 0.74 1.25 abs
∆Y (WZ) 0.40 0.213 1645.45 0.72 1.25 abs 3.2
∆Y (`W , `−

Z ) 0.39 0.207 1609.59 0.72 1.23 abs 3.2
cosθ`Z

0.21 0.066 499.30 0.61 1.02 abs
pT (`Z

2 ) 0.20 0.060 451.46 0.59 1.01 log 2.6
MW Z

T 0.18 0.046 339.85 0.59 0.98 log 2.2 3.0
MW Z 0.18 0.046 338.40 0.59 0.98 log 3.0
cosθ`W

0.16 0.037 277.30 0.58 0.98 abs
pT (`W ) 0.13 0.027 189.35 0.52 0.97 log 2.5
PW Z

T 0.12 0.021 149.01 0.55 0.96 log 2.7
EMiss

T 0.11 0.021 167.88 0.47 0.97 log 1.4 2.6
r21 0.11 0.017 120.86 0.49 0.96
pT (`Z

1 ) 0.10 0.012 84.73 0.52 0.96 log 2.6
∆Φ(`W , l−Z )(lab) 0.09 0.020 156.98 0.47 0.97 abs
∆Φ(`W , l−Z )(WZ) 0.09 0.019 151.90 0.47 0.97 abs
η(`W ) 0.07 0.010 75.40 0.52 0.96 abs
pW

T 0.06 0.010 66.51 0.50 0.96 log 0.3 2.7
pZ

T 0.05 0.004 25.51 0.46 0.96 log 0.3 3
MW

T 0.03 0.005 37.27 0.44 0.96 log 1.5 2.4
η(`1

Z) 0.03 0.002 18.69 0.47 0.96 abs
MZ 0.02 0.001 9.57 0.47 0.96 81.0 101.2
η(`2

Z) 0.02 0.001 8.01 0.47 0.96 abs
φ(`1

Z) 0.01 0.000 1.18 0.47 0.96 abs
φ(`W ) 0.01 0.000 0.92 0.47 0.96 abs
φ(`2

Z) 0.01 0.000 0.61 0.47 0.96 abs

Figure 8.3 shows comparisons of some of the included variables after the application of
the transformations. It can be seen that ∆Y (`WZ) offers the strongest separation power
between signal and background. pT (`W ) and PW Z

T also still show some discriminating power,
while the φ(`2

Z) distributions for signal and background are identical. Due to this, the raw φ
and η distributions of the leptons and bosons are not considered during the optimization of
the final BDT. They are not sensitive to differences between the signal and background and
would likely only prolong the optimization process.

76



8.2 Training Setup

1.2 1.4 1.6 1.8 2 2.2 2.4

) [GeV]
W

(l
T

p

1

1.5

R
at

io

0

0.02

0.04

0.06

0.08

0.1

0.12

F
ra

ct
io

n 
of

 E
ve

nt
s

 = 13 TeVs
Signal region

Signal S
Background
Stat. Unc. only

(a)

0.6 0.8 1 1.2 1.4 1.6 1.8

 [GeV]WZ
T

p

1

1.5

R
at

io

0

0.02

0.04

0.06

0.08

0.1

0.12

F
ra

ct
io

n 
of

 E
ve

nt
s

 = 13 TeVs
Signal region

Signal S
Background
Stat. Unc. only

(b)

0 0.5 1 1.5 2 2.5 3

Z)
W

 Y(l∆

1

1.5

R
at

io

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

F
ra

ct
io

n 
of

 E
ve

nt
s

 = 13 TeVs
Signal region

Signal S
Background
Stat. Unc. only

(c)

0 0.5 1 1.5 2 2.5 3

)2
Z

(lφ

1

1.5

R
at

io

0

0.01

0.02

0.03

0.04

0.05

0.06

F
ra

ct
io

n 
of

 E
ve

nt
s

 = 13 TeVs
Signal region

Signal S
Background
Stat. Unc. only

(d)

Figure 8.3: Comparison of normalized distributions between signal (00 polarization) and
background (other polarizations) for (a) pT (`W ), (b) P W Z

T , (c) ∆Y (`W Z) and (d) φ(`2
Z).

The shown uncertainties only include the MC statistical uncertainties.
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8 Multivariate Analysis

Two more variables are excluded from the optimization process for different reasons. The
scattering angle cos θV was excluded in an early step in the analysis due to mismoddeling
concerns seen in the inclusive region. This is visible in Figure 6.13c. Additionally, pZ

T and pW
T

are not considered to not unnecessarily bias the classifier for the differential measurement.
More information about this can be found in Appendix D.

8.3 Optimization
In order to get a BDT that performs optimally, an optimization is performed for picking
both the variables to use and the meta-parameters of the BDT. In this context, the term
‘meta-parameters’ denotes the configurable settings mentioned in Section 8.1. The base
procedure is taken from Ref. [237] with a complete reimplementation done first by the author
of this thesis and later again by the author of Ref. [241].

Attempts to generalize the approach to also test and optimize deep neural networks
encountered technical hurdles that could not be solved in the time frame of the underlying
analysis. Instead, the author of Ref. [241] took on that task and developed the OPTIMA
framework [242].

To maximize correct modeling and sensitivity while minimizing overtraining, the variables
to use as input and the meta-parameters used were optimized. The optimization procedure
starts with a variable optimization. Then, the meta-parameter optimization is done before a
second variable optimization concludes the procedure. The meta-parameters of the initial
BDT are displayed in Table 8.2.

8.3.1 First Variable Optimization
The variable optimization is done iteratively and uses the initial BDT’s meta-parameters
throughout. It starts with ∆Y (`WZ), which has the best separation power between signal
and background when considering a singular variable. From there, variables are added or
dropped one by one, looking to maximize the approximated significance fSoBZ30 on the
test set while not being overtrained. To quantify the overtraining, the red. χ2 between
the BDT’s output distributions on the training and test samples are compared for signal
and background separately. If either value exceeds 2.0 or both are larger than 1.5, the
configuration is considered overtrained. Both criteria roughly indicate the same strong overall
level of disagreement between training and test distributions. Overtrained configurations are
discarded, and the next best configuration is checked instead until one that is not overtrained
is found. This overtraining check is not performed for the first two iterations as there is a
high likelihood that all configurations are overtrained when using that few variables. If, in
one iteration, the highest approximated significance is achieved by not adding any variables
or by removing a variable, then the variable optimization is stopped.

Table 8.2: List of meta-parameters set at the beginning of the optimization.

Parameter Value
NTrees 200
MaxDepth 4
MinNodeSize 2.5%
nCuts 20
Shrinkage 0.06

8.3.2 Meta-parameter Optimization
For the meta-parameter optimization, a simple grid search over a multitude of values is
performed while using the observables obtained from the first variable optimization. The
values included in the search are:
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8.3 Optimization

• MaxDepth: 3, 4, 5,

• MinNodeSize: 1%, 2%, 2.5%, 4%,

• nCuts: 20, 50,

• Shrinkage: 0.01, 0.02, 0.04, 0.06,

• NTrees: 200, 400, 600, 800, 1000, 1300.

They are chosen based on the good results observed in Ref. [237] and mostly lay on both
sides of the TMVA default values.

Afterward, the best configuration is chosen by selecting the one with the highest approxi-
mate significance while considering the same overtraining thresholds as before. The resulting
optimized meta-parameter values are displayed in Table 8.3.

Table 8.3: List of optimized meta-parameters for the pZ
T > 200 GeV region.

Parameter Value
NTrees 1000
MaxDepth 4
MinNodeSize 1%
nCuts 50
Shrinkage 0.02

To gauge whether the chosen meta-parameter grid covers the range of optimal values, the
impact of the individual meta-parameters is investigated.

The effect of changing the NTrees meta-parameter on the approx. significance and the χ2

overtraining values can be seen in Figure 8.4. Figure 8.4c shows that the test significance
decreases by ≈ 0.1 if NTrees is reduced from 1000 to 200, while the other parameters
remain fixed. However, most of the sensitivity can be recovered if the other parameters
are subsequently reoptimized by finding the best performing, already trained, grid point
that matches the set value of NTrees. In that case, the drop in the significance is less
than 0.02. The other two subfigures show a rough dependency of the overtraining metrics on
the value of NTrees. Without reoptimization, the χ2 between the train and test sets increases
for higher values of NTrees and decreases for lower ones. This matches the expectation
that classifiers with more degrees of freedom are more prone to overtraining. Allowing the
parameters to be reoptimized eliminates this effect. Instead, no strong dependence can be
seen anymore. This is because the optimization aims to maximize the test significance. For
highly flexible trees, it is generally lower than the training significance due to overtraining.
With the reoptimization, the test significance is increased, decreasing the overall impact of
the overtraining. Meanwhile, for lower values of NTrees, the BDT performs suboptimally
with the set of remaining meta-parameter values. In that case, the best avenue to increase
the test significance is to allow the trees more freedom. This makes the model more powerful,
resulting in an increase in the approximate significance but also an increase in overtraining,
as expected for more powerful models.

How different meta-parameters can work together to compensate or amplify these effects
is demonstrated in Figures 8.5 and 8.6 for combinations of two and three meta-parameters,
respectively. Figure 8.5 shows the overtraining and significance values for BDTs that have the
NTrees and Shrinkage parameters fixed to specific values. Then, the other parameters are
either kept constant at their value from the optimal configuration or reoptimized given the
values of NTrees and Shrinkage. As above, the most extreme behavior can be seen when
the other parameters are fixed. In that case, the overtraining values increase significantly
when both the number of trees and the learning rate are set to large values, even more so
than in the case where only NTrees is adjusted. The significance drops off when decreasing
either the number of trees or the shrinkage. Curiously, it also decreases drastically when
increasing both of these values. The reason for this is twofold. The first and biggest one is
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Figure 8.4: Values of (a) χ2 between the BDT score distributions on the training and
testing data for background and (b) signal events, and (c) fSoBZ30 on the test set, for BDTs
with different values for the NTrees meta-parameter. For the red dashed line, the other
parameters are kept constant, while for the green solid line, they are reoptimized. The
purple star indicates the position of the overall optimal BDT.
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that the significance of overtrained configurations is manually set to zero. This causes the
low values on the top right corner of Figure 8.5e. The second is also due to the overtraining.
This time, it causes the BDT to generalize poorly to unseen data, resulting in a reduction of
the significance of the test set. These effects are all reduced when a reoptimization of the
remaining parameters is performed. This is especially the case for the overtraining criteria.
However, a smaller but analogous impact on the test significance remains. It stays roughly
constant when setting either NTrees or Shrinkage to a high value, while the other is kept low.
Setting both to lower values restricts the BDT and degrades the performance, while setting
both to high values results in a slight increase in overtraining and worse generalization.

Equivalent results for an extension to three parameters are shown in Figure 8.6. Here, the
NTrees, Shrinkage, and MaxDepth parameters are selected simultaneously, while all others
are either fixed or reoptimized. The sizes of the balls, just like the colors, indicate the value of
the overtraining metric or significance for each particular configuration. Larger sizes indicate
larger values. The best-performing configuration is indicated by the star. Setting all three
parameters to values that offer the BDT more free parameters leads to high overtraining
metrics, even larger than in the case where only the first two parameters were modified.
This can be seen particularly well in Figure 8.6c. Here, the middle layer represents identical
values to Figure 8.5c. Increasing the maximum depth of the tree from four to five leads to
χ2 values significantly larger than two. These are not shown anymore in the color grading
but are shown through larger marker sizes. This consequently leads to a large number of
overtrained configurations that have their significance set to zero. When the other parameters
are reoptimized, this behavior is mitigated again. Each level in Figure 8.6f shows the expected
result of optimal performance for the cases where only one parameter out of NTrees or
Shrinkage has a larger value. However, the interplay for any of the other two parameter
combinations is less pronounced.

Any other meta-parameter (combination) shows equivalent but weaker effects, overall
indicating that NTrees and Shrinkage are the two most important meta-parameters.

8.3.3 Second Variable Optimization

The second variable optimization follows a similar process as the first, with one key difference.
In this case, sets of two variables are considered to be added at each iteration step to take
advantage of correlations. During this step, only the cos θ`W

variable was added (even if the
algorithm can choose two variables if deemed beneficial).

The final list of variables used in the BDT training can be found in Table 8.4. They
appear in the order in which they were added during the optimization.

Table 8.4: List of variables used in final BDT for the pZ
T > 200 GeV region. Variables

above the horizontal line were added during the first variable optimization step, while the
one below was added in the second. Additionally, their rankings in the list of considered
variables according to Table 8.1, ignoring variables eliminated from the optimization, and
a physical description are shown.

Training variable Ranking Definition
∆Y (`WZ) 1 Rapidity difference between the W± lepton and Z boson
pT (WZ) 10 Transverse momentum of the W±Z system
pT (`W ) 9 W lepton transverse momentum
pT (`Z

2 ) 5 Subleading Z lepton transverse momentum
Emiss

T 11 Missing transverse momentum
cos θ`Z

4 Cosine of the decay angle of the Z lepton defined in the WZ rest frame
cos θ`W

8 Cosine of the decay angle of the W lepton defined in the WZ rest frame
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Figure 8.5: Values of (a) χ2 of the background and (c) signal, and (f) fSoBZ30 on the
test set, for BDTs with different values for the NTrees and Shrinkage meta-parameters.
There, all other meta-parameters are kept constant at their value of the best-performing
BDT. Results where the other parameters are reoptimized are shown for (b) χ2 of the
background and (d) signal, and (f) fSoBZ30 on the test set. The configuration of the overall
best-performing BDT is marked with a star. Significances for overtrained configurations
are set to zero.
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Figure 8.6: Values of (a) χ2 of the background and (c) signal, and (f) fSoBZ30 on the
test set, for BDTs with different values for the NTrees, Shrinkage and MadDepth meta-
parameters. There, all other meta-parameters are kept constant at their value of the
best-performing BDT. Results where the other parameters are reoptimized are shown for
(b) χ2 of the background and (d) signal, and (f) fSoBZ30 on the test set. The configuration
of the overall best-performing BDT is marked with a star. Significances for overtrained
configurations are set to zero.
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8.3.4 Optimization Results
One point of interest here is that the chosen variables are not just the ones that are ranked
highest in Table 8.1. Instead, the variables with ranks 2,3,6,71 are skipped. This can be
understood by considering the linear correlations between variables as shown in Figure 8.7. It
shows that variables ranked at places two and three have large correlations with the number 1
ranked variable, ∆Y (`WZ), which is included in the training from the start. Due to this, there
is only a small gain in sensitivity when also adding these variables. Instead, the procedure
usually opts for variables with small linear correlations to the ones that have already been
included.
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Figure 8.7: Shown are (a) the linear correlation coefficients between variables considered
for the BDT training and (b) a normalized 2-D histogram of ∆Y (W Z) against ∆Y (`W Z)
for the region with pZ

T > 200 GeV.

Figure 8.8 shows the comparison of the final BDT’s output score distribution on training
and testing samples for signal and background events. A significant difference between the
background and signal shape can be observed. The middle and bottom panels show the ratio
between the BDT output on the training and testing samples for signal and background,
respectively. The ratios agree within 10% and most of the time within the statistical
uncertainties, indicating a good stability of the training method.

The progression of fSoBZ30 on the test set and χ2 overtraining values through the optimiza-
tion can be seen in Figure 8.9. From these, it is clear that the main sensitivity of the BDT
comes from the first six variables, up to cos θ`Z

. The optimization of the meta-parameters
and addition of cos θ`W

only combine for an increase of 0.03. Figure 8.9a also shows the
remarkable increase in the test significance of the BDT over the input variables. The best
individual variable achieves fSoBZ30(Test) = 1.33. Already the BDT that only contains
this variable manages to reach fSoBZ30(Test) = 3.01 while the final BDT increases this to
fSoBZ30(Test) = 6.45. Subfigure 8.9c also shows the reason why the overtraining criteria
are only applied starting at the third iteration of the variable optimization. The baseline
BDT, which contains only one variable, is extremely overtrained with a χ2 value between the
training and test background histograms of approximately 22. The further iterations reduce
this to acceptable levels. The signal overtraining value never reaches above 1.04 and ends at
a value of 0.80 for the final BDT. The values for the background are somewhat larger, ending
at a still acceptable value of 1.39. All of this is a first indication that a robust and sensitive
classifier has been trained.

Further validation can be achieved by looking at the distributions of the final BDT.
Figure 8.10 shows these for the individual polarizations. A clear separation can be seen

1Only counting those not explicitly excluded from training.
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Figure 8.8: Comparison of the BDT score distribution of the signal (00 polarization, red)
and the sum of the backgrounds (other polarizations, blue) for the training samples (dots)
and the testing samples (bars). The middle and bottom panels show the ratio between
training and testing for signal and background, respectively.

between the 00 and TT states, which make up the total signal and the majority of the
background training input for the BDT. The shapes of the mixed 0T and T0 states lie
somewhere between those two. They are effectively identical, leading to difficulties when
trying to distinguish between them and, to a smaller degree, between them and the 00
polarization.

Lastly, the BDT score distributions obtained by using Sherpa and the sum of the polarized
Madgraph samples are compared in Figure 8.11. These distributions agree within their
uncertainties, giving the final indication that the training and optimization procedure has
created a robust BDT and that the sum of polarization samples accurately model the full
process, including NLO QCD effects.

8.4 Setup for the 100 < pZT ≤ 200 GeV Region
The training input for the BDT in the 100 < pZ

T < 200 GeV region is again derived as
discussed in Section 5.2.2. However, here only a cut of 100 GeV is used without an upper
bound. Additionally, the list of final variables is reused from the pZ

T > 200 GeV region. The
only change is that the upper limit for pT (`Z

2 ) is set to 2.8 instead of the 2.6 used for the
higher pT region. Both the lack of an upper pZ

T cut as well as the different limit on pT (`Z
2 )

originate from the practical evolution of the analysis and were deemed to not have large
enough impacts to change later on. The meta-parameters are then taken from a separate
optimization, and a distinct final BDT is trained for this region. The final meta-parameter
settings are listed in Table 8.5.
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Figure 8.9: Progression of (a) fSoBZ30 on the test set, (b) χ2 between the BDT score
distributions on the training and testing data for signal and (c) background events through
the optimization procedure.
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Figure 8.10: BDT score distributions for (a) pZ
T > 200 GeV and (b) 100 GeV < pZ

T ≤
200 GeV obtained for different 00, 0T, T0, and TT polarization states. There is a clear
shape difference between the 00 state and the other polarization contributions. The shapes
of the mixed polarization (0T and T0) are almost identical to each other. The “WZ Mixed”
entry represents the sum of the 0T and T0 states. From the author of Ref. [161].
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(a) (b)

Figure 8.11: Comparison between the inclusive NLO Sherpa sample (no separation of
polarization states) and the LO-merged MadGraph sample (all polarization states summed
together) for the BDT Score in the regions (a) pZ

T > 200 GeV and (b) 100 GeV < pZ
T ≤

200 GeV. From the author of Ref. [161].

Table 8.5: List of optimized meta-parameters for the 100 < pZ
T ≤ 200 GeV region.

Parameter Value
NTrees 800
MaxDepth 5
MinNodeSize 1%
nCuts 50
Shrinkage 0.01
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Chapter 9

Fraction Measurement Setup

Currently, no vector boson polarization detector exists. As such, it is not straightforward
to measure the polarization fraction in W±Z events. To do so regardless, a template fit
approach is used. In that, MC predictions for the signal and background contributions are
simulated. The differences in the predicted kinematic distributions are enhanced using the
classifiers described in Chapter 8. Their contributions are then scaled such that the best
match to observed data is found. From this, the different polarization fractions can be read
off.

This chapter describes this approach for the measurement of the fraction of doubly
longitudinally polarized WZ events at high values of pT (Z). Section 9.1 describes the general
statistical approach used for this thesis. In Section 9.2, some more process/analysis-specific
caveats are introduced. The set of different fit configurations is shown and explained in
Section 9.3.

The introduction of the general statistical aspects at the beginning of this chapter uses the
standard parametrization of the likelihood using scaling factors µ as they are commonly used
in ATLAS analyses. Later in this chapter, the reparametrization to fractions is discussed.
However, the general points are identical to those in the µ scenario. As that parametrization
is slightly easier to understand and more common, it serves as the foundation of this chapter.

9.1 Statistical Analysis
The basis of the statistical analysis in this thesis is frequentist (also called classical) statistics
where the probability of an event A is the relative frequency with which that this event is
measured given an infinite number of measurements [243]

P (A) = lim
n→∞

number of occurrences of A in n measurements
n

. (9.1)

Thus, under the assumption that each physical parameter has exactly one (unknown) value,
the probability that a given value is realized in nature is either 0 % or 100 %. Without the
addition of a degree of belief that any hypothesized theory is true, one can only determine
the probability to measure some value under an assumed theory. It is not possible to state a
probability that the theory is true given the measured data. Doing so requires the introduction
of an aforementioned degree of belief to calculate

P (theory|data) ∝ P (data|theory) · P (theory), (9.2)
as per Bayes’ theorem [243]. The notation P (A|B) describes the conditional probability of A
given that B is true.

The same notation is applied to probability density functions (pdfs) as f(n|µ,Θ), where µ
and Θ describe theory parameters that are fixed. Then n is randomly distributed according
to f given these parameter values. For a Poisson distribution, this means that

Pois(n|ν) = νn

n! e
−ν (9.3)
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9 Fraction Measurement Setup

describes the probability to measure a number of observed events n given an expected number
of events ν.

9.1.1 Likelihood
As it is not possible to prove (or disprove) a given theory, the likelihood L = P (data|theory)
is used to quantify the compatibility of measured data with an assumed theory. Based on
this, one then tries to rule out as many theories1 as possible.

For the measurement of the fractions and the calculation of the significance of the
hypothesis that the f00 fraction is larger than zero a python wrapper [244] around ROOT’s
[235] HistFactory [245] is used. HistFactory itself is a wrapper around RooStats [246] and
RooFit [247]. The statistical framework was originally developed for Refs. [20, 248] and later
also applied in Ref. [237]. Significant further improvements were also made in Ref. [249].
This section follows the notation from Ref. [249] and only gives a basic introduction into
binned likelihood fits as well as describes the points unique to this work. In all other points,
the framework is used as described in that work. A quick overview of some more details of the
fits and their validations is given in Section 9.1.4. In-depth looks, formulas, and derivations
for these aspects can be found in Ref. [249].

The framework uses a binned maximum likelihood fit using the likelihood L(n|µ,Θ) as
constructed by HistFactory’s “MakeModelAndMeasurementFast”:

L(n|µ,Θ) = Cγ(γ)Cλ(λ)Cα(α)
∏

b

Pois(nb|νb(γb, λ, α, φ)). (9.4)

This likelihood is composed of a product of Poisson distributions of observed events nb for
each bin b of the signal region. The expected number of events in each bin νb depends on
nuisance parameters that can be grouped into different categories.

• γ: Nuisance parameters that encode the uncertainty related to the finite number of
simulated MC events

• α: Set of nuisance parameters describing experimental and theoretical uncertainties

• λ: The nuisance parameter of relative luminosity scaling
Additionally, it depends on a set of unconstrained parameters φ that handle the normalization
of signal samples and constitute parameters of interest. Each category of nuisance parameters
has a corresponding constraint term stemming from external measurements.

Constraints

The MC statistical nuisance parameters γ are constrained by

Cγ(γ) =
∏

b

Pois(mb|γbτb). (9.5)

This represents a Poisson distribution with mb being the weighted summed number of observed
MC events in bin b and τb the weighted summed number of expected events in bin b before
scaling with γ.

The nuisance parameter dealing with the luminosity λ is constrained by a Gaussian
distribution

Cλ(λ) = Gaussian(1|λ,∆λnom) (9.6)
with an uncertainty obtained from an external measurement as stated in Section 7.1.1.

Experimental and theoretical uncertainties are also constrained using Gaussians normalized
to have a mean value of zero and a standard deviation of one. These uncertainties, as described
in Chapter 7, are implemented as three-point systematics with their nominal templates as
well as up and down variations covering ≈ 68 % of the expected fluctuations.

Cα(α) =
∏

αi∈α

Gaussian(0|αi, 1) (9.7)

1In the sense that it is very unlikely for the measured data to have originated from this theory.
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9.1.2 Maximum Likelihood Estimate
The best estimator [243] for the true values of the parameters based on the finite available
data are those that form the theory that is most likely to produce the observed data. The
values of the parameters µ and Θ that do that are the maximum likelihood estimates (MLE)
µ̂ and Θ̂. They are determined by

L(n|µ̂, Θ̂) = max
µ,Θ

L(n|µ,Θ). (9.8)

This minimization is done using ROOT’s [235] Minuit2 package [250, 251]. The case where µ
is free and not fixed to a particular value is called the “signal+background” (S+B) hypothesis.

9.1.3 Test Statistic, p-Value, and Significance
When trying to observe or find evidence for a particular physics process, one needs to be able
to assess which of two hypotheses agrees better with data and by how much.

The first hypothesis is the background-only (B, B only or null) hypothesis µ = 0, where
the process of interest does not exist as predicted. The competing hypothesis is that where it
does exist with an unknown size µ ≥ 0.

Test Statistic

The best test statistic to quantify this is the likelihood ratio [252]

t = −2 ln L(n|µ = 0, ˆ̂Θ)
L(n|µ̂, Θ̂)

, (9.9)

where ˆ̂Θ describes the values of the set of parameters Θ that maximize the likelihood with µ
being fixed to the given value.

The reason that L(n|µ = 0, ˆ̂Θ) is not used as the test statistic itself is that it can lead
to a premature rejection of the background-only hypothesis. This is because the rejection
would not just be against µ = 0 but against the whole model. Due to this, a rejection could
occur due to mismodelling of polarization or non-polarization backgrounds or detector effects.
Additionally, a rejection could more easily occur due to statistical fluctuations that are covered
by neither the background-only nor the S+B hypothesis.

This test statistic is modified slightly to not reject the background-only hypothesis for a
measured negative amount of signal events [253]:

q0 =

−2 ln L(n|µ=0,
ˆ̂Θ)

L(n|µ̂,Θ̂) µ̂ ≥ 0,
0 µ̂ < 0.

(9.10)

p-Value

To decide whether to reject the null hypothesis, the p-value

p0 =
∫ ∞

q0,obs

f(q0|0)dq0 (9.11)

is used. It represents the probability of observing a test statistic value as extreme as, or more
extreme than, the one calculated from the observed data, assuming the null hypothesis is
true.

In particle physics, the p-value is usually translated to a significance Z0

p0 =
∫ ∞

Z0

Gaussian(x|0, 1)dx (9.12)

Z0 = Φ−1(1 − p0) (9.13)
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9 Fraction Measurement Setup

indicating the number of standard deviations from the mean of a Gaussian distribution. Here,
Φ is the cumulative distribution function of a Gaussian with mean zero and standard deviation
of one

Φ(x) =
∫ x

−∞
Gaussian(x|0, 1)dx. (9.14)

This transformation ensures that a Gaussian-distributed variable, when located Z0 standard
deviations above its mean, corresponds to an upper-tail probability equal to the original
p-value.

Significance

The most accurate way to calculate this is by using toys thrown according to L(n|µ = 0, ˆ̂Θ)
and calculating the test-statistic for each of the toys. To get a reliable prediction from that,
one needs at least a couple of toys that pass the measured value of q0,obs. When targeting an
observation, one desires to reach a significance of 5σ corresponding to a p-value of 2.87 × 10−7.
This means that the number of toys that have to be generated needs to be of the order O(108),
which is not computationally feasible.

Instead, one can fall back to the asymptotic formulas, valid in the limit of a large number
of observed events, from Wald and Wilks [253–255]. Those state that under a set of reasonable
assumptions

−2 ln L(n|µ, ˆ̂Θ)
L(n|µ̂, Θ̂)

= (µ− µ̂)2

σ2
µ

+ O(1/
√
N), (9.15)

where µ̂ follows a Gaussian distribution with mean µ′ = 0 and standard deviation σ. Special
casing this for the discovery statistic q0 with µ = 0 and when neglecting the O(1/

√
N) term

due to N being large one gets

q0 =
{
µ̂2/σ2 µ̂ ≥ 0,
0 µ̂ < 0.

(9.16)

With this, the pdf of q0 has the form

f(q0|0) = 1
2δ(q0) + 1

2
1√
2π

1
√
q0
e−q0/2, (9.17)

with a corresponding cumulative distribution

F (q0|0) = Φ(√q0). (9.18)

Using Equation 9.11 the p-value of the µ = 0 hypothesis can be calculated as

p0 = 1 − F (q0|0). (9.19)

This results in a simple expression for the discovery significance

Z0 = Φ−1(1 − p0) = Φ−1(1 − (1 − Φ(√q0) = √
q0. (9.20)

9.1.4 Additional Details of the Fitting Setup
This section gives a short overview of some more details and other aspects of the fit. More
in-depth looks at each of these points can be found in Ref. [249].

Expected Yields

The expected yields νb in Equation 9.4 depend on the variations of α, modelling their
uncertainties. For each of these systematic uncertainties, only three points are available: the
nominal distribution with αi = 0 and the up and down variations with αi = ±1. In between
and beyond these values, their impact has to be inter- or extrapolated. To do so, the impact
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9.1 Statistical Analysis

of each nuisance parameter (NP) is split into a shape and a normalization aspect. This is
done to avoid negative total yields for large variations.

This is ensured by the fact that the normalization impact is extrapolated exponentially
while the shape effect is extrapolated linearly. Both aspects are interpolated using 6th-
order polynomials, although with slightly different ones. The polynomial is chosen such
that its value and first two derivatives are identical to the extrapolations at the boundary
|αi| = 1 [245, 256, 257].

The combination of different NPs for one bin works such that first, the shape effects of
all parameters are summed to the nominal [256]. Afterward, the normalizations are each
multiplied to the result [257].

Monte Carlo Statistical Uncertainties

The statistical Monte Carlo uncertainties in Equation 9.4 are represented by the constraint
term Cγ(γ), which is expanded in Equation 9.5. It introduces τb and γb, which represent
the nominal MC prediction, as well as its scaling. τb is constructed such that its relative
uncertainty

√
τb

τb
matches the one of the nominal expected number of MC events in this

bin [245, 258].

Likelihood Scans

A numerical calculation of the MLEs can run into problems when local maxima exist. In such
a case, the result of the fit might not be the true MLEs.

To check for that, likelihood scans can be performed

−∆ ln L(µ) = − ln L(n|µ, ˆ̂Θ)
L(n|µ̂, Θ̂)

= − ln L(n|µ, ˆ̂Θ) + ln L(n|µ̂, Θ̂), (9.21)

that calculate the conditional maximum likelihood for a range of specified µ values. By
offsetting them with the unconditional MLE, the minimum is expected at exactly zero.
Any value below indicates that the unconditional fit did not find the true global maximum
likelihood.

The likelihood scans can additionally be used to read off the significance at µ = 0
and determine the asymmetric standard deviation. This approach is used by Minos from
Minuit2 [251] by determining values for µ, such that

−∆ ln L(µ) = 0.5. (9.22)

The same approach can be applied to other parameters besides µ.

Uncertainties and Correlations

As described in the previous section, accurate asymmetric uncertainties for parameters can be
obtained through Minos. Approximate symmetric uncertainties can also be obtained from the
covariance matrix [243]. However, these are not used in this thesis. Instead, when symmetric
uncertainties are shown for brevity, they are constructed by symmetrizing the uncertainties
from Minos.

Nevertheless, this covariance matrix, as constructed by Hesse from Minos [251], is used
for calculating the correlations between parameters in the fit as presented in this work.

Uncertainty Splitting and Breakdowns

It is often of interest to know not only the total uncertainty of a parameter but also the
impact of individual sources. This information allows for better focus when aiming to reduce
the total uncertainty. For example, if one finds that the dominant uncertainty is the data
statistical one, then it might not make much sense to spend a lot of time reducing theoretical
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uncertainties further for this process. At least not yet. Theorists could better spend their
time improving calculations for processes where theoretical uncertainties are dominant.

For this purpose, a set of conditional fits is performed where, subsequently, more and
more parameters are fixed to their best-fit values. The procedure is briefly explained for the
up uncertainty. The evaluation for the down uncertainties follows the same principle.

The procedure starts with the completely unconditional fit from which ∆µ̂up,total is
retrieved. Next, the fit is redone with a parameter, or set of parameters, X set constant to
their best-fit values from the unconditional fit. The up uncertainty due to the parameter(s)
X is subsequently calculated as the squared difference between ∆µ̂up,total and the uncertainty
from this more constrained fit ∆ˆ̂µup(X̂) as

∆µ̂up,X :=
√

(∆µ̂up,total)2 − (∆ˆ̂µup(X̂))2. (9.23)

The uncertainty for the next parameter(s) Y is subsequently calculated as

∆µ̂up,Y :=
√

(∆ˆ̂µup(X̂))2 − (∆ˆ̂µup(X̂, Ŷ ))2 (9.24)

This is done for all parameter(-set) groupings until all parameters are set constant and the
stat.-only uncertainty is determined from that. Then, by construction, the quadratic sum of
all of these uncertainties equals the total uncertainty.

Pre- and Post-Fit Plots and Tables

An additional step in verifying the correct behavior of the fit and the applicability of the
chosen model can be taken by inspecting the pre- and post-fit distributions themselves. For
that, the content, as well as the uncertainties of each bin, have to be determined for the pre-
and post-fit configurations. These can then be displayed in plots for easy visual inspection or
tables for more detailed checks. This is done for each bin individually as well as the sum of
all bins. Furthermore, the procedure is repeated for each sample by itself and the sum of all
samples.

The bin contents for every combination of parameter values are extracted directly from
the pdf. For each nuisance parameter, the up and down yield of a bin is determined by setting
the parameter to their up/down values as determined by Equation 9.22. All other parameters
are set to their best-fit value of the unconditional fit. The uncertainty corresponding to a
specific parameter is then symmetrized as the average deviation from the nominal yield.

For the pre-fit yields, the uncertainties of each parameter are added in quadrature. For
the post-fit yields, the correlations between the parameters as determined by Hesse [251] are
taken into account.

Another complication is posed by statistical uncertainties. For the pre-fit case, this only
represents the individual MC uncertainties for each sample. These are extracted directly from
the input distributions. Post-fit, the statistical uncertainties come from the main parameter
of interest.

Pull, Impact and Ranking Plots

It is often of interest to know how much a nuisance parameter’s best-fit value and uncertainty
differ from their pre-fit counterparts. Deviations in the best-fit value are called pulls, while
changes in the uncertainties are referred to as the parameter being (over/under-)constrained.

Large changes indicate that the physics process under investigation offers a significant
amount of new information compared to the external measurements that were done to obtain
the parameter’s value and uncertainties. If any of these appear, it needs to be checked if they
can be understood from a physics point of view. Otherwise, they might indicate technical
issues with the fit.

For this purpose each nuisance parameter θi ∈ Θ is plotted with its post-fit value θ̂i as
well as uncertainty ∆θi against the pre-fit value and uncertainty θi,0 and ∆θi,0.

Unconstrained parameters do not necessarily have pre-fit values or uncertainties determined
by auxiliary measurements or physical arguments. Due to this, sensible but in the end arbitrary
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pre-fit values are chosen. This choice of these values does not impact any other results in this
work, such as the best-fit values of the parameters of interest or their uncertainties. They
are purely pedagogical. The nominal pre-fit values φi,0 are set by fixing all normalization
parameters µ to one in the formula of the parameter of interest as given in Section 9.2.1. The
uncertainties are based on these but differ between parameter groups. Table 9.1 shows the
chosen up and down uncertainties for each parameter group.

Table 9.1: Choice of pre-fit up- and down-uncertainties for unconstrained parameters.
For each parameter(group) they are based on the chosen prefit value. The uncertainty for
Ntot is the one expected from a Poisson distribution, while the fractions use 100 % of their
pre-fit value.

Parameter Down unc. Up unc.

fractions f −fpre min(1 − fpre, fpre)
total scaling Ntot,pre −

√
Ntot,pre

√
Ntot,pre

An additional point of interest in inspecting a likelihood fit is understanding the impact
of each nuisance parameter on the parameters of interest as well as getting an ordering of
this with the highest impact. For this, each parameter is fixed to its pre- and post-fit up and
down values. For each of these variations, the fit is redone and the relative difference of the
best-fit value of the parameter of interest between this constrained fit and the unconstrained
fit is calculated and plotted. The order of the parameters in the ranking plots is based on
their absolute post-fit impact on the parameter of interest. The impact and ranking plots
also contain the pull information on another axis.

Handling of Normalization of Theory Uncertainties

One of the final goals of this thesis is the measurement of polarization fractions. As shown in
Section 9.2.1, the calculation of the fractions depends on both the measured yields across
bins as well as the theory predictions for these fractions.

However, in these calculations, both the theory predictions as well as the implicitly
measured scaling factors are affected by the theoretical uncertainties introduced in Section 7.3.
To counteract this effect, all theory uncertainty templates are normalized to the nominal
prediction. A thorough derivation of this can be found in Ref. [249].

9.2 Analysis Specific Aspects
The statistical analysis in this thesis has one significant point differentiating it from most other
ATLAS analyses as well as another aspect that is different compared to the one discussed in
Ref. [249]. The main one is the reparametrization to polarization fractions. This is discussed
in Section 9.2.1. The smaller one is the use of smoothing in some fit configurations and is
described in Section 9.2.2.

9.2.1 Reparametrizations
The main interest when investigating polarization is usually the individual polarization
fractions and not the (pseudo) cross-sections of each polarization or the scaling factors µ.
Additionally, a global scaling factor that equally affects all polarization states is needed.

While the nominal fractions can be calculated from the post-fit µ values as the maximum
likelihood estimator is invariant under parameter transformation [243], it proves more difficult
to transfer the uncertainties correctly. While it is possible to use Gaussian error propagation
using the correlation matrix from Hesse, this requires the uncertainties to be symmetrized. This
can have particularly strong impacts when the µ parameters are small and their uncertainty
is large.
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9 Fraction Measurement Setup

For this reason, the likelihood is reparametrized before the fit to estimate the fractions
and their uncertainties directly. This is done as shown in Refs. [259, 260] by expressing the µ
parameters as functions of the new desired parameters of interest.

For a fit where each polarization has its own set of scaling factors, this would mean the
transformation

(µ, µT T , µ0T , µT 0) → (f00, fT T , f0T , fT 0, µW Z).

However, the new set of parameters has more parameters than the original and is thus
over-specified. Knowing that the fractions have to sum to one, it is possible to drop one, for
example, fT T of them and replace it with

fT T = 1 − (f00 + f0T + fT 0). (9.25)

This gets rid of the redundancy and allows for a reparametrization using the following formulas

µ = f00 ×Ntot

NMC
T emplate,00

, (9.26)

µ0T = f0T ×Ntot

NMC
T emplate,0T

, (9.27)

µT 0 = fT 0 ×Ntot

NMC
T emplate,T 0

, (9.28)

µT T = (1 − f00 − f0T − fT 0) ×Ntot

NMC
T emplate,T T

. (9.29)

where NMC
T emplate,i, i ∈ {00, 0T, T0, TT}, is the integral over the respective polarizations Monte

Carlo template. Here, µW Z was swapped out for Ntot, which serves the same role but makes
for an easier parametrization. They have the relationship

µW Z = Ntot∑
i

NMC
T emplate,i

. (9.30)

Their pre-fit values are set according to

Ntot =
∑

i

(NMC
T emplate,i × µi), (9.31)

f00 =
NMC

T emplate,00 × µ

Ntot
, (9.32)

f0T =
NMC

T emplate,0T × µ0T

Ntot
, (9.33)

fT 0 =
NMC

T emplate,T 0 × µT 0

Ntot
, (9.34)

fT T =
NMC

T emplate,T T × µT T

Ntot
, (9.35)

(9.36)

with all µ’s set to their nominal pre-fit value of one.
Applying a reparametrization like this also has one major disadvantage. Using the regular

parametrization with µ’s, one can set their lower boundary to zero. With that, the implicit
fractions are all constrained to be in the range [0, 1] and sum to one.

After swapping to the fraction parametrization, the sum to one criteria is explicitly
specified when removing the redundant fraction. However, it is now only possible to specify
the validity range for those fractions that are explicit parameters in the likelihood. It is not
possible anymore to guarantee it for the implicit, eliminated one. The upper bound is still
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9.3 Fitting Configurations

kept as the explicit fractions can be given lower bounds of zero. This is not the case for the
lower bound anymore. For example, all the explicit fractions could take a value of 0.8, leaving
the implicit one with a value of

fT T = 1 − 0.8 − 0.8 − 0.8 = −1.4. (9.37)

This can potentially be rectified by adding additional constraints to the likelihood that
penalize such parameter values. However, it was found in practice to make the fits less stable
while still never being able to enforce those bounds completely. As such, all subsequently
used main fit configurations always eliminate the fraction corresponding to the background
polarization with the highest expected value and, thus, the lowest expected probability to
become negative, even within uncertainties. An example fit demonstrating this issue is shown
in Appendix E by instead eliminating a polarization state with a smaller expected value and
larger uncertainties.

9.2.2 Smoothing
One common aspect shared between all fit configurations is the fact that a lot of the
experimental uncertainties are affected by MC statistical fluctuations. This holds especially
true for the Mixed polarizations. In fits to data, these fluctuations can cause spurious pulls
or impacts of an uncertainty that is completely decoupled from its physical impacts and
purely due to the MC statistical fluctuations. To avoid this, a smoothing procedure can
applied to experimental uncertainties that can be affected by this. The smoothing is applied
independently to the up and down variations of each uncertainty.

The basic steps are as follows:

1. Build a histogram representing the ratio of Variation/Nominal.

2. Smooth the histogram, in our case using ROOT’s TH1.Smooth(1)

3. Multiply the ratio back onto the nominal histogram to retrieve a smoothed variation.

It is verified that the procedure only has a small impact on the templates by inspecting the
distributions as well as performing Chi-squared and KolmogorovSmirnov tests to ensure that
the variation histogram is only changed within its uncertainties. Additionally, the pull and
ranking plots, as well as the final fit results, are compared with and without the application
of smoothing to ensure that the impact on the results is small and within expectation.

However, smoothing also has downsides. The first one is that it makes it difficult to
interpret the result in a pure frequentist way due to the additional ad-hoc information
introduced into the fit procedure. As shown in Ref. [261], different smoothing procedures
can lead to different results. That can make it challenging to motivate any particular choice,
especially when they can arbitrarily reduce systematic uncertainties. Due to this, both
approaches are investigated and compared.

9.3 Fitting Configurations
This section introduces the dimensions of the space of fit configurations that are used in this
work, as well as the motivation to use each of them. First, the different tested parametrizations
are introduced in Section 9.3.1, and the fitting regions are summarized in Section 9.3.2. Next,
the configurations with different numbers of free parameters are discussed in Section 9.3.3.
Section 9.3.4 summarizes the smoothing variations used. Finally, the levels at which the
to-be-measured fractions are explored are described in Section 9.3.5.

Fits are then performed with each combination of the settings mentioned here, effectively
performing a grid scan over all configurations to be able to assert the consistency of the
observed effects of each setting. However, the results presented in Chapter 10 and the
appendix only discuss one specific selection of the remaining settings for each dimension of the
grid for brevity. All other combinations were checked to be consistent with those presented
results.
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9 Fraction Measurement Setup

9.3.1 Parametrization
Section 9.2.1 introduced how the likelihood can be reparametrized to polarization fractions.
However, it also mentioned some downsides. To ensure that these are not realized in this
analysis, additional fits are performed with the standard µ parametrization and compared
against the fraction fits in terms of nominal results and significance.

This means that both of the parametrizations shown in Section 9.2.1 are used

(µ, µT T , µ0T , µT 0), (9.38)
(f00, fT 0, f0T , Ntot). (9.39)

For the cross-check, the µ parameters are calculated through the replacement formulas defining
the parametrization and the nominal fit results. The calculation of their uncertainties also
uses these formulas. They are then calculated using standard error propagation, taking into
account the uncertainties of the actual fit parameters and their correlations

∆µ(φ) =
√ ∑

φi,φj∈φ

µunci(φ)Cijµuncj (φ), (9.40)

where C is the correlation matrix as determined by Hesse and

µunci(φ) =

∣∣∣µ(φ, φi = φ̂i + ∆φ̂up
i ) − µnom(φ)

∣∣∣+
∣∣∣µ(φ, φi = φ̂i − ∆φ̂down

i ) − µnom(φ)
∣∣∣

2 .

(9.41)

Boson Polarization Independence

Joint W±Z polarizations have already been measured with the ATLAS experiment [26, 64].
This work separates itself from those by measuring the fractions for high values and as a
function of pT (Z). It also has another related advantage. The previous work measured all four
joint polarization states with a significance of more than 5σ. However, those results are largely
compatible with each boson’s polarization being independent of the others. This means that
similar results could be achieved with solely a single polarization measurement as already
done in Ref. [24] and also repeated in the references above. As such, these measurements
can not really be considered to measure the polarization fractions of interacting W and Z
bosons. To quantify the small observed deviation, a transformation to a set of parameters
better suited to investigate this is performed in Ref. [64]. There, the observed significance
with respect to the independence hypothesis was measured to be 1.6σ.

The same approach is followed in this thesis by swapping to the following set of parameters

(µ, µT T , µ0T , µT 0) → (Rc, fW 0, fZ0, Ntot), (9.42)

with the transformations defined as

µ = Ntot × fW 0 × fZ0 ×Rc

NMC
T emplate,00

, (9.43)

µ0T = Ntot × fW 0 × (1 − (Rc × fZ0))
NMC

T emplate,0T

, (9.44)

µT 0 = Ntot × fZ0 × (1 − (Rc × fW 0))
NMC

T emplate,T 0
, (9.45)

µT T = Ntot × (1 − fZ0) × (1 − fW 0) + (Rc − 1) × fW 0 × fZ0

NMC
T emplate,T T

, (9.46)

where Rc, representing,
Rc = f00

fW 0 × fZ0
(9.47)
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gives a measure of the (in)dependence between the longitudinal polarizations of the two
bosons. The other relations of fW 0 and fZ0 to the previous fraction parametrization is given
by

fW 0 = f0T + f00, (9.48)
fZ0 = fT 0 + f00. (9.49)

This parametrization respects the fact that the sum of fractions has to be one. However, it
also suffers the same drawbacks as the direct fraction parametrization in that the implicitly
defined fractions can become negative. This and some more properties of this parametrization
are shown in Appendix F.

For the fits using this parametrization, the background-only hypothesis is characterized
by a fixed value of Rc = 1. The test statistic in Equation 9.10 is also modified slightly, such
that it is not set to zero for values of Rc below one or even zero, as both are still indicative of
correlations between the two bosons.

9.3.2 Fit Regions
Independent fits are performed in each of the two 00-enriched signal regions described in
Section 5.2.2. Additionally Appendix G discusses fits performed in a region requiring just
pZ

T > 100 GeV.
Uniquely to the fraction parametrization, a configuration is run where both regions are fit

simultaneously with independent parameters for Ntot and the respective fractions. This is
discussed in Appendix H.

9.3.3 Number of Free Parameters
The parametrizations shown so far have always had one (effective) scaling parameter per
polarization. However, as Chapter 8 has shown, it is currently not possible to differentiate
between the 0T and T0 states using the available variables. This issue is mitigated in
Ref. [26, 64] by employing different fit channels based on the two bosons’ decay angles. This
procedure did not prove fruitful for this analysis as the reduced number of data events made
an effective splitting of the pZ

T > 200 GeV region impossible while still maintaining enough
bins to make use of the shape and events to be confident that the asymptotic formula would
still hold. To be consistent between the regions, it was also not applied in the region with
100 < pZ

T ≤ 200 GeV.
Additionally, their smaller expected fractions compared to the inclusive phase space

means they are not expected to be measured with any useful significance. Due to this, fit
configurations are used where one combined scaling parameter is used for both of those states.
Conversely they are combined and given the scaling factor µMixed, also called µ0T +T 0. The
reparametrization to fractions for this configuration works analogous to that with the full
four parameters. Just like in that case, the fT T fraction is the one that gets eliminated using
the sum criterion.

For the independence parametrization, the fW 0 and fZ0 parameters are merged to fW Z0
representing their average, with the individual ratios within that fixed to the expected SM
ones.

Furthermore, even this fit configuration suffers from somewhat similar shapes between
the 00 state of interest and the mixed states due to the limited data and MC statistics,
and underlying kinematic distributions. Based on the resulting anticorrelations, a third
configuration is introduced that combines the mixed and the TT state and gives them a
combined scaling factor µRest. In the fraction parameterization, the corresponding fraction is
eliminated, leaving the fit with the free parameters f00, Ntot. The result is that the relative
fractions of the TT and mixed states are the ones predicted by the SM. This limits the
physical applicability of this parametrization to the comparison to BSM models or parameters
whose relative couplings to the TT and mixed states match the ones from the SM. The most
important class of such models are the ones that couple to the 00 state exclusively.
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9 Fraction Measurement Setup

With the three-parameter configuration already having questionable interpretability for
the independence parametrization, the two-parameter one is not used for that selection of
parameters.

9.3.4 Smoothing
As the smoothing discussed in Section 9.2.2 has both advantages and disadvantages, configu-
rations with and without smoothing are investigated. The option with smoothing applies it
to all experimental systematic uncertainties as described in Section 7.1 that start with any of
[EG_, EL_EFF_, MUON_, JET_, MET_].

9.3.5 Truth and Reconstructed Fractions
The expected and measured fractions, as described in Section 9.2.1, depend on the values
used for NMC

T emplate,i. If the integral over the respective polarization’s fit input MC template
is used, as described in that section, then the resulting fractions represent the ones at the
reconstruction level in the signal region. This is due to the value effectively representing

NMC
T emplate,i = Ci · σi · L, (9.50)

where Ci is the efficiency factor accounting for detector inefficiencies and migrations, σi is the
pseudo-cross-section of the given polarization, and L is the nominal integrated luminosity.

If one desires to measure the fractions directly at the fiducial truth level, then one can
do so by eliminating the factor Ci and replace NMC

T emplate,i with Nfiducial
T emplate,i as determined by

the equation

Nfiducial
T emplate,i =

NMC
T emplate,i

Ci
. (9.51)

So by simply replacing the values of NMC
T emplate,i with their truth level counterparts, one can

directly measure the polarization fractions at the fiducial level. Care has to be taken in this
case so that the truth and reconstructed templates are created with a consistent setup. For
example, the per-sample EWK k-factors applied at the reconstructed level also have to be
applied at the truth level. Otherwise, the relationship between the values is not described by
Equation 9.51, and the resulting fractions can be different.

The electroweak k-factors are thus also taken from Table 6.2. Additionally, the impact of
the jet multiplicity reweighting is considered using the factors shown in Table 9.2.

Table 9.2: Overall reweighting factors on the individual polarizations in the signal regions
due to the jet multiplicity reweighting.

Signal Region Polarization Jet Multiplicity Factor

100 < pZ
T ≤ 200 GeV

00 0.984
0T 0.965
T0 0.969
TT 0.969

pZ
T > 200 GeV

00 0.976
0T 0.969
T0 0.972
TT 0.970

The final fiducial event numbers, also including the QCD k-factors, as used in the
parametrization, are summarized in Table 9.3.

This same point applies to the independence parametrizations that are also mentioned
in Section 9.3.1. However, that is not the case for the µ parameterizations, as these do not
depend on the integral numbers. Consequently, the grid points corresponding to the truth
configuration for that parametrization are not run.
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Table 9.3: Final fiducial event numbers used in the reparametrization to fiducial fraction.

Signal Region Polarization Fiducial event numbers

100 < pZ
T ≤ 200 GeV

00 380.740
0T 298.890
T0 273.742
TT 1546.876

pZ
T > 200 GeV

00 77.127
0T 20.569
T0 19.129
TT 213.110
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Chapter 10

Fraction Measurement Results

The determination of the fiducial fractions using smoothed distributions with the two- and
three-parameter configurations constitute the nominal result of the fraction measurement.
The results for the three-parameter configuration are shown in Section 10.1, while those for
the two-parameter configuration are presented in Section 10.2.

The following sections show and explain the impacts of the smoothing (10.3) and the use
of fiducial instead of reconstructed fractions (10.4). The differences between results with two
to four free parameters are investigated in section 10.5. Meanwhile, the equivalence of the
fraction and µ parametrization is demonstrated in section 10.6. Lastly, Section 10.7 describes
the results and additional issues present for the independence parametrization.

10.1 Fit With Three Unconstrained Parameters
This section investigated the fitting setup using three free parameters. First, the results of
fitting the templates to Asimov data are shown, and some control plots are discussed. The
Asimov data is constructed by setting all the parameters to their expectation values and
using the resulting distribution as pseudo data with respective data statistical uncertainties.

Afterward, the results when fitting to observed data are summarized, and similarities and
differences to the Asimov fit are investigated.

10.1.1 Asimov Fit
As the analysis was constructed without looking at data, fits to Asimov data are used to
gauge the sensitivity of the measurement as well as the stability of the fitting procedure.
The respective pre- and post-fit distributions are shown in Figure 10.1. As the Asimov data
exactly matches the expectation, only small differences in the uncertainties are expected due
to correlations between the different nuisance parameters.

It can also be seen that the distributions of the prompt and non-prompt backgrounds
are largely flat across the BDT score with a slight shift towards lower values. Out of those
non-WZ backgrounds, the prompt ones dominate in both of the 00-enriched regions. While
the relative contribution of the prompt background remains roughly equal across the two
regions, this is not the case for the non-prompt one. This reduces from roughly 4 percent in
the region with 100 < pZ

T ≤ 200 GeV to ≈ 1 % in the one with pZ
T > 200 GeV. This can also

be seen in Table 10.1, which shows the pre-fit yields.
The expected results with the three-parameter configuration are summarized in Table 10.2.

It can be seen that the expected significance is higher in the lower pT region compared to the
higher pT one. This is despite a lower expected f00. The main reason here is the significantly
reduced statistical uncertainty, which overcompensates the reduction in the expected fractions.
The table also shows that the fraction values are statistically dominated in both regions. Only
for Ntot in the region with 100 < pZ

T ≤ 200 GeV do the systematic uncertainties dominate.
With both expected significances being below 5σ, no observation of f00 is expected in either
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Figure 10.1: Expected (a) pre- and (b) post-fit distributions in the 00-enriched 100 < pZ
T ≤

200 GeV region and (c) pre- and (d) post-fit distributions in the 00-enriched pZ
T > 200 GeV

region for the S+B hypothesis with the three sample strategy.

Table 10.1: Number of events for the expected signal and background, and observed data
in the two signal regions for the joint polarization fraction measurement. The uncertainties
shown include both statistical and systematic contributions.

Process 100 < pZ
T ≤ 200 GeV pZ

T > 200 GeV

W0Z0 222 ± 5 47.6 ± 1.5
W0ZT + WT Z0 323 ± 12 23.7 ± 0.8

WT ZT 856 ± 31 124 ± 4
Prompt background 169 ± 18 24.1 ± 2.7

Non-prompt background 68 ± 29 2.8 ± 1.1

Total Expected 1640 ± 60 222 ± 8

Data 1740 236
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of the two regions. The 00-enriched pZ
T > 200 GeV even has an expected significance below

3σ, indicating that even the level of “evidence” might not be reached for this configuration.
The table also shows that fMixed can not become negative within its uncertainties, while the
derived µW ZMixed can. This is due to the symmetrization that occurs when propagating the
uncertainties to the µ’s.

Table 10.2: Asimov fit results using the smoothed nuisance parameter distributions in the
configuration with three independent fit parameters for the fiducial fraction parametrization.

00-enriched region 100 < pZ
T ≤ 200 GeV pZ

T > 200 GeV
Significance 4.285σ 2.493σ
f00 0.152 ±0.034

0.033 (stat) ±0.017
0.016 (sys) 0.23 ±0.10

0.10 (stat) ±0.02
0.02 (sys)

fMixed 0.23 ±0.08
0.08 (stat) ±0.04

0.05 (sys) 0.12 ±0.19
0.12 (stat) ±0.05

0.00 (sys)
Ntot 2500 ±70

70 (stat) ±100
100 (sys) 330 ±26

25 (stat) ±14
13 (sys)

fT T 0.62 ± 0.05(stat) ± 0.03(sys) 0.65 ± 0.09(stat) ± 0.01(sys)
µ 1.00 ± 0.22(stat) ± 0.12(sys) 1.0 ± 0.4(stat) ± 0.1(sys)
µW ZT T 1.00 ± 0.09(stat) ± 0.06(sys) 1.00 ± 0.16(stat) ± 0.05(sys)
µW ZMixed 1.00 ± 0.34(stat) ± 0.19(sys) 1.0 ± 1.3(stat) ± 0.2(sys)

Figures 10.2 and 10.3 show nuisance parameter correlations for the stat. only and full
fits in both regions, respectively. The latter only includes nuisance parameters that have
a correlation of at least 0.2 with any other NP. It can be seen that for both regions, there
is an extremely large anticorrelation between the f00 and fMixed fraction parameters. This
is due to both parameters being otherwise unconstrained in the fit and the two respective
distributions being closest in shape, as was already shown in Figure 8.10. The expected
correlations are −0.828 for the lower pZ

T region and −0.838 for the higher pZ
T one.
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Figure 10.2: Expected post-fit correlations for the stat. only fit in the 00-enriched region
with (a) 100 < pZ

T ≤ 200 GeV and (b) pZ
T > 200 GeV for the S+B hypothesis with the three

sample strategy.

One interesting point about the correlations for the full fits is that there are significantly
more parameters with at least one correlation above 20 % in the 100 < pZ

T ≤ 200 GeV region.
In the region with pZ

T > 200 GeV, there is only one parameter besides the unconstrained ones,
while the lower pZ

T region includes seven. The largest correlations of these parameters, and
the ones getting them included in the plot, are mostly with Ntot. As such, it makes sense
that fewer parameters are present for the region where the uncertainty of Ntot is statistically
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dominated.
Nuisance parameter rankings by their impact on f00, fMixed and Ntot are shown in

Figures 10.4 and 10.5. The top-ranked variables for the fractions concern NLO effects, shower,
jet, and pileup uncertainties. The impact of the NLO uncertainties is one-sided as the
uncertainties themselves are implemented as one-sided. This means the down variations
exactly match the nominal prediction, thus having no impact on their value. The relevant
uncertainties for Ntot are similar, except that the uncertainties on the backgrounds, mainly the
non-prompt one, also play a major to dominant role. Especially in the 100 < pZ

T ≤ 200 GeV
region.
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Figure 10.3: Expected post-fit correlations of nuisance parameters with a correlation of
at least 0.2 with another NP for the full fit in the 00-enriched region with (a) 100 < pZ

T ≤
200 GeV and (b) pZ

T > 200 GeV for the S+B hypothesis with the three sample strategy.
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Figure 10.4: Ranking of the systematic nuisance parameters included in the fit in the
00-enriched 100 < pZ

T ≤ 200 GeV region using the three sample strategy according to their
impact on (a) f00, (b) fMixed and (c) Ntot with Asimov data obtained with the expected
background prediction. Only the top 20 parameters are shown. Nuisance parameters
corresponding to MC statistical uncertainties are not considered here. The empty brown
rectangles correspond to the pre-fit impact on the respective parameter and the filled
brown ones to the post-fit impacts, both referring to the upper scale. The impact of
each nuisance parameter, ∆f00|∆fMixed|∆Ntot, is computed by comparing the nominal
best-fit value with the result of the fit when fixing the considered nuisance parameter to its
best-fit value, θ̂, shifted by its pre-fit (post-fit) uncertainties ±∆θ (±∆θ̂). The black points
show the pulls of the nuisance parameters with respect to their nominal values, θ0. These
pulls and their relative post-fit errors, ∆θ̂/∆θ, refer to the lower scale. For experimental
uncertainties, which are broken down into several independent sources, the corresponding
nuisance parameter (NP) index is reported.
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Figure 10.5: Ranking of the systematic nuisance parameters included in the fit in the 00-
enriched pZ

T > 200 GeV region using the three sample strategy according to their impact on
(a) f00, (b) fMixed and (c) Ntot with Asimov data obtained with the expected background
prediction. Only the top 20 parameters are shown. Nuisance parameters corresponding
to MC statistical uncertainties are not considered here. The empty brown rectangles
correspond to the pre-fit impact on the respective parameter and the filled brown ones
to the post-fit impacts, both referring to the upper scale. The impact of each nuisance
parameter, ∆f00|∆fMixed|∆Ntot, is computed by comparing the nominal best-fit value
with the result of the fit when fixing the considered nuisance parameter to its best-fit
value, θ̂, shifted by its pre-fit (post-fit) uncertainties ±∆θ (±∆θ̂). The black points show
the pulls of the nuisance parameters with respect to their nominal values, θ0. These
pulls and their relative post-fit errors, ∆θ̂/∆θ, refer to the lower scale. For experimental
uncertainties, which are broken down into several independent sources, the corresponding
nuisance parameter (NP) index is reported.
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10.1.2 Observed Fit
With the fits to Asimov data showing no concerning issues, the fits to observed data are
performed.

The pre- and post-fit distributions for the two 00-enriched regions are shown in Figure 10.6,
while the post-fit yields are summarized in Table 10.3. Generally, a good agreement can be
observed between predictions and data, both pre- and post-fit and in both regions. Some
larger deviations can be observed in the pZ

T > 200 GeV region. However, these are still within
the sizeable statistical uncertainties of the data.
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Figure 10.6: Observed (a) pre- and (b) post-fit distributions in the 00-enriched 100 < pZ
T ≤

200 GeV region and (c) pre- and (d) post-fit distributions in the 00-enriched pZ
T > 200 GeV

region for the S+B hypothesis with the three sample strategy.

Correlations between the parameters in the stat. only and full fits are shown in Figures 10.7
and 10.8. Similar to the case of the Asimov fit, the stat. only correlations are dominated by a
very strong anti-correlation between the 00 and mixed fractions. This time the values of the
correlations are −0.835 and −0.818 for the low and high pZ

T regions. Some small differences
can be observed in the correlations of the full fits. Just like in the Asimov case, there are
more nuisance parameters with correlations larger than 0.2 in the lower pZ

T region than in
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10.1 Fit With Three Unconstrained Parameters

Table 10.3: Observed post-fit yields in the configuration with three free parameters.
Shown are the nominal values and statistical, theory, and experimental uncertainties.

100 < pZ
T ≤ 200 GeV pZ

T > 200 GeV
W0Z0 290 ± 50 ± 0 ± 10 28 ± 18 ± 0 ± 1
W0ZT +WTZ0 280 ± 110 ± 0 ± 10 50 ± 40 ± 0 ± 0
WTZT 920 ± 80 ± 0 ± 30 132 ± 26 ± 1 ± 4
Prompt background 166 ± 0 ± 17 ± 8 24.2 ± 0.0 ± 2.1 ± 1.6
Non-prompt background 80 ± 0 ± 0 ± 40 2.8 ± 0.0 ± 0.0 ± 1.0
Total Expected 1740 ± 40 ± 20 ± 60 236 ± 15 ± 3 ± 8
Data 1740.0 ± 0.0 ± 0.0 ± 0.0 236.0 ± 0.0 ± 0.0 ± 0.0

the higher one. For the 100 < pZ
T ≤ 200 GeV region, the majority of the included nuisance

parameters are the same. The most significant addition is the one for the QCD uncertainty
from the distribution of ∆Y (`WZ), through its high correlation with f00 and fMixed. This is
included in both fit regions.
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Figure 10.7: Observed post-fit correlations for the stat. only fit in the 00-enriched region
with (a) 100 < pZ

T ≤ 200 GeV and (b) pZ
T > 200 GeV for the S+B hypothesis with the three

sample strategy.

This inclusion can partially be understood by considering the nuisance parameters pull
as shown in Figures 10.9 and 10.10. These figures show the 15 nuisance parameters with
the strongest expected and observed constraints and the strongest observed pulls for the
two 00-enriched regions. The strongest pulls are not shown for the Asimov fit, as they
are all zero there. The main relevant point is the inclusion of this uncertainty within the
top 3 highest-pulled ones. As all of the NLO uncertainties are implemented as one-sided
uncertainties by setting their down variation equal to the nominal one, their correlations as
their nominal value are reduced because down variations have no impact. A pull now allows
both up and down variations to cause different fit configurations, increasing the observed
correlations.

Another interesting point is the lack of the PRW_DATASF parameter in the correlations
plots despite it being the highest pulled parameter, indicating a strong impact on the fit
parameters. This is mostly because it has effects on both the Ntot parameter as well as the
fractions. This causes mild individual correlations, which lead to an increased pull of the
parameter.

The post-fit values for the unconstrained fit parameters are shown alongside their uncer-
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Figure 10.8: Observed post-fit correlations of nuisance parameters with a correlation of
at least 0.2 with another NP for the full fit in the 00-enriched region with (a) 100 < pZ

T ≤
200 GeV and (b) pZ

T > 200 GeV for the S+B hypothesis with the three sample strategy.
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Figure 10.9: Post fit nuisance parameter pulls for the fit of the S+B hypothesis in the
00-enriched 100 < pZ

T ≤ 200 GeV with the three sample strategy. Shown are (a) the most
constrained parameters in the fit to Asimov data, (b) the most constrained and (c) the
most pulled parameters in the fit to observed data.
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Figure 10.10: Post fit nuisance parameter pulls for the fit of the S+B hypothesis in
the 00-enriched pZ

T > 200 GeV with the three sample strategy. Shown are (a) the most
constrained parameters in the fit to Asimov data, (b) the most constrained and (c) the
most pulled parameters in the fit to observed data.
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tainties in Table 10.4. As already visible by comparing the pre- and post-fit distribution, it
can be seen that the measured f00 fraction in the 100 < pZ

T ≤ 200 GeV region is larger than
the expected one, while the opposite is the case for the region with pZ

T > 200 GeV. With only
small changes in the uncertainties, this subsequently results in higher and smaller values for
the significances in the two regions. The final measured values are 5.2σ in the lower pT region
and 1.6σ in the higher pT one. With this, a non-zero fraction of doubly longitudinal events in
a phase space with pW Z

T < 70 GeV and 100 < pZ
T ≤ 200 GeV has been observed. The same

can not be said for the region with pZ
T > 200 GeV where even the 3σ threshold required to

claim “evidence” has not been reached.
The final value for f00 in the region with 100 < pZ

T ≤ 200 GeV with the three-parameter
configuration is:

f00 = 0.189 ±0.034
0.033 (stat.) ±0.016

0.016 (mod. syst.) ±0.018
0.015 (exp. syst.) ±0.000

0.000 (lumi.) (10.1)

in the region with pZ
T > 200 GeV the value is:

f00 = 0.13 ±0.09
0.08 (stat.) ±0.02

0.02 (mod. syst.) ±0.01
0.01 (exp. syst.) ±0.00

0.00 (lumi.) (10.2)

For both of these cases, the expected values are almost covered by the 1σ uncertainties.
However, the deviations are in opposite directions. This results in a lower measured 00
fraction in the region with high pZ

T when the opposite was expected. With neither difference
being statistically significant, further studies are needed to discern whether these are just
fluctuations or could be a hint towards new physics.

Table 10.4: Observed fit results using the smoothed nuisance parameter distributions in the
configuration with three independent fit parameters for the fiducial fraction parametrization.

00-enriched region 100 < pZ
T ≤ 200 GeV pZ

T > 200 GeV
Significance 5.158σ 1.595σ
f00 0.189 ±0.034

0.033 (stat) ±0.024
0.022 (sys) 0.13 ±0.09

0.08 (stat) ±0.02
0.02 (sys)

fMixed 0.18 ±0.07
0.08 (stat) ±0.05

0.06 (sys) 0.23 ±0.17
0.18 (stat) ±0.06

0.10 (sys)
Ntot 2690 ±80

70 (stat) ±130
120 (sys) 355 ±27

26 (stat) ±15
14 (sys)

fT T 0.63 ± 0.05(stat) ± 0.04(sys) 0.64 ± 0.12(stat) ± 0.06(sys)
µ 1.33 ± 0.24(stat) ± 0.17(sys) 0.6 ± 0.4(stat) ± 0.1(sys)
µW ZT T 1.09 ± 0.09(stat) ± 0.08(sys) 1.06 ± 0.21(stat) ± 0.11(sys)
µW ZMixed 0.9 ± 0.4(stat) ± 0.3(sys) 2.1 ± 1.6(stat) ± 0.7(sys)

A breakdown of the uncertainties on f00 in the two 00-enriched regions is shown in
Table 10.5. The dominant uncertainty in both regions is the data statistical uncertainty. In
the region with pZ

T > 200 GeV it reaches a total of 64.5 %, while staying at a lower 18.0 % in
the lower pZ

T region. Most uncertainties increase when going from the lower to the higher pZ
T

region. One major exception is the uncertainty of the non-prompt background estimation,
which decreases from 5.8 % to 0.8 % due to the reduced overall size of the related background.
Another uncertainty with this effect, though smaller, is the one concerning interference effects
between the different polarization states. The overall dominant systematic uncertainties in
the region with 100 < pZ

T ≤ 200 GeV come from the jet energy scale and resolution, the
non-prompt background estimation, NLO QCD effects, and PDF, scale, and shower settings.
In the pZ

T > 200 GeV region, the jets, NLO QCD, and other theory uncertainties remain
the dominant ones. Additionally, the MC statistical and other NLO effects become relevant.
The impact of the uncertainty on the luminosity measurement only amounts to 0.1 − 0.2 %.
This is less than the 0.83 % from the actual measurement of the luminosity as mentioned
in Section 4.2. This is one of the effects of the parametrization to fractions. The general
impact of the luminosity uncertainty is absorbed by the Ntot parameter, while the fractions
are only impacted by the effective shape changes of the combined prompt and non-prompt
background.
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10 Fraction Measurement Results

Likelihood scans of selected parameters are shown in Figures 10.11 and 10.12 for the
100 < pZ

T ≤ 200 GeV and pZ
T > 200 GeV regions, respectively. None of the scans show

unexpected behavior, such as local minima or strong deviations from the expected parabolic
shape. Nuisance parameter rankings by their impact on f00, fMixed and Ntot are shown in
Figures 10.13 and 10.14. The top-ranked variables match those expected from the systematic
breakdown tables, with NLO, shower, and jet uncertainties being the most impactful on the
fractions. The only deviation from this expectation is the pileup reweighting uncertainty in
the region with 100 < pZ

T ≤ 200 GeV which has an impact ≈ 5 % in the ranking plot but only
1.6 % in the breakdown table. This is due to two reasons. The first is the symmetrization
of the uncertainties for the table. The second is due to the approach chosen to calculate
the uncertainty breakdowns in the table as described in section 9.1.4. The uncertainties
of contributions that are calculated early in the process and have similar impacts as ones
calculated later are reduced. For Ntot, the most important nuisance parameters are related
to jet and electron uncertainties, pileup, luminosity, and the non-prompt background. The
parameters are also largely the same and in the same order as in the case of the fit to
Asimov data. The total relative impact of the parameters on the fractions, however, changes
significantly. This is especially the case for the pZ

T > 200 GeV region and is mostly due to
the change in the nominal value. Here, an increased value causes lower relative uncertainties,
while the effect is the opposite for decreased values as seen for f00. The NLO uncertainties
are, again, mostly one-sided. They are not completely one-sided, as seen in the fits to Asimov
data. This is because the pulls on these parameters cause their best-fit values to differ from
the nominal value. Due to this, the down variation, still matching the nominal shape, is not
equal to the best-fit one.

Table 10.5: Breakdown of uncertainties on f00 in the fits to observed data with the
three-parameter configuration.

Source Impact on f00 [%]
Experimental 100 < pZ

T ≤ 200 GeV pZ
T > 200 GeV

Luminosity 0.1 0.2
Electron calibration 1.0 0.9
Muon calibration 1.1 1.3
Jet energy scale and resolution 5.9 9.0
Emiss

T scale and resolution 1.0 0.6
Flavor-tagging inefficiency 0.1 0.2
Pileup modelling 1.6 1.1
Non-prompt background estimation 5.8 0.8

Modelling
Background, other 1.4 1.6
Model statistical 2.5 5.6
NLO QCD effects 6.8 8.2
NLO EW effects 1.1 3.3
Effect of additive vs multiplicative QCD+EW combination 1.3 3.8
Interference impact 1.4 0.7
PDF, Scales, and shower settings 3.5 9.2

Experimental and modelling 12.1 17.7
Data statistical 18.0 64.5
Total 21.7 66.9
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Figure 10.11: Likelihood scans for the full fits of the S+B hypothesis in the 00-enriched
100 < pZ

T ≤ 200 GeV region with the three sample strategy for the (a) f00, (b) fMixed, (c)
Ntot, (d) MUON_SAGITTA_RHO and (e) MUON_SAGITTA_RESBIAS parameters.
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Figure 10.12: Likelihood scans for the full fits of the S+B hypothesis in the 00-enriched
pZ

T > 200 GeV region with the three sample strategy for the (a) f00, (b) fMixed, (c) Ntot,
(d) MUON_SAGITTA_RHO and (e) MUON_SAGITTA_RESBIAS parameters.
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Figure 10.13: Ranking of the systematic nuisance parameters included in the fit in the
00-enriched 100 < pZ

T ≤ 200 GeV region using the three sample strategy according to
their impact on (a) f00, (b) fMixed and (c) Ntot with data. Only the top 20 parameters
are shown. Nuisance parameters corresponding to MC statistical uncertainties are not
considered here. The empty brown rectangles correspond to the pre-fit impact on the
respective parameter and the filled brown ones to the post-fit impacts, both referring to the
upper scale. The impact of each nuisance parameter, ∆f00|∆fMixed|∆Ntot, is computed by
comparing the nominal best-fit value with the result of the fit when fixing the considered
nuisance parameter to its best-fit value, θ̂, shifted by its pre-fit (post-fit) uncertainties ±∆θ
(±∆θ̂). The black points show the pulls of the nuisance parameters with respect to their
nominal values, θ0. These pulls and their relative post-fit errors, ∆θ̂/∆θ, refer to the lower
scale. For experimental uncertainties, which are broken down into several independent
sources, the corresponding nuisance parameter (NP) index is reported.
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Figure 10.14: Ranking of the systematic nuisance parameters included in the fit in the
00-enriched pZ

T > 200 GeV region using the three sample strategy according to their impact
on (a) f00, (b) fMixed and (c) Ntot with data. Only the top 20 parameters are shown.
Nuisance parameters corresponding to MC statistical uncertainties are not considered
here. The empty brown rectangles correspond to the pre-fit impact on the respective
parameter and the filled brown ones to the post-fit impacts, both referring to the upper
scale. The impact of each nuisance parameter, ∆f00|∆fMixed|∆Ntot, is computed by
comparing the nominal best-fit value with the result of the fit when fixing the considered
nuisance parameter to its best-fit value, θ̂, shifted by its pre-fit (post-fit) uncertainties ±∆θ
(±∆θ̂). The black points show the pulls of the nuisance parameters with respect to their
nominal values, θ0. These pulls and their relative post-fit errors, ∆θ̂/∆θ, refer to the lower
scale. For experimental uncertainties, which are broken down into several independent
sources, the corresponding nuisance parameter (NP) index is reported.
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10.2 Fit With Two Unconstrained Parameters

10.2 Fit With Two Unconstrained Parameters
This section presents the results for the fits using the two-parameter configuration. They
represent a reinterpretation of the same underlying data using a more constrained physics
modeling. This allows for the setting of stronger constraints for such models. The structure
is the same as the previous section’s, in that first, the fits to Asimov data are shown, followed
by those to observed data.

10.2.1 Asimov Fit
The pre- and post-fit distributions to the Asimov data using the two-parameter configuration
are shown in Figure 10.15. The pre-fit yield numbers are omitted here as they are equivalent
to the ones in Table 10.1. The only difference is that the TT and mixed contributions are
summed together. As with the three-parameter configuration, the only differences between
the pre- and post-fit plots are slight changes in the uncertainties due to constraints and
correlations.
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Figure 10.15: Expected (a) pre- and (b) post-fit distributions in the 00-enriched 100 <
pZ

T ≤ 200 GeV region and (c) pre- and (d) post-fit distributions in the 00-enriched pZ
T >

200 GeV region for the S+B hypothesis with the two sample strategy.
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The expected results of the fits using this configuration are shown in Table 10.6. The
only significant difference to the results from the three-parameter case is the higher expected
significances and the lower expected uncertainty on f00. For example, the statistical and
systematic uncertainties on f00 in the region with 100 < pZ

T ≤ 200 GeV are reduced from
≈ 0.034 and ≈ 0.017 to 0.020 and 0.012. The nominal fit values are expectedly still the
same, namely the pre-fit ones. Interestingly, the uncertainties of Ntot are not reduced when
switching from three to two unconstrained parameters. This is mostly expected, as Ntot is
explicitly decoupled from the fractions. All of this results in expected significances of 6.9σ
for the region with 100 < pZ

T ≤ 200 GeV and 4.2 for the pZ
T > 200 GeV region, indicating

potential “observation” and “evidence” of a non-zero f00 value in these regions.

Table 10.6: Asimov fit results using the smoothed nuisance parameter distributions in the
configuration with two independent fit parameters for the fiducial fraction parametrization.

00-enriched region 100 < pZ
T ≤ 200 GeV pZ

T > 200 GeV
Significance 6.859σ 4.225σ
f00 0.152 ±0.020

0.020 (stat) ±0.011
0.012 (sys) 0.23 ±0.06

0.05 (stat) ±0.02
0.02 (sys)

Ntot 2500 ±70
70 (stat) ±100

100 (sys) 330 ±26
25 (stat) ±14

13 (sys)
fRest 0.848 ± 0.020(stat) ± 0.012(sys) 0.77 ± 0.06(stat) ± 0.02(sys)
µ 1.00 ± 0.13(stat) ± 0.09(sys) 1.00 ± 0.25(stat) ± 0.09(sys)
µW ZRest 1.00 ± 0.04(stat) ± 0.04(sys) 1.00 ± 0.10(stat) ± 0.05(sys)

Post-fit parameter correlations for the stat. only and full fits are shown in Figures 10.16
and 10.17. The fits with no systematic uncertainties contain only two parameters, f00 and
Ntot.
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Figure 10.16: Expected post-fit correlations for the stat. only fit in the 00-enriched
region with (a) 100 < pZ

T ≤ 200 GeV and (b) pZ
T > 200 GeV for the S+B hypothesis with

the two sample strategy.

Despite them being nominally decoupled, small correlations of −0.058 and −0.066 can
be seen in the low and high pZ

T regions, respectively. These arise because smaller/higher
values for f00 might be best compensated by slightly increasing/reducing the overall number
of events. This improves the agreement for high BDT score values at the expense of lower
values. Whether this compensation should happen this way or the other way around is
not immediately obvious and depends on the exact distributions as well as the size of the
variations. For example, the background-only fits with f00 set to zero both have a lower value
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Figure 10.17: Expected post-fit correlations of nuisance parameters with a correlation of
at least 0.2 with another NP for the full fit in the 00-enriched region with (a) 100 < pZ

T ≤
200 GeV and (b) pZ

T > 200 GeV for the S+B hypothesis with the two sample strategy.
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10 Fraction Measurement Results

of Ntot, indicating a positive correlation between the two parameters.
The correlations of the full fit show the same general behavior as in the three-parameter

case. There are fewer parameters with a correlation of above 0.2 in the high pZ
T region

compared to the low pZ
T one, primarily due to larger statistical uncertainties. The nuisance

parameters that do pass this threshold are also the same ones as in the other configuration
and have it with Ntot. They also show smaller but non-zero correlations with the fraction
parameter.

An overview of nuisance parameter impacts on f00 and Ntot is shown in Figure 10.18.
The top-ranked parameters for Ntot are almost completely identical to the ones from the
three-parameter configuration. This is again mostly expected for the same reasons as the
uncertainties are mostly identical between the two configurations. The situation is similar for
the f00 fraction in the high pZ

T region. Here, the top-ranked variables are again related to
NLO EWK and QCD effects. The main difference is that they now cause reductions in the
value of f00, while increases are observed for the three-parameter configuration. These are,
again, effects of how free mixed polarization states mediate between and compensate for the
effects on the 00 and TT states. In the region with 100 < pZ

T ≤ 200 GeV the most relevant
uncertainties have changed a bit. Here, an uncertainty related to the interference between
polarization states has become the dominant one. The shower uncertainty has also made its
way into the twenty most important variables, up to the second spot.
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Figure 10.18: Ranking of the systematic nuisance parameters included in the fit in the
00-enriched 100 < pZ

T ≤ 200 GeV region using the two sample strategy according to their
impact on (a) f00 and (b) Ntot with Asimov data obtained with the expected background
prediction and in the region with pZ

T > 200 GeV for (c) f00 and (d) Ntot. Only the top 20
parameters are shown. Nuisance parameters corresponding to MC statistical uncertainties
are not considered here. The empty brown rectangles correspond to the pre-fit impact on
the respective parameter and the filled brown ones to the post-fit impacts, both referring to
the upper scale. The impact of each nuisance parameter, ∆f00|∆fMixed|∆Ntot, is computed
by comparing the nominal best-fit value with the result of the fit when fixing the considered
nuisance parameter to its best-fit value, θ̂, shifted by its pre-fit (post-fit) uncertainties ±∆θ
(±∆θ̂). The black points show the pulls of the nuisance parameters with respect to their
nominal values, θ0. These pulls and their relative post-fit errors, ∆θ̂/∆θ, refer to the lower
scale. For experimental uncertainties, which are broken down into several independent
sources, the corresponding nuisance parameter (NP) index is reported.
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10 Fraction Measurement Results

10.2.2 Observed Fit
The pre- and post-fit distributions of the observed fit using the two-parameter configuration
are shown in Figure 10.19. The pre-fit agreement between data and expectation is identical
to the one in the three-parameter fits. The post-fit agreement is slightly worse due to the
less flexible model. The post-fit event yields are shown in Table 10.7 and mirror the message
from the plots.
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Figure 10.19: Observed (a) pre- and (b) post-fit distributions in the 00-enriched 100 <
pZ

T ≤ 200 GeV region and (c) pre- and (d) post-fit distributions in the 00-enriched pZ
T >

200 GeV region for the S+B hypothesis with the two sample strategy.

The observed correlations in the stat. only and full fits are shown in Figures 10.20
and 10.21, respectively. The small correlation between Ntot and f00 is still present in the
observed fit. The observed correlation coefficients are −0.063 and −0.056 for the low and
high pZ

T regions.
The correlations in the full fit show some more differences compared to the ones in the

Asimov fit. In the 100 < pZ
T ≤ 200 GeV the number of nuisance parameters with a correlation

above 0.2 decreases from 7 to 6. The most noteworthy addition is again one of the NLO
QCD uncertainties, this time from the reweighting of the cos θV distribution. It has a large
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10.2 Fit With Two Unconstrained Parameters

Table 10.7: Observed post-fit yields in the configuration with two free parameters. Shown
are the nominal values and statistical, theory, and experimental uncertainties.

100 < pZ
T ≤ 200 GeV pZ

T > 200 GeV
W0Z0 271 ± 31 ± 0 ± 7 36 ± 11 ± 0 ± 1
WZRest 1230 ± 40 ± 10 ± 40 173 ± 16 ± 1 ± 6
Prompt background 168 ± 0 ± 17 ± 8 24.1 ± 0.0 ± 2.1 ± 1.6
Non-prompt background 80 ± 0 ± 0 ± 40 2.9 ± 0.0 ± 0.0 ± 1.0
Total Expected 1740 ± 40 ± 20 ± 60 236 ± 15 ± 3 ± 8
Data 1740.0 ± 0.0 ± 0.0 ± 0.0 236.0 ± 0.0 ± 0.0 ± 0.0

enough correlation with f00 to make the cut. The region with pZ
T > 200 GeV goes from two to

four parameters that have at least one correlation coefficient above the threshold. Here, the
previously missing f00 is added alongside the NLO QCD uncertainty from ∆Y (`WZ), which
it is anti-correlated with. Both of these additions can again be understood by considering the
pull plots in Figures 10.22c and 10.23c. Both of the mentioned NLO uncertainties are within
the most pulled ones in their respective regions. This is due to them being able to improve
the agreement with data, which is a difference with respect to the Asimov fit, where the best
agreement is always found without any pulls.

Comparing the pulls and constraints to those observed for the three-parameter one, it can
be seen that the ones for the two-parameter configuration are generally slightly larger. This
is due to the reduced freedom of the fit to cover discrepancies by adjusting the unconstrained
parameters. Additionally, even in this configuration, there are no unexpectedly large pulls or
constraints, especially for experimental uncertainties determined by dedicated measurements.
Instead, the largest ones are for theory uncertainties of the shower and NLO effects as well as
the determination of the non-prompt background. However, even these are not constrained
to a strong degree that would warrant further investigations.
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Figure 10.20: Observed post-fit correlations for the stat. only fit in the 00-enriched
region with (a) 100 < pZ

T ≤ 200 GeV and (b) pZ
T > 200 GeV for the S+B hypothesis with

the two sample strategy.

The post-fit values for the unconstrained fit parameters are shown alongside their uncer-
tainties in Table 10.8. The general trend of more than expected 00 contributions in the lower
pZ

T region and less in the region with pZ
T > 200 GeV is the same as with the three-parameter

configuration.
The observed result also follows the expected one in that the significances in both regions
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Figure 10.21: Observed post-fit correlations of nuisance parameters with a correlation of
at least 0.2 with another NP for the full fit in the 00-enriched region with (a) 100 < pZ

T ≤
200 GeV and (b) pZ

T > 200 GeV for the S+B hypothesis with the two sample strategy.
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Figure 10.22: Post fit nuisance parameter pulls for the fit of the S+B hypothesis in the
00-enriched 100 < pZ

T ≤ 200 GeV with the two sample strategy. Shown are (a) the most
constrained parameters in the fit to Asimov data, (b) the most constrained and (c) the
most pulled parameters in the fit to observed data.
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Figure 10.23: Post fit nuisance parameter pulls for the fit of the S+B hypothesis in
the 00-enriched pZ

T > 200 GeV with the two sample strategy. Shown are (a) the most
constrained parameters in the fit to Asimov data, (b) the most constrained and (c) the
most pulled parameters in the fit to observed data.
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are larger than those in the three-parameter configuration. However, the nominal fit results
of f00 are not identical to those found for the three-parameter configuration. This is expected
as this configuration can not reproduce the behavior of a mixed signal strength of ≈ 2 while
keeping µW ZT T ≈ 1. Thus, different values of f00 can not be compensated as freely. The
final result of this is that the observed values for the doubly longitudinal fraction lie closer to
the expected ones. With these results, it can also be seen that the values and uncertainties
of Ntot are not completely independent from the chosen configuration, as the value in the
100 < pZ

T ≤ 200 GeV and the systematic up uncertainty are both lower in the two-parameter
configuration than in the three-parameter one.

The final value for f00 in the region with 100 < pZ
T ≤ 200 GeV with the two-parameter

configuration is:

f00 = 0.174 ±0.020
0.020 (stat.) ±0.010

0.013 (mod. syst.) ±0.009
0.008 (exp. syst.) ±0.000

0.000 (lumi.) (10.3)

in the region with pZ
T > 200 GeV the value is:

f00 = 0.16 ±0.05
0.05 (stat.) ±0.02

0.02 (mod. syst.) ±0.01
0.01 (exp. syst.) ±0.00

0.00 (lumi.) (10.4)

As is the case with the three-parameter configuration, both values almost contain the expected
values within 1σ. The change in which regions’ fraction is larger compared to the expectation
also remains in this more constrained configuration. However, the difference is now smaller
with the fraction in the 100 < pZ

T ≤ 200 GeV region being just one percentage pointer larger
than the one in the higher pZ

T region. This is in contrast to the almost six percentage points
in the three-parameter configuration and the expectation that f00 in the pZ

T > 200 GeV region
is approximately eight percentage points larger than the one in the lower pZ

T region.

Table 10.8: Observed fit results using the smoothed nuisance parameter distributions in the
configuration with two independent fit parameters for the fiducial fraction parametrization.

100 < pZ
T ≤ 200 GeV pZ

T > 200 GeV
Significance 7.726σ 3.193σ
f00 0.174 ±0.020

0.020 (stat) ±0.013
0.015 (sys) 0.16 ±0.05

0.05 (stat) ±0.02
0.03 (sys)

Ntot 2680 ±80
70 (stat) ±120

120 (sys) 355 ±27
26 (stat) ±15

14 (sys)
fRest 0.826 ± 0.020(stat) ± 0.014(sys) 0.84 ± 0.05(stat) ± 0.02(sys)
µ 1.23 ± 0.14(stat) ± 0.11(sys) 0.76 ± 0.24(stat) ± 0.11(sys)
µW ZRest 1.05 ± 0.04(stat) ± 0.05(sys) 1.17 ± 0.11(stat) ± 0.06(sys)

A breakdown of the uncertainties on the fraction of 00 events is shown in Table 10.9.
Overall, similar effects to those of the three-parameter configuration can be observed. This
includes generally larger uncertainties in the pZ

T > 200 GeV region, a dominant statistical
uncertainty in both regions, with the effect being more pronounced in the higher pZ

T region,
and a decrease in the uncertainties related to the non-prompt background and polarization
state interference. A direct comparison with the values for the three-parameter configuration
shows that total and most individual uncertainties are smaller in the configuration with two
unconstrained parameters. The notable exceptions are the NLO QCD and EW uncertainties
in the region with pZ

T > 200 GeV, these increase from 8.2 % and 3.3 % in the three-parameter
configuration to 9.1 % and 7.5 % the one with just two. This indicates that these effects
generally become larger at high energies and have a sizeable impact on the f00 and fT T

parameters as the individual impact of the mixed states is reduced in the two-parameter
configuration due to their direct coupling to the larger TT ones.

Likelihood scans of the free parameters and some nuisance parameters are shown in
Figures 10.11 and 10.12 for the low and high pZ

T regions. They show the same general
well-behaved shapes as already seen with the three-parameter configuration. Rankings of the
most important nuisance parameters are given in Figure 10.26. The most important NPs
are, again, those already seen for the Asimov fits. The agreement between the expected and

131



10 Fraction Measurement Results

observed rankings is even better than in the three-parameter case. The same holds for the
overall relative impacts of each parameter. This is primarily due to the small difference in
expected and observed values of f00.

Table 10.9: Breakdown of uncertainties on f00 in the fits to observed data with the
two-parameter configuration.

Source Impact on f00 [%]
Experimental 100 < pZ

T ≤ 200 GeV pZ
T > 200 GeV

Luminosity 0.1 0.1
Electron calibration 1.0 0.9
Muon calibration 0.6 0.6
Jet energy scale and resolution 3.1 4.8
Emiss

T scale and resolution 0.3 0.3
Flavor-tagging inefficiency 0.0 0.0
Pileup modelling 1.0 0.7
Non-prompt background estimation 3.6 0.6

Modelling
Background, other 0.9 0.9
Model statistical 1.6 2.2
NLO QCD effects 3.7 9.1
NLO EW effects 0.9 7.5
Effect of additive vs multiplicative QCD+EW combination 0.5 1.7
Interference impact 2.4 1.4
PDF, Scales, and shower settings 4.0 4.0

Experimental and modelling 8.1 13.9
Data statistical 11.4 31.4
Total 14.0 34.4
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Figure 10.24: Likelihood scans for the full fits of the S+B hypothesis in the 00-enriched
100 < pZ

T ≤ 200 GeV region with the two sample strategy for the (a) f00, (b) Ntot, (c)
MUON_SAGITTA_RHO and (d) MUON_SAGITTA_RESBIAS parameters.
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Figure 10.25: Likelihood scans for the full fits of the S+B hypothesis in the 00-
enriched pZ

T > 200 GeV region with the two sample strategy for the (a) f00, (b) Ntot,
(c) MUON_SAGITTA_RHO and (d) MUON_SAGITTA_RESBIAS parameters.
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Figure 10.26: Ranking of the systematic nuisance parameters included in the fit in
the 00-enriched 100 < pZ

T ≤ 200 GeV region using the two sample strategy according to
their impact on (a) f00 and (b) Ntot with data and in the region with pZ

T > 200 GeV
for (c) f00 and (d) Ntot. Only the top 20 parameters are shown. Nuisance parameters
corresponding to MC statistical uncertainties are not considered here. The empty brown
rectangles correspond to the pre-fit impact on the respective parameter and the filled
brown ones to the post-fit impacts, both referring to the upper scale. The impact of
each nuisance parameter, ∆f00|∆fMixed|∆Ntot, is computed by comparing the nominal
best-fit value with the result of the fit when fixing the considered nuisance parameter to its
best-fit value, θ̂, shifted by its pre-fit (post-fit) uncertainties ±∆θ (±∆θ̂). The black points
show the pulls of the nuisance parameters with respect to their nominal values, θ0. These
pulls and their relative post-fit errors, ∆θ̂/∆θ, refer to the lower scale. For experimental
uncertainties, which are broken down into several independent sources, the corresponding
nuisance parameter (NP) index is reported.
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10.3 Smoothing Impact

The most direct way to assess the impact of the smoothing is a comparison of smoothed and
unsmoothed templates. Two such comparisons can be found in Figure 10.27. It shows the
smoothed and unsmoothed distributions for the MET_SoftTrk_ResoPerp nuisance parameter
variations of the signal samples and the MUON_SAGITTA_RHO variations for the V V V back-
ground in the signal region with pZ

T > 200 GeV. The latter represents the templates with the
largest χ2 value between the smoothed and unsmoothed distributions for any sample, region,
and parameter. The up and down variations for the MUON_SAGITTA_RHO parameter are nearly
identical, leading to only the down variation being visible in the figure. These distributions
show that the smoothing impact on the individual templates is small and within the MC
statistical uncertainties. As such, it only reduces the impact of MC fluctuations without
affecting the physical meaning of the individual nuisance parameters.
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Figure 10.27: Comparison of (a) unsmoothed and (b) smoothed distributions for variations
of the MET_SoftTrk_ResoPerp nuisance parameter for the template of the WLZL signal
in the region with pZ

T > 200 GeV. Also shown are the (c) unsmoothed and (d) smoothed
distributions for variations of the MUON_SAGITTA_RHO nuisance parameter for the template
of the V V V background in the region with pZ

T > 200 GeV.
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Furthermore, fits are performed in the two 00-enriched signal regions using the recon-
structed fraction parametrization with and without smoothing applied. The resulting sig-
nificances and post-fit parameters are shown in Tables 10.10 and 10.11 for the unsmoothed
and smoothed fits, respectively. It can be seen that the smoothing only has a small impact
on the significances, values, and uncertainties. The maximal significance decrease is found
to be ≈ 0.09, while a maximum increase of ≈ 0.03 can be observed. The only fraction value
that is changed within the significant digits is the fMixed fraction in the observed fit in
the pZ

T > 200 GeV region. It is reduced by one percentage point from 0.24 to 0.23. The
actual difference is lower still, with the more accurate values being 0.2369 and 0.2348, as
also indicated by the sum of the rounded fractions being 1.01 originally and 1.00 after the
smoothing, while the sum of unrounded values is 1.00 by construction.

Table 10.10: Fit results using the unsmoothed nuisance parameter distributions in
the configuration with three independent fit parameters for the reconstructed fraction
parametrization.

SR 100 < pZ
T ≤ 200 GeV SR pZ

T > 200 GeV
Exp. Obs. Exp. Obs.

Significance 4.374σ 5.126σ 2.494σ 1.588σ
f00 0.16±0.04

0.04 0.20±0.05
0.04 0.24±0.10

0.10 0.14±0.09
0.09

fMixed 0.23±0.08
0.09 0.18±0.09

0.10 0.12±0.20
0.12 0.24±0.18

0.21
Ntot 1400±70

70 1510±80
80 195±17

16 209±18
17

fT T 0.61 ± 0.06 0.62 ± 0.06 0.63 ± 0.09 0.63 ± 0.13
µ 1.00 ± 0.25 1.37 ± 0.30 1.0 ± 0.4 0.6 ± 0.4
µW ZT T 1.00 ± 0.11 1.10 ± 0.13 1.00 ± 0.17 1.06 ± 0.24
µW ZMixed 1.0 ± 0.4 0.8 ± 0.5 1.0 ± 1.3 2.1 ± 1.7

Table 10.11: Fit results using the smoothed nuisance parameter distributions in the config-
uration with three independent fit parameters for the reconstructed fraction parametrization.

SR 100 < pZ
T ≤ 200 GeV SR pZ

T > 200 GeV
Exp. Obs. Exp. Obs.

Significance 4.284σ 5.158σ 2.493σ 1.595σ
f00 0.16±0.04

0.04 0.20±0.04
0.04 0.24±0.10

0.10 0.14±0.09
0.09

fMixed 0.23±0.09
0.09 0.18±0.09

0.10 0.12±0.20
0.12 0.23±0.18

0.21
Ntot 1400±70

70 1510±80
80 195±17

16 209±18
17

fT T 0.61 ± 0.06 0.62 ± 0.06 0.63 ± 0.09 0.63 ± 0.13
µ 1.00 ± 0.25 1.33 ± 0.29 1.0 ± 0.4 0.6 ± 0.4
µW ZT T 1.00 ± 0.11 1.09 ± 0.12 1.00 ± 0.17 1.06 ± 0.24
µW ZMixed 1.0 ± 0.4 0.9 ± 0.4 1.0 ± 1.3 2.1 ± 1.7

The beneficial impact of the smoothing procedure can be seen in Figures 10.28 and 10.29,
which show the observed nuisance parameter pulls and ranking, respectively. The fit using
unsmoothed distributions shows small but unexpected pulls and impacts for parameters
displaying no significant shape differences in their variations and are not expected to have
any impact on the measurement based on the physics effect they describe.

These are due to MC statistical fluctuations that align with those observed in the data. The
smoothing removes these effects. This is especially visible for the MET_SoftTrk_ResoPerp and
MUON_SAGITTA_RHO parameters which are some of the top-ranked parameters in Figure 10.29a
despite their minimal to non-existent shape effects as previously shown for the former
parameter in Figure 10.27. After the smoothing, the parameters have reduced in impact or
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even dropped out of the list of the twenty highest impact ones, as shown in Figure 10.29. The
smoothing has the additional benefit of stabilizing the fit, leading to a faster convergence.
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Figure 10.28: Observed nuisance parameter pulls in the fit using (a) the unsmoothed
and (b) the smoothed nuisance parameter distributions in the configuration with three
independent fit parameters for the reconstructed fraction parametrization in the region
with pZ

T > 200 GeV.

Due to this, the smoothed approach is used from here onwards and for the nominal results.
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Figure 10.29: Ranking of the systematic nuisance parameters included in the fit using
(a) unsmoothed and (b) smoothed distributions in the region with pZ

T > 200 GeV using the
three-parameter strategy with the reconstructed fraction parametrization according to their
impact on f00 with data. Only the top 20 parameters are shown. Nuisance parameters
corresponding to MC statistical uncertainties are not considered here. The empty brown
rectangles correspond to the pre-fit impact on the respective parameter and the filled brown
ones to the post-fit impacts, both referring to the upper scale. The impact of each nuisance
parameter, ∆f00, is computed by comparing the nominal best-fit value with the result of
the fit when fixing the considered nuisance parameter to its best-fit value, θ̂, shifted by its
pre-fit (post-fit) uncertainties ±∆θ (±∆θ̂). The black points show the pulls of the nuisance
parameters with respect to their nominal values, θ0. These pulls and their relative post-fit
errors, ∆θ̂/∆θ, refer to the lower scale. For experimental uncertainties, which are broken
down into several independent sources, the corresponding nuisance parameter (NP) index
is reported.
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10.4 Differences Between Reconstructed and Fiducial
Fractions

Next, the effect of switching from the reconstructed to the fiducial fraction parametrization,
as described in Section 9.3.5, is investigated. As the physics scenarios of the background-only
and S+B hypotheses are identical between both parametrizations, the expectation is that
the significances are identical within the fit precision. Another expectation is that both
parametrizations yield identical effective signal strengths µ as well as similar uncertainties.
To verify that all of these expectations are met, the fits with smoothed distributions are
compared in the scenario with three free parameters between the reconstructed and fiducial
fraction parametrization.

The reconstructed results are already shown in the previous section in Table 10.11. The
results using the fiducial parametrization are displayed in Table 10.12. It can be seen that the
significances are identical except for the expected one in the region with 100 < pZ

T ≤ 200 GeV,
where the fiducial parametrization’s is larger by 0.001. However, this is well within the fit
and even machine accuracy. Good agreement can also be found for the calculated µ’s and
their uncertainties. The only deviation there is the observed uncertainty of µW ZT T in the
region with pZ

T > 200 GeV which differs by 0.01. This is still acceptable, especially considering
that the actual difference is just 0.004, and such differences can arise because the actual
uncertainties are symmetrized for the propagation.

More significant differences occur for the measured fractions. Here, deviations of up to
2 percentage points can be observed. Specifically, the f00 fractions decrease while the fT T

fractions increase. This indicates a better reconstruction efficiency for longitudinal events.
The fiducial fractions represent a different physics quantity than the reconstructed ones. They
are of more interest to the physics community outside of the ATLAS experiment as they do
not depend on the details of the detector anymore.

As identical fit performance has been found and due to the higher relevance, the fiducial
parametrization is chosen as the nominal one and used in any further studies in this chapter.

Table 10.12: Fit results using the smoothed nuisance parameter distributions in the
configuration with three independent fit parameters for the fiducial fraction parametrization.

SR 100 < pZ
T ≤ 200 GeV SR pZ

T > 200 GeV
Exp. Obs. Exp. Obs.

Significance 4.285σ 5.158σ 2.493σ 1.595σ
f00 0.15±0.04

0.04 0.19±0.04
0.04 0.23±0.10

0.10 0.13±0.09
0.08

fMixed 0.23±0.08
0.09 0.18±0.09

0.10 0.12±0.20
0.12 0.23±0.18

0.20
Ntot 2500±120

120 2690±150
150 330±29

28 355±30
29

fT T 0.62 ± 0.06 0.63 ± 0.06 0.65 ± 0.09 0.64 ± 0.13
µ 1.00 ± 0.25 1.33 ± 0.29 1.0 ± 0.4 0.6 ± 0.4
µW ZT T 1.00 ± 0.11 1.09 ± 0.12 1.00 ± 0.17 1.06 ± 0.23
µW ZMixed 1.0 ± 0.4 0.9 ± 0.4 1.0 ± 1.3 2.1 ± 1.7

10.5 Impact of Number of Free Parameters
With each boson having three possible polarization states (+,−, 0), there are a total of 9
possible states for the case with two bosons. The Monte Carlo generator used for the signal
samples of this work is not able to generate the + and − states separately. Instead, only a
transverse polarization, which includes both of these, can be defined. This now leaves four
states for diboson events.

The most general physics models that could be investigated using such samples scale each
of these four states separately. Other models might treat the 0T and T0 states the same. For
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10 Fraction Measurement Results

such a model, only three free parameters are needed. Even more restrictive ones might only
affect the 00 state or the TT, 0T, and T0 states in unison, such that their relative sizes to
each other remain like the SM ones. This scenario leaves two free parameters.

While more free parameters allow the probing of wider physics scenarios, they are also
more difficult to investigate experimentally. As such, all three cases are investigated here.
The results for fits using three free parameters have already been shown in Table 10.12.
Tables 10.13 and 10.14 show the ones using two and four free parameters, respectively.

Table 10.13: Fit results using the smoothed nuisance parameter distributions in the
configuration with two independent fit parameters for the fiducial fraction parametrization.

SR 100 < pZ
T ≤ 200 GeV SR pZ

T > 200 GeV
Exp. Obs. Exp. Obs.

Significance 6.859σ 7.726σ 4.225σ 3.193σ
f00 0.152±0.023

0.023 0.174±0.024
0.025 0.23±0.06

0.06 0.16±0.06
0.06

Ntot 2500±120
120 2680±140

150 330±29
28 355±30

29

fRest 0.848 ± 0.023 0.826 ± 0.024 0.77 ± 0.06 0.84 ± 0.06
µ 1.00 ± 0.16 1.23 ± 0.18 1.00 ± 0.27 0.76 ± 0.27
µW ZRest 1.00 ± 0.06 1.05 ± 0.06 1.00 ± 0.11 1.17 ± 0.12

Table 10.14: Fit results using the smoothed nuisance parameter distributions in the
configuration with four independent fit parameters for the fiducial fraction parametrization.

SR 100 < pZ
T ≤ 200 GeV SR pZ

T > 200 GeV
Exp. Obs. Exp. Obs.

Significance 3.875σ 5.048σ 2.279σ 1.704σ
f00 0.15±0.04

0.04 0.19±0.04
0.04 0.23±0.10

0.10 0.13±0.08
0.07

f0T 0.12±0.21
0.12 0.00±0.11

0.00 0.06±0.27
0.06 0.00±0.31

0.00
fT 0 0.11±0.15

0.11 0.18±0.07
0.11 0.06±0.23

0.06 0.24±0.16
0.24

Ntot 2500±120
120 2690±150

140 330±31
30 360±31

29

fT T 0.62 ± 0.04 0.63 ± 0.09 0.65 ± 0.06 0.63 ± 0.21
µ 1.00 ± 0.27 1.31 ± 0.27 1.0 ± 0.5 0.6 ± 0.4
µW ZT T 1.00 ± 0.08 1.10 ± 0.16 1.00 ± 0.13 1.1 ± 0.4
µW Z0T 1.0 ± 1.4 0.0 ± 0.5 1.0 ± 2.6 0.0 ± 2.7
µW ZT 0 1.0 ± 1.2 1.8 ± 0.9 1.0 ± 2.6 4 ± 4

Larger significances and differences in the observed fractions can be seen in the two-
parameter configuration compared to the three-parameter one. This is due to the mixed
polarization states being closer in shape to the 00 ones, as was shown in Figure 8.10. Combining
these with the TT state leaves less room to compensate for the missing contribution of the 00
state in the background-only fits.

Mostly, the opposite effect can be seen for the configuration where the T0 and 0T states
are scaled separately. Here, a decrease of three of the four significances can be seen. The
decrease in the fits to Asimov data is expected, as the additional freedom can improve the
background-only fit, while the S+B one can not be improved from its already perfect state.
Whether the significance of fits to observed data increases or decreases depends on the exact
data and whether the additional freedom offers larger improvements to the B or S+B fits.

The more interesting phenomenon is the fact that the observed f0T fractions are 0 in
both of the 00-enriched regions, while the sum of the mixed fractions is very close to the
one measured in the configuration where they are combined: f0T + fT 0 ≈ fMixed. This
comes from the fact that their shapes are almost completely identical. With no other way of
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10.6 Equivalence of Parametrizations

constraining the mixed states individually, the one that matches the data even just slightly
better takes up all of the contribution for the other. This is exemplified by an expected
stat. only correlation coefficient of −0.937 between the T0 and 0T states in the region with
100 < pZ

T ≤ 200 GeV. The observed ones can not be calculated by Hesse due to the best-fit
value for f0T being exactly 0. This also causes the unusually large uncertainty on the implicit
fT T fraction, as the correlation between the mixed states is not taken into account properly
in the subtraction.

The expected correlations between the parameters in the stat. only fits for the three- and
four-parameter configurations in the 100 < pZ

T ≤ 200 GeV region are shown in Figure 10.30.
It shows that a large correlation remains between f00 and fMixed in the three-parameter
configuration. However, with an expected value of −0.842 for the stat. only fit, it is still
smaller than the one observed in the four-parameter one. Additionally, the four-parameter
configuration also shows significant (anti-)correlations between most of the other parameters
except for f00 and Ntot.
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Figure 10.30: Expected correlations in the stat. only fit in the region with
100 < pZ

T ≤ 200 GeV using the fiducial fraction parametrization with (a) three independent
parameters and (b) four independent parameters.

Due to this, the four-parameter configuration is not used as a nominal, and only the two-
and three-parameter ones are kept for that. An additional issue with separating T0 and 0T
is the strong dependence of the result and uncertainties on the choice of which fraction is
treated as implicit. This is shown in Appendix E.

10.6 Equivalence of Parametrizations
The last step in verifying that the parametrization works correctly and does not impact
the results outside of the fit’s internal accuracy is a comparison between the fraction and µ
parameterizations. For this, fits using the µ parametrization are performed using the smoothed
distributions with two and three free parameters in both 00-enriched regions and compared
against the equivalent fiducial fraction parametrization as already shown in Tables 10.12
and 10.13. These results are presented in Tables 10.15 and 10.16.

Perfect agreement can be observed for the significances between the two parametrizations.
The best-fit µ values also agree with those calculated from the fraction fits to within the
fit precision. The uncertainties determined directly by the fit using the signal strength
parametrization and those propagated from the fraction one also agree within expectations.

All of this indicates that the reparametrization from signal strengths to fractions is
successful and has no adverse impact on the measurement. Instead, it allows a direct and
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10 Fraction Measurement Results

Table 10.15: Fit results using the smoothed nuisance parameter distributions in the
configuration with two independent fit parameters for the µ parametrization.

SR 100 < pZ
T ≤ 200 GeV SR pZ

T > 200 GeV
Exp. Obs. Exp. Obs.

Significance 6.859σ 7.726σ 4.225σ 3.193σ
µ 1.00±0.16

0.16 1.23±0.18
0.18 1.00±0.27

0.26 0.76±0.27
0.26

µW ZRest 1.00±0.06
0.06 1.05±0.07

0.07 1.00±0.12
0.11 1.17±0.13

0.12

Table 10.16: Fit results using the smoothed nuisance parameter distributions in the
configuration with three independent fit parameters for the µ parametrization.

SR 100 < pZ
T ≤ 200 GeV SR pZ

T > 200 GeV
Exp. Obs. Exp. Obs.

Significance 4.285σ 5.158σ 2.493σ 1.595σ
µ 1.00±0.26

0.25 1.33±0.30
0.29 1.0±0.4

0.4 0.6±0.4
0.4

µW ZT T 1.00±0.12
0.11 1.09±0.13

0.12 1.00±0.23
0.21 1.06±0.26

0.22
µW ZMixed 1.0±0.4

0.4 0.9±0.4
0.5 1.0±1.7

1.0 2.1±1.6
1.8

precise determination of the values and uncertainties of interest without relying on propagation
afterward.

10.7 Results of Independence Parametrization
The reparametrization to the independence parameters, as introduced in Section 9.3.1, offers
an interesting opportunity to find evidence for the existence of correlations between the
two bosons’ polarization states. This is especially the case, as the fully inclusive analysis
in Ref. [26] only reached a value of 1.6σ. However, there is one main problem with this
measurement. The lack of differentiation between the mixed polarization states. This issue
is also discussed in Appendix E. Here, it becomes visible in the results of the fit using the
independence parametrization with four free parameters as shown in Table 10.17. The chosen
parametrization can not ensure that both mixed fractions remain in the physically valid region
of [0, 1]. As such, the resulting significances do not describe a real physics measurement and
are thus not quoted for the fits to data.

Table 10.17: Fit results using the smoothed nuisance parameter distributions in the
configuration with four independent fit parameters for the independence parametrization.

SR 100 < pZ
T ≤ 200 GeV SR pZ

T > 200 GeV
Exp. Obs. Exp. Obs.

Significance 2.114σ - 1.555σ -
Rc 2±8

1 10±0
8 3±7

1 10±0
9

fW 0 0.27±0.24
0.24 0.04±0.18

0.01 0.3±0.4
0.6 0.031±0.019

0.017
fZ0 0.26±0.21

0.21 0.49±0.04
0.16 0.3±0.3

0.6 0.47±0.11
0.34

Ntot 2500±120
120 2700±140

140 330±35
33 364±31

30

µ 1.0 ± 1.9 1.4 ± 2.7 1.0 ± 1.4 0.7 ± 0.5
µW ZT T 1.0 ± 0.5 1.2 ± 0.5 1.0 ± 0.6 1.10 ± 0.29
µW Z0T 1.0 ± 2.5 −1.4 ± 2.6 1 ± 8 −2.0 ± 1.9
µW ZT 0 1.0 ± 2.5 3 ± 4 1 ± 7 6.1 ± 3.2
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Figure 10.31: Likelihood scans of Rc in the (a) three-parameter and (b) four-parameter
configuration.

In the other parametrizations, this issue is circumvented by moving to the three-parameter
configuration. The corresponding results are shown in Table 10.18. While the results are now
physically valid, it is difficult to interpret them in the sense of rejecting the hypothesis of
uncorrelated boson polarizations when this is explicitly a constraint on the fit through the
merging of fW 0 and fZ0.

Table 10.18: Fit results using the smoothed nuisance parameter distributions in the
configuration with three independent fit parameters for the independence parametrization.

SR 100 < pZ
T ≤ 200 GeV SR pZ

T > 200 GeV
Exp. Obs. Exp. Obs.

Significance 2.153σ 2.815σ 1.564σ 0.828σ
Rc 2.1±0.8

0.6 2.4±0.8
0.6 2.7±2.1

1.1 2.2±2.4
1.4

fW Z0 0.267±0.024
0.026 0.281±0.025

0.028 0.29±0.06
0.06 0.25±0.05

0.06
Ntot 2500±120

120 2690±150
150 330±29

28 355±30
29

µ 1.00 ± 0.26 1.33 ± 0.30 1.0 ± 0.5 0.6 ± 0.5
µW ZT T 1.00 ± 0.08 1.09 ± 0.09 1.00 ± 0.21 1.06 ± 0.19
µW ZMixed 1.0 ± 0.4 0.9 ± 0.5 1.0 ± 2.0 2.1 ± 2.0

The likelihood scans for Rc, shown in Figure 10.31, depict the freedom the parameter gets
towards higher values when the physicality condition for the mixed fractions is lifted.

10.7.1 Ensuring Physical Validity
There are three avenues to resolve this issue. Due to the low statistics and resulting poor
sensitivity in the pZ

T > 200 GeV region, they are only investigated for the region with
100 < pZ

T ≤ 200 GeV.

Additional Constraints

One option is to set boundaries on all the explicit parameters, such that the unphysical
regions are impossible. This is, however, very restrictive and also excludes a lot of physical
regions. Another option is to add constraints to the likelihood, which penalize unphysical
regions. However, these are found to lead to instabilities in the fit if the constraints are set
strict. If they are set looser, the result can still lie in the unphysical region and only the
extent is reduced. This approach was not pursued further due to this.
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10 Fraction Measurement Results

Decay angle categories

Another option is the use of decay angle channels, as briefly mentioned in Section 9.3.3 and
implemented in Ref. [26, 64]. The approach was not used in the nominal measurement as
the unphysical regions are easily mitigated in the fraction parametrization, no increase in
the sensitivity on f00 was found, and to be consistent between the two signal regions. As the
pZ

T > 200 GeV region is not considered for this measurement, and because better constraints
on the mixed polarizations are pertinent for this configuration, the decay angle splitting is
summarized and investigated. The splitting is performed based on the theoretical predictions
that the decay angles of longitudinally polarized bosons are usually close to |cos θ`| = 0, while
transversally polarized ones tend towards |cos θ`| = 1. This is referred to in Section 2.2.4 and
visible in Figure 6.13. To make use of this, the events are split at values of |cos θ`| = 0.5 to
produce four independent channels. A visualization of these channels and the polarization
states enhanced in each is shown in Figure 10.32. The respective pre-fit yields are summarized
in Table 10.19. It can be seen that the combination of the individual channels agrees with the
yields presented in Table 10.1. Additionally, the ratio of the yields for the mixed polarizations
W0ZT

WT Z0
reaches values of 2.6 and 0.5 in the 0T and T0 channels respectively. This is compared

to the value 1.1 in the whole region. Due to this, an increase in one state, coupled with
a decrease in the other, leads to different expected yields in these two channels, while the
overall yield in the whole region stays the same.

0.5 | cos θ`W
|

0.5

| cos θ`Z
|

00 T 0

0T T T

Figure 10.32: Visualization of the four channels in the decay angle splitting. Each channel
is enhanced in the shown polarization combinations.

The fit results utilizing this splitting are shown in Table 10.20 and Figure 10.33. It can be
seen that the use of the decay angle channels significantly improves the uncertainties of fW 0
and fZ0 from more than 0.2 down to 0.06 in the expected fit. The observed fit results are
also stabilized, with the best-fit value for Rc now laying at 3.1±1.7

0.9 instead of 10±0
8. However,

despite these improvements, the nominal fit results still reside within the unphysical region.
As such, no observed significance is quoted for this setup either.
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10.7 Results of Independence Parametrization

Table 10.19: Number of events for the expected signal and background as well as observed
data in the 100 < pZ

T ≤ 200 GeV region. They are shown for each of the four decay
angle channels as well as the combination of them. The uncertainties shown include both
statistical and systematic contributions.

Channel 00 0T T0 TT all
W0Z0 110.8 ± 2.5 42.8 ± 1.4 48.0 ± 1.2 20.0 ± 0.7 222 ± 4
W0ZT 56.3 ± 2.8 58.4 ± 2.4 26.9 ± 1.3 28.6 ± 1.5 170 ± 7
WTZ0 56.0 ± 2.1 22.5 ± 1.1 52.3 ± 2.6 21.5 ± 1.3 152 ± 6
WTZT 214 ± 6 237 ± 8 192 ± 7 213 ± 8 856 ± 27
Prompt 38 ± 4 34 ± 4 50 ± 6 46 ± 6 169 ± 18
Non-prompt 12 ± 7 17 ± 8 17 ± 7 22 ± 7 68 ± 29
Total Expected 487 ± 14 412 ± 15 387 ± 13 351 ± 13 1640 ± 50
Data 481 424 449 386 1740

0.5 | cos θ`W
|

0.5

| cos θ`Z
|

BDT score

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a/
P

re
d.

0.5

1

1.5

2

E
ve

nt
s/

0.
1

0

10

20

30

40

50

60

70

80

90  -1 = 13 TeV, 140 fbs
 200 GeV≤Z

T
SR 100<p

<=0.5
Zl

θcos<=0.5 && 
Wl

θcos
Post-Fit

Data
0Z0W
0ZTW
TZ0W
TZTW

Prompt
Non-prompt
Tot. Uncert.

BDT score

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a/
P

re
d.

0.5

1

1.5

2

E
ve

nt
s/

0.
1

0

10

20

30

40

50

60

70

80
 -1 = 13 TeV, 140 fbs

 200 GeV≤Z

T
SR 100<p

<=0.5
Zl

θcos>0.5 && 
Wl

θcos
Post-Fit

Data
0Z0W
0ZTW
TZ0W
TZTW

Prompt
Non-prompt
Tot. Uncert.

BDT score

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a/
P

re
d.

0.5

1

1.5

2

E
ve

nt
s/

0.
1

0

20

40

60

80

100

120
 -1 = 13 TeV, 140 fbs

 200 GeV≤Z

T
SR 100<p

>0.5
Zl

θcos<=0.5 && 
Wl

θcos
Post-Fit

Data
0Z0W
0ZTW
TZ0W
TZTW

Prompt
Non-prompt
Tot. Uncert.

BDT score

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a/
P

re
d.

0.5

1

1.5

2

E
ve

nt
s/

0.
1

0

20

40

60

80

100

120

140  -1 = 13 TeV, 140 fbs
 200 GeV≤Z

T
SR 100<p

>0.5
Zl

θcos>0.5 && 
Wl

θcos
Post-Fit

Data
0Z0W
0ZTW
TZ0W
TZTW

Prompt
Non-prompt
Tot. Uncert.

Figure 10.33: Observed post-fit distributions in the 100 < pZ
T ≤ 200 GeV region for the

four-parameter independence parametrization utilizing the decay angle splitting. Each
distribution is shown in its respective channel.
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10 Fraction Measurement Results

Table 10.20: Fit results for the 100 < pZ
T ≤ 200 GeV region using the smoothed nuisance

parameter distributions in the configuration with four independent fit parameters for the
independence parametrization using the decay angle splitting.

Exp. Obs.
Significance 2.223σ -
Rc 2.1±0.7

0.6 3.1±1.7
0.9

fW 0 0.27±0.06
0.06 0.16±0.06

0.06
fZ0 0.26±0.05

0.05 0.36±0.05
0.05

Ntot 2500±110
110 2650±120

120

µ 1.00 ± 0.24 1.23 ± 0.29
µW ZT T 1.00 ± 0.07 1.12 ± 0.14
µW ZLT 1.00 ± 0.32 −0.2 ± 0.7
µW ZT L 1.00 ± 0.34 1.8 ± 0.4

Lower Bound

The third option does not allow for a full rectification of the issue but provides a way to set a
lower limit on the significance. For this approach to work, it is necessary to realize that a
smaller value of ln L(n|µ̂, Θ̂) can only lead to a lower value of the significance. This can be
seen from combining Equations 9.9 and 9.20:

Z0 =
√

2
(

ln L(n|R̂c, Θ̂) − ln L(n|Rc = 1, ˆ̂Θ)
)
. (10.5)

As such, a lower bound for the significance can be found through the use of the full background-
only fit and a restricted, physicality-conserving S+B fit. With such a setup, the value
substituting for L(n|R̂c, Θ̂) can only be underestimated, while this is never the case for
L(n|Rc = 1, ˆ̂Θ). Additionally, it is unlikely for unphysical fit results to emerge in the
background-only fit in the cases where a full fit would produce a value of Rc larger than one.
This is because fW 0 × fZ0 reaches its maximum for fW 0 = fZ0 in the case where both are
bounded below by zero and their sum is constrained, and unphysical results are impossible
for configurations where Rc = 1 and fW 0 = fZ0. The restricted option used for the S+B
fit is the three-parameter one described above, where the ratio of fW 0 to fZ0 is fixed at its
expected value. This eliminates unphysical regions where either of the mixed signal strengths
becomes negative and is a special case of the four-parameter configuration. As such, the
resulting likelihood value can only be smaller than the full one.

The best-fit values of the parameters for the S+B fits are already shown in Table 10.18.
The results of the background-only fits are given in Table 10.21. It can be seen that the
values for the longitudinal fractions for W and Z bosons are similar and that no unphysical
signal strengths are reached.

The resulting likelihood values for the used S+B and background-only fits are summarized
in Table 10.22, while the post-fit distributions are shown in Figure 10.34. The expected lower
bound of the significance for rejecting the Rc = 1 hypothesis is found to be 2.11σ. The final
value measured in data is 2.82σ, falling short slightly of the 3σ required to claim evidence.
This makes it clear, however, that additional data taken in ongoing and future runs of the
LHC will likely make it possible to achieve this threshold, especially when considering the
improved opportunity to use the decay angle splitting for a better separation of the mixed
polarization states.
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Figure 10.34: Expected (a) background-only and (b) S+B post-fit distributions and
observed (c) background-only and (d) S+B post-fit distributions in the 00-enriched 100 <
pZ

T ≤ 200 GeV region for the independence parametrization. The background-only fits use
four free parameters, while the S+B fits use three free parameters.
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10 Fraction Measurement Results

Table 10.21: Best fit values in the fits using the background-only hypothesis with smoothed
distributions for the fiducial independence parametrization with four free parameters.
Uncertainties omitted for brevity.

Expected Observed
Rc 1.00 1.00
fW 0 0.32 0.30
fZ0 0.24 0.29
Ntot 2470 2650
µ 0.51 0.61
µW ZT T 0.82 0.85
µW Z0T 2.03 1.91
µW ZT 0 1.47 1.95

Table 10.22: Log-likelihood values for the expected and observed S+B and background-
only (B) fits, as well as the resulting lower bound of the significance for the independence
parametrization. The S+B fits are performed with three free parameters, while the
background-only ones use four free parameters.

S+B (3 Param.) B (4 Param.)
√

2 (ln L(S +B) − ln L(B))
Expected 5813.57 5811.34 2.11
Observed 6281.04 6277.07 2.82
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Chapter 11

Studies of the RAZ Effect

To investigate the radiation amplitude zero (RAZ) effect, distributions of rapidity differences
are investigated as motivated in Chapter 2. If the radiation amplitude zero effect exists, fewer
events with ∆Y (WZ) ≈ 0 are expected. This is specifically the case for the TT polarization
state. Measuring this distribution with the ATLAS detector poses a significant challenge. The
main contributing factor is the neutrino created during the leptonic decay of the W boson.
It escapes the detector without depositing any energy. To recover some of its kinematics,
the missing transverse momentum is used as a proxy for pν

T . The neutrino’s momentum in
the z-direction is approximated using the W boson mass constraint as described in Ref. [24].
However, both of these are just approximations and are not expected to reconstruct the
neutrino momentum with full accuracy. This especially poses a challenge when very precise
cancellations are expected. As such, the distribution measured with the reconstructed level
observables is not expected to represent the underlying physics distribution accurately. This
necessitates the use of unfolding to recover the fiducial level distributions from those measured
with the ATLAS detector.

This chapter describes how this procedure works in Section 11.1. Section 11.2 describes
the treatment of uncertainties in the unfolding, while the concrete inputs used for the work in
this thesis are given in Section 11.3. Finally, Sections 11.4 and 11.5 present the results of the
unfolding and describe how these distributions are used for studying the radiation amplitude
zero effect.

11.1 Methodology for Unfolding
Unfolding is concerned with the relationship between the number of events observed in the
detector and those at truth level. This can generally be described through the equation

ni =
∑

j

Rijsj + bi. (11.1)

Where ni is the total number of events observed in the i-th reconstructed bin, sj is the
number of signal events in the j-th fiducial bin, Rij is the response matrix translating the
signal between fiducial and reconstructed bins and bi is the number of background events in
the i-th bin.

The response matrix combines three separate effects:

• Efficiency correction: Accounts for inefficiencies of the detector as well as migrations
out of the signal region due to the detector resolution or imperfect information. It is
defined as the ratio of events that pass the reconstructed and fiducial level selection
over those that pass the fiducial one, regardless of whether or not they also pass the
reconstructed one. It is split into bins at the fiducial level.

• Migration matrix: Describes migrations within the signal region between the fiducial
and reconstructed level. It covers events that pass both the reconstructed and fiducial
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11 Studies of the RAZ Effect

level signal regions. The content of bin ij describes the probability that an event that
is in truth bin j ends up in reconstructed level bin i.

• Fiducial correction: Account for events migrating into the reconstructed signal region
due to smearing effects. It is defined as the ratio of events passing the reconstructed
and fiducial selections over those only required to pass the reconstructed selection. It is
specified per reconstructed bin.

The effects’ technical definitions are summarized in the following equations

fi =
NR∩T

reco,i

NR
reco,i

,

εj =
NR∩T

truth,j

NT
truth,j

,

Mij =
NR∩T

reco,i;truth,j

NR∩T
truth,j

,

where fi, εj ,Mij are the fiducial and efficiency corrections as well as the migration matrix.
The N represent number of events. The superscript indicates whether the events have to
pass the truth selection, reconstructed selection, or both. The subscript specifies the bin and
whether the reconstructed and truth value of the observable specifies the bin.

It is often useful to also define the quantities ‘Stability’ and ‘Purity’, which can be derived
from the migration matrix. They are defined as [262]

Sj =
NR∩T

reco,j;truth,j

NR∩T
truth,j

, (11.2)

Pi =
NR∩T

reco,i;truth,i

NR∩T
reco,i

. (11.3)

The stability effectively describes the number of events that do not migrate out of a truth bin.
Meanwhile, purity describes the number of events that did not migrate into a reconstruction-
level bin.

All in all, this allows for a separation of the response matrix

Rij = 1
fi

·Mij · εj . (11.4)

The whole process of folding and unfolding is visualized in Figure 11.1 by either going from
the top left (truth selection) to the bottom right (reco selection) or doing the reverse. The
goal of unfolding is now to obtain the truth distribution as the fiducial level, in the form
of the sj , from the measured distribution in the detector, the ni. This can be achieved by
inverting Equation 11.1

sj =
∑

i

R−1
ij (ni − bi) . (11.5)

Multiple tools and approaches exist for performing these calculations. The one chosen in this
work uses the VIPUnfolding tool [263], which is a wrapper around the RooUnfold toolkit [264].
The framework implements the determination of data statistical uncertainty using toys as
specified in Ref. [262]. The author of this thesis made multiple significant changes to the
framework in terms of bug fixes and feature enhancements. Merge requests for these into the
main tool are pending or being prepared [265]. Additional improvements made by the author
of Ref. [249] were also incorporated1.

The unfolding itself is done through matrix inversion. Other approaches, such as Bin-By-
Bin unfolding or regularized unfoldings like Iterative Bayesian Unfolding and Singular value

1These are summarized in the merge requests https://gitlab.cern.ch/atlas-physics/sm/StandardMo
delTools_Unfolding/VIPUnfolding/-/merge_requests/8 and https://gitlab.cern.ch/atlas-physics/s
m/StandardModelTools_Unfolding/VIPUnfolding/-/merge_requests/11
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11.2 Treatment of Uncertainties

Figure 11.1: “Different selection levels of events. R contains all events passing the
selection on reco-level (reco-selection), T contains all events passing the selection on truth-
level (truth-selection). If an event passes both selection criteria, it is part of the joint phase
space R ∩ T. The background includes events which pass the selection on reco-level, but
come from another process than the signal.” From Ref. [249].

decomposition, exist and are discussed in more detail in Refs. [266, 267]. However, matrix
inversion is the precise mathematical solution to the unfolding problem, can handle bin-to-bin
migrations, and has no dependence on the prior fiducial input distribution.

As the unfolded distributions are intended for the study of the radiation amplitude
zero effect, the overall normalization of the unfolded distribution is not relevant. As such,
the unfolding performed normalized. This means that after unfolding, the distribution is
normalized such that the sum over its bins is equal to 1. This is also the case for the treatment
of uncertainties described in Section 11.2. There, the unfolded distributions corresponding to
a systematic or statistical variation are normalized before any combination or calculation of
bin-by-bin uncertainties is performed.

11.2 Treatment of Uncertainties
To assess the effects of uncertainties, the unfolding procedure is repeated with the variation
effects applied coherently to all unfolding inputs. This includes efficiency and fiducial
corrections and the migration matrix of the signal, as well as the background templates if any
of these are affected. Any uncertainties that are not present for both signal and background
use the nominal inputs for that component.

This produces a new unfolded distribution Nk where k describes the variation. The
nominal distribution is referred to as Nnom. The related uncertainty distribution is then
described by

σk = Nk −Nnom. (11.6)
If an uncertainty is represented by individual up and down variations, then these are combined
into a single uncertainty. Two different approaches for combining up and down uncertainties
are used. For both combination options, the sign of the uncertainty distribution in a bin is
determined by the up variation. The option used for most of the uncertainties is to average
the up and down variations. In the case of the up-variation having a larger yield than the
nominal, the resulting uncertainty in the i-th bin is

σk
i =

∣∣∣Nkup

i −Nnom
i

∣∣∣+
∣∣∣Nnom

i −Nkdown
i

∣∣∣
2 . (11.7)
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If the up variation has a smaller yield, then an additional factor of −1 is applied.
The other combination option, which is used for the flat background uncertainties, is to

use the maximum variation value

σk
i = max

(∣∣∣Nkup

i −Nnom
i

∣∣∣ , ∣∣∣Nnom
i −Nkdown

i

∣∣∣) . (11.8)

Again, a factor of −1 is applied if the up variation has a smaller yield than the nominal one.
The scale, shower, and PDF uncertainties follow similar approaches to match the ones

described in Chapter 7. For the scale variations, the final uncertainty is taken as the envelope.
Thus, each used variation is unfolded, and in each bin, the maximum deviation is chosen as
the overall uncertainty with a positive sign. The shower uncertainties add the maxima of each
variation’s up and down components in quadrature. As only one variation has a significant
impact, its respective maximum is used as the shower uncertainty. The PDF uncertainties
are again combined using the standard deviation.

Statistical uncertainties from data, signal, and backgrounds are estimated separately using
2000 toys each. For data, its distribution is fluctuated around its nominal value using a
Poisson distribution and then unfolded as usual. The uncertainty in each bin is calculated as

σstat
i =

√√√√ 1
2000 − 1

2000∑
j=1

(N stat,k
i −N stat,mean

i )2 (11.9)

where

N stat,mean
i = 1

2000

2000∑
j=1

N stat,k
i . (11.10)

The uncertainty on the background is estimated similarly, where the background is fluctuated
using a Gaussian with the mean and uncertainties derived from the nominal background
distribution. The fluctuated background is then subtracted from the data instead of the
nominal one. The individual unfolded distributions are then combined to an uncertainty in
the same way as for data. The same general approach is also employed for the estimation
of the statistical uncertainty due to a finite signal sample. Here, the efficiency and fiducial
corrections, as well as the migration matrix, are flucated around their nominal values using a
Poisson distribution.

The combination of different uncertainty sources for the total uncertainty and category
breakdowns is done through their quadrature sum

σtot =
√∑

i

σ2
i . (11.11)

Covariance matrices are constructed for every uncertainty source via

covk
ij = (σk

i )(σk
j ). (11.12)

11.3 Unfolding Inputs
Individual unfoldings are performed for the ∆Y (WZ) and ∆Y (`WZ) distributions in each of
the RAZ regions described in Chapter 5, as well as the inclusive region without any cut on
pW Z

T . For each region, two sets of backgrounds and response matrices are used. One treats
only the TT polarization as signal, as this is the one affected by the RAZ effect. The other
considers all polarizations to be less model-dependent.

The first setup includes all non-WZ events as well as all non-TT WZ events as backgrounds.
The fiducial and efficiency corrections, as well as the migration matrix, are then derived
from the polarized MadGraph5_aMC@NLO samples with the TT polarization state. The
individual event numbers are taken from the samples as produced directly by MadGraph and
Pythia8 for the truth level and after the Geant4 simulation [159, 160] for the reconstructed
level.
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The resulting fiducial corrections are shown in Figure 11.2. It can be seen that there
are only small differences between the correction for ∆Y (WZ) and ∆Y (`WZ). This is
partly because both are being considered in the same phase space, meaning that the overall
corrections averaged over all bins are equal. Additionally, there are large correlations between
the two variables. This was shown in the 00-enriched phase space in Figure 8.7. The correction
factors are also largely independent of the concrete values for the rapidity differences, only
showing slight reductions for very low and high absolute rapidity differences. The biggest
changes are visible throughout the different regions. The tighter the cut on pW Z

T , the lower
the overall value of the correction factors. The factors for the bin 0.5 − 1.5 change from
roughly 0.9 in the inclusive region through ≈ 0.87, 0.85, 0.7 down to 0.45 for the region
with pW Z

T < 10 GeV. These arise from resolution effects of pW Z
T and thus changes in its

value between the reconstructed and the truth level. This causes many events that pass the
reconstructed level cut not to pass the fiducial level one.

A similar progression can be seen for the efficiency corrections shown in Figure 11.3. Here,
the main difference is that the correction factors start at around 0.45 in the inclusive region
and drop down to ≈ 0.3 in the region with pW Z

T < 10 GeV. The drop is due to the same
reason as the reduction in the values of the fiducial corrections. The overall lower value
comes from the general lepton reconstruction and identification efficiencies around 80 % per
lepton to pass the Z or W selection criteria described in Chapter 5, as well as from trigger
efficiencies. The differences between ∆Y (`WZ) and ∆Y (WZ) are again fairly minimal.

Significant differences, however, can be seen in the migration matrices and derived purities
and stabilities as shown in Figures 11.4, 11.5 and 11.6. The migration matrices are almost
perfectly diagonal for ∆Y (`WZ), leading to purities and stabilities very close to one. This is
not the case for the relationship between the truth and reconstructed values of ∆Y (`WZ).
Here, large migrations can be observed. The stability is highest for low values of the absolute
rapidity differences with around 70 % and drops off for higher values, down to 40 %. For most
bins, the majority of migrations happen towards lower absolute rapidity differences. The only
exception is the bin around |∆Y (`WZ|, where this is not possible. The migration matrices
themselves, as well as the resulting stabilities, show almost no dependence on the value of the
pW Z

T cut. This is somewhat different for the purity. Here, the main differences are a reduction
of the purity of the bin 0.0 − 0.5 from 40 % down to 20 %. The overall values are also in
contrast to the fairly high stability observed in this bin. This effect is due to the nature of
the RAZ effect, which reduces the number of events close to zero at the truth level. Due to
this, even a moderate percentage of migration from the 0.5 to 1.5 bin down into the central
one leads to a majority total contribution from migration for that bin. As the RAZ effect
is expected to only exist at leading order and is thus stronger with tighter pW Z

T cuts, this
reduction in purity for these tighter cuts is also expected.

The other configuration considers all polarized WZ events as signal. Thus, the contributions
to the response matrix are derived from the sum of the polarized MadGraph samples. The
background that gets subtracted from data at the beginning of the unfolding subsequently
consists only of the prompt and non-prompt backgrounds that were already used in the
fraction measurement. The resulting fiducial and efficiency corrections, as well as the migration
matrices, purities and stabilities, are shown in Figures 11.7, 11.8, 11.9, 11.10 and 11.11.

The fiducial and efficiency corrections for this configuration are almost identical to those
for unfolding only the TT state. This is expected as the TT state is the largest one, and the
pW Z

T migrations and lepton selections should also be similar. The largest differences can be
seen in the migration matrices and particularly the purities. Here, the purity of the leftmost
bin starts at 50 % and never drops below 40 % as the contributions of the other polarization
states in this bin serve to somewhat counteract the total impact of the migrations from the
neighboring bin. Thus, the main differences in the final unfolded distribution are expected to
mostly originate from the different background subtraction.

153



11 Studies of the RAZ Effect

0 1 2 3 4 5 6

Z)|
W

Y(l∆|

0

0.2

0.4

0.6

0.8

1

1.2

F
id

uc
ia

l C
or

re
ct

io
n

 = 13 TeVs
WZ Inclusive

MG+Pythia

(a)

0 1 2 3 4 5 6

Y(WZ)|∆|

0

0.2

0.4

0.6

0.8

1

1.2

F
id

uc
ia

l C
or

re
ct

io
n

 = 13 TeVs
WZ Inclusive

MG+Pythia

(b)

0 1 2 3 4 5 6

Z)|
W

Y(l∆|

0

0.2

0.4

0.6

0.8

1

1.2

F
id

uc
ia

l C
or

re
ct

io
n

 = 13 TeVs

< 70 GeVWZ
T

RAZ Region p

MG+Pythia

(c)

0 1 2 3 4 5 6

Y(WZ)|∆|

0

0.2

0.4

0.6

0.8

1

1.2

F
id

uc
ia

l C
or

re
ct

io
n

 = 13 TeVs

< 70 GeVWZ
T

RAZ Region p

MG+Pythia

(d)

0 1 2 3 4 5 6

Z)|
W

Y(l∆|

0

0.2

0.4

0.6

0.8

1

1.2

F
id

uc
ia

l C
or

re
ct

io
n

 = 13 TeVs

< 40 GeVWZ
T

RAZ Region p

MG+Pythia

(e)

0 1 2 3 4 5 6

Y(WZ)|∆|

0

0.2

0.4

0.6

0.8

1

1.2

F
id

uc
ia

l C
or

re
ct

io
n

 = 13 TeVs

< 40 GeVWZ
T

RAZ Region p

MG+Pythia

(f)

0 1 2 3 4 5 6

Z)|
W

Y(l∆|

0

0.2

0.4

0.6

0.8

1

1.2

F
id

uc
ia

l C
or

re
ct

io
n

 = 13 TeVs

< 20 GeVWZ
T

RAZ Region p

MG+Pythia

(g)

0 1 2 3 4 5 6

Y(WZ)|∆|

0

0.2

0.4

0.6

0.8

1

1.2

F
id

uc
ia

l C
or

re
ct

io
n

 = 13 TeVs

< 20 GeVWZ
T

RAZ Region p

MG+Pythia

(h)

0 1 2 3 4 5 6

Z)|
W

Y(l∆|

0

0.2

0.4

0.6

0.8

1

1.2

F
id

uc
ia

l C
or

re
ct

io
n

 = 13 TeVs

< 10 GeVWZ
T

RAZ Region p

MG+Pythia

(i)

0 1 2 3 4 5 6

Y(WZ)|∆|

0

0.2

0.4

0.6

0.8

1

1.2

F
id

uc
ia

l C
or

re
ct

io
n

 = 13 TeVs

< 10 GeVWZ
T

RAZ Region p

MG+Pythia

(j)

Figure 11.2: Fiducial correction inputs for the unfolding of the TT polarization state
using ∆Y (`W Z) in (a) the inclusive region without a cut on pW Z

T and the regions with
(c) pW Z

T < 70 GeV, (e) pW Z
T < 40 GeV, (g) pW Z

T < 20 GeV, (i) pW Z
T < 10 GeV and

using ∆Y (W Z) in (b) the inclusive region, and the regions with (d) pW Z
T < 70 GeV, (f)

pW Z
T < 40 GeV, (h) pW Z

T < 20 GeV, (j) pW Z
T < 10 GeV.
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Figure 11.3: Efficiency correction inputs for the unfolding of the TT polarization state
using ∆Y (`W Z) in (a) the inclusive region without a cut on pW Z

T and the regions with
(c) pW Z

T < 70 GeV, (e) pW Z
T < 40 GeV, (g) pW Z

T < 20 GeV, (i) pW Z
T < 10 GeV and

using ∆Y (W Z) in (b) the inclusive region, and the regions with (d) pW Z
T < 70 GeV, (f)

pW Z
T < 40 GeV, (h) pW Z

T < 20 GeV, (j) pW Z
T < 10 GeV.
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Figure 11.4: Migration matrix inputs for the unfolding of the TT polarization state
using ∆Y (`W Z) in (a) the inclusive region without a cut on pW Z

T and the regions with
(c) pW Z

T < 70 GeV, (e) pW Z
T < 40 GeV, (g) pW Z

T < 20 GeV, (i) pW Z
T < 10 GeV and

using ∆Y (W Z) in (b) the inclusive region, and the regions with (d) pW Z
T < 70 GeV, (f)

pW Z
T < 40 GeV, (h) pW Z

T < 20 GeV, (j) pW Z
T < 10 GeV.
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Figure 11.5: Purity for the unfolding of the TT polarization state using ∆Y (`W Z) in
(a) the inclusive region without a cut on pW Z

T and the regions with (c) pW Z
T < 70 GeV,

(e) pW Z
T < 40 GeV, (g) pW Z

T < 20 GeV, (i) pW Z
T < 10 GeV and using ∆Y (W Z) in (b)

the inclusive region, and the regions with (d) pW Z
T < 70 GeV, (f) pW Z

T < 40 GeV, (h)
pW Z

T < 20 GeV, (j) pW Z
T < 10 GeV.
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Figure 11.6: Stability for the unfolding of the TT polarization state using ∆Y (`W Z) in
(a) the inclusive region without a cut on pW Z

T and the regions with (c) pW Z
T < 70 GeV,

(e) pW Z
T < 40 GeV, (g) pW Z

T < 20 GeV, (i) pW Z
T < 10 GeV and using ∆Y (W Z) in (b)

the inclusive region, and the regions with (d) pW Z
T < 70 GeV, (f) pW Z

T < 40 GeV, (h)
pW Z

T < 20 GeV, (j) pW Z
T < 10 GeV.
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Figure 11.7: Fiducial correction inputs for the unfolding of the sum of polarization
states using ∆Y (`W Z) in (a) the inclusive region without a cut on pW Z

T and the regions
with (c) pW Z

T < 70 GeV, (e) pW Z
T < 40 GeV, (g) pW Z

T < 20 GeV, (i) pW Z
T < 10 GeV and

using ∆Y (W Z) in (b) the inclusive region, and the regions with (d) pW Z
T < 70 GeV, (f)

pW Z
T < 40 GeV, (h) pW Z

T < 20 GeV, (j) pW Z
T < 10 GeV.
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Figure 11.8: Efficiency correction inputs for the unfolding of the sum of polarization
states using ∆Y (`W Z) in (a) the inclusive region without a cut on pW Z

T and the regions
with (c) pW Z

T < 70 GeV, (e) pW Z
T < 40 GeV, (g) pW Z

T < 20 GeV, (i) pW Z
T < 10 GeV and

using ∆Y (W Z) in (b) the inclusive region, and the regions with (d) pW Z
T < 70 GeV, (f)

pW Z
T < 40 GeV, (h) pW Z

T < 20 GeV, (j) pW Z
T < 10 GeV.
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Figure 11.9: Migration matrix inputs for the unfolding of the sum of polarization
states using ∆Y (`W Z) in (a) the inclusive region without a cut on pW Z

T and the regions
with (c) pW Z

T < 70 GeV, (e) pW Z
T < 40 GeV, (g) pW Z

T < 20 GeV, (i) pW Z
T < 10 GeV and

using ∆Y (W Z) in (b) the inclusive region, and the regions with (d) pW Z
T < 70 GeV, (f)

pW Z
T < 40 GeV, (h) pW Z

T < 20 GeV, (j) pW Z
T < 10 GeV.
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Figure 11.10: Purity for the unfolding of the sum of polarization states using ∆Y (`W Z)
in (a) the inclusive region without a cut on pW Z

T and the regions with (c) pW Z
T < 70 GeV,

(e) pW Z
T < 40 GeV, (g) pW Z

T < 20 GeV, (i) pW Z
T < 10 GeV and using ∆Y (W Z) in (b)

the inclusive region, and the regions with (d) pW Z
T < 70 GeV, (f) pW Z

T < 40 GeV, (h)
pW Z

T < 20 GeV, (j) pW Z
T < 10 GeV.
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Figure 11.11: Stability for the unfolding of the sum of polarization states using ∆Y (`W Z)
in (a) the inclusive region without a cut on pW Z

T and the regions with (c) pW Z
T < 70 GeV,

(e) pW Z
T < 40 GeV, (g) pW Z

T < 20 GeV, (i) pW Z
T < 10 GeV and using ∆Y (W Z) in (b)

the inclusive region, and the regions with (d) pW Z
T < 70 GeV, (f) pW Z

T < 40 GeV, (h)
pW Z

T < 20 GeV, (j) pW Z
T < 10 GeV.
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11.4 Unfolded Results
This section presents the results of the unfolding using ∆Y (`WZ) and ∆Y (WZ) for both the
TT polarization state as well as the sum of polarizations. Before any unfolding of data was
done, a closure test was performed using simulated 00 events as for Asimov data, reconstructed
and truth level signal, as well as the migration matrix. This was done to verify that the
existing technical implementation works correctly. During that, a non-closure was found. The
issue was investigated and discovered to be due to a multiple application of efficiency and
fiducial corrections. The issue was fixed by the author2, and full technical closure was seen
afterward. The unfolding is performed separately in the (overlapping) RAZ regions as well as
the inclusive region as defined in Chapter 5.

The following two Sections 11.4.1 and 11.4.2 show the results for the ∆Y (`WZ) and
∆Y (WZ) unfolding, respectively.

11.4.1 Results for ∆Y (`W Z)
The full unfolded results using ∆Y (`WZ) in all of the RAZ regions are summarized in
Figure 11.12 for the TT polarization state and Figure 11.13 for the sum of polarizations. It
can be seen that the relative cross-section in the bin around zero decreases from the inclusive
region towards the pW Z

T < 10 GeV region.
While the sum of polarization states has a visibly smaller dip at ∆Y (`WZ) ≈ 0, its

uncertainties are also overall lower. The main contributing factor is the reduced backgrounds
that get subtracted from the data. One of the major uncertainty sources for the TT unfolding
are normalization effects on the background. With most of the backgrounds having a peak
structure around ∆Y (`WZ) = 0, any normalization change has a major impact on how low
the dip is as zero.

The concrete unfolded bin entries and uncertainty breakdowns for the pW Z
T < 10 GeV and

inclusive regions are shown in Tables 11.1 and 11.2 for the unfolding of the TT polarization
state and in Tables 11.3 and 11.4 for the sum of polarization states. It should be noted that
the numbers can not be compared to the entries in the figures directly, as the values in the
latter are divided by each bin’s width. This is not the case for the tables. Identical tables for
the other RAZ regions are shown in Appendix I.

The depicted uncertainty breakdowns show that the dominant uncertainties in the unfolding
of the TT polarization states are theory uncertainties. Mainly those related to NLO corrections
as well as PDF, scale, and shower effects. The dominant experimental uncertainties are
due to the Non-prompt background estimation in the inclusive region and the jet energy
scale and resolution in the region with pW Z

T < 10 GeV. The data statistical uncertainty
only plays a secondary role in the unfolding TT using ∆Y (`WZ) except for the bin with
0.5 < ∆Y (`WZ) < 1.5, where it is larger than the systematic uncertainties. The relative
uncertainties are overall larger in the pW Z

T < 10 GeV region. This holds for the statistical
uncertainties due to fewer data and MC events in a region with more cuts, but also for the
theory uncertainties as regions with jet vetoes generally pose more modeling issues and also
depend more tightly on the jet energy measurements. In the bin with |∆Y (`WZ)| < 0.5, the
effect of larger relative uncertainties is exasperated due to the lower overall value.

The increase in the relative uncertainties for the region with the pW Z
T cut can also be

observed in the unfolding of the sum of polarizations. One difference between the two setups
is the impact of the data’s statistical uncertainties. These are now the dominant ones in
a plurality of the bins in both regions. This is due to a significant reduction in the NLO,
PDF, scale, and showering uncertainties. The NLO uncertainties are derived directly at the
truth level and exclusively for the WZ samples. As such, they have no impact on any of the
remaining backgrounds and also not on fiducial and efficiency corrections or the migration
matrix of the new signal. While the other theory uncertainties do have some impact on the
response matrix, their dominant effect in the TT unfolding came from their impact on the
normalization of the background polarizations. Nevertheless, they are still one of the largest

2The details are documented in https://gitlab.cern.ch/atlas-physics/sm/StandardModelTools_Unfol
ding/VIPUnfolding/-/issues/6
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Figure 11.12: Unfolded distribution of the TT polarization state using ∆Y (`W Z) in (a)
the inclusive region without a cut on pW Z

T and the regions with (b) pW Z
T < 70 GeV, (c)

pW Z
T < 40 GeV, (d) pW Z

T < 20 GeV, (e) pW Z
T < 10 GeV.
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Figure 11.13: Unfolded distribution of the sum of polarization states using ∆Y (`W Z) in
(a) the inclusive region without a cut on pW Z

T and the regions with (b) pW Z
T < 70 GeV, (c)

pW Z
T < 40 GeV, (d) pW Z

T < 20 GeV, (e) pW Z
T < 10 GeV.
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uncertainties alongside Non-prompt background estimation and statistical data uncertainty.
Another difference between the unfolding of the TT state and the sum of polarizations is that
the data statistical uncertainties are overall smaller for the latter, due to the data fluctuations
having a smaller relative size after the smaller background subtraction.

Table 11.1: Results and uncertainties for the unfolding of the TT polarization state using
∆Y (`W Z) in the region with pW Z

T < 10 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.138 0.420 0.193 0.122 0.125
Comb. Unc. 18.6% 2.95% 6.14% 8.58% 9.58%
Data statistical 6.54% 2.45% 3.98% 4.89% 4.66%
Experimental and modelling 17.4% 1.64% 4.67% 7.05% 8.37%
Luminosity 0.65% 0.04% 0.19% 0.25% 0.33%
Electron calibration 0.85% 0.10% 0.20% 0.38% 0.61%
Muon calibration 0.99% 0.11% 0.33% 0.38% 0.41%
Jet energy scale and resolution 3.98% 0.14% 1.04% 1.21% 1.85%
Emiss

T scale and resolution 2.62% 0.06% 0.73% 0.71% 1.37%
Flavor-tagging inefficiency 0.01% 0.00% 0.00% 0.00% 0.00%
Pileup modelling 1.84% 0.49% 0.60% 1.61% 1.16%
Non-prompt background estimation 1.32% 0.13% 0.46% 0.17% 0.13%
Background, other 1.93% 0.05% 0.55% 0.69% 0.78%
Model statistical 1.16% 0.47% 0.76% 0.99% 1.00%
NLO corrections 11.4% 0.77% 2.86% 4.30% 5.07%
PDF, Scale and shower settings 11.7% 1.25% 3.21% 4.97% 5.94%

Table 11.2: Results and uncertainties for the unfolding of the TT polarization state using
∆Y (`W Z) in the inclusive region.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.163 0.411 0.183 0.118 0.125
Comb. Unc. 8.81% 2.18% 4.00% 5.15% 6.49%
Data statistical 3.49% 1.60% 2.59% 3.16% 2.96%
Experimental and modelling 8.08% 1.48% 3.04% 4.06% 5.77%
Luminosity 0.66% 0.09% 0.25% 0.33% 0.46%
Electron calibration 0.53% 0.09% 0.18% 0.25% 0.51%
Muon calibration 0.59% 0.06% 0.26% 0.26% 0.30%
Jet energy scale and resolution 0.73% 0.08% 0.24% 0.47% 0.47%
Emiss

T scale and resolution 0.30% 0.02% 0.08% 0.05% 0.14%
Flavor-tagging inefficiency 0.01% 0.00% 0.01% 0.01% 0.01%
Pileup modelling 0.08% 0.23% 0.07% 0.25% 0.29%
Non-prompt background estimation 3.64% 0.20% 1.40% 1.33% 2.09%
Background, other 2.07% 0.16% 0.79% 0.95% 1.18%
Model statistical 0.59% 0.26% 0.44% 0.55% 0.54%
NLO corrections 4.34% 0.53% 1.17% 2.26% 3.23%
PDF, Scale and shower settings 5.18% 1.30% 2.19% 2.80% 3.98%
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Table 11.3: Results and uncertainties for the unfolding of the sum of polarization states
using ∆Y (`W Z) in the region with pW Z

T < 10 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.189 0.439 0.171 0.104 0.097
Comb. Unc. 3.48% 1.98% 3.42% 4.42% 4.50%
Data statistical 3.15% 1.64% 3.17% 4.13% 4.23%
Experimental and modelling 1.49% 1.11% 1.29% 1.58% 1.54%
Luminosity 0.03% 0.00% 0.01% 0.02% 0.02%
Electron calibration 0.04% 0.02% 0.05% 0.02% 0.11%
Muon calibration 0.10% 0.09% 0.18% 0.08% 0.30%
Jet energy scale and resolution 0.23% 0.15% 0.10% 0.25% 0.19%
Emiss

T scale and resolution 0.20% 0.07% 0.21% 0.20% 0.25%
Flavor-tagging inefficiency 0.00% 0.00% 0.00% 0.00% 0.00%
Pileup modelling 0.14% 0.22% 0.01% 0.68% 0.02%
Non-prompt background estimation 0.50% 0.09% 0.29% 0.04% 0.04%
Background, other 0.69% 0.02% 0.31% 0.40% 0.45%
Model statistical 0.55% 0.31% 0.60% 0.84% 0.93%
PDF, Scale and shower settings 1.03% 1.01% 1.01% 1.02% 1.04%

Table 11.4: Results and uncertainties for the unfolding of the sum of polarization states
using ∆Y (`W Z) in the inclusive region.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.217 0.434 0.159 0.096 0.091
Comb. Unc. 2.34% 1.41% 2.31% 2.82% 3.08%
Data statistical 1.60% 0.95% 1.89% 2.47% 2.57%
Experimental and modelling 1.71% 1.04% 1.33% 1.37% 1.70%
Luminosity 0.04% 0.00% 0.02% 0.03% 0.04%
Electron calibration 0.09% 0.01% 0.08% 0.11% 0.06%
Muon calibration 0.04% 0.05% 0.06% 0.07% 0.21%
Jet energy scale and resolution 0.18% 0.05% 0.13% 0.13% 0.14%
Emiss

T scale and resolution 0.09% 0.02% 0.03% 0.02% 0.06%
Flavor-tagging inefficiency 0.00% 0.00% 0.00% 0.01% 0.00%
Pileup modelling 0.30% 0.09% 0.10% 0.01% 0.09%
Non-prompt background estimation 1.05% 0.00% 0.63% 0.49% 0.92%
Background, other 0.61% 0.04% 0.36% 0.44% 0.55%
Model statistical 0.26% 0.15% 0.30% 0.41% 0.44%
PDF, Scale and shower settings 1.09% 1.02% 1.04% 1.11% 1.20%
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11.4.2 Results for ∆Y (WZ)
The unfolded ∆Y (WZ) distributions are shown in Figures 11.14 and 11.15 analogously to
the TT case. Similarly, the exact bin values and the systematic breakdowns for each bin
are given in Tables 11.5 and 11.6 for the TT unfolding in the pW Z

T < 10 GeV and inclusive
regions. The respective results for the unfolding of the sum of polarizations are depicted in
Figures 11.7 and 11.8.

It can be seen that both configurations show an overall larger dip around zero than was the
case with the unfolding of the ∆Y (`WZ) distribution. This is expected, given that the RAZ
predicts an exact zero only in the ∆Y (WZ) distribution, which gets smeared out by the decay
of the W boson in the ∆Y (`WZ) distribution. The main motivation to also consider that
distribution is the significantly easier reconstruction as shown in Section 11.3. An exact zero
is, however, still not seen, even for the ∆Y (WZ) unfolding of the TT polarization state. This
is also not unexpected due to the RAZ being washed out due to real higher order corrections,
even with a tight cut on pW Z

T . Additionally, the zero at ∆Y (WZ) = 0 is also just approximate
due to a neglection of the weak hypercharge. The exact zero is expected in cosθV , which is,
however, even more challenging to reconstruct and measure as well as smeared out due to it
being impossible to determine which of the initial quarks originated from which proton.

The tables show that the unfolding of ∆Y (WZ) exhibits generally larger uncertainties in
both configurations and regions. The uncertainties that mainly contribute to this increase
are the data and modeling statistical ones. This is almost purely due to the significant
migrations observed between the truth and reconstructed level for ∆Y (WZ). With that,
small statistical fluctuations in the data or simulation can cause large, anticorrelated deviations
in the final unfolded bins. Most of the other uncertainties have a similar impact per bin
between the unfolding of ∆Y (WZ) and ∆Y (`WZ). The significant increases in the bin with
|∆Y (WZ)| < 0.5 are mostly due to the significantly smaller nominal value. The only other
uncertainty category that shows a significant increase is the one for muon calibration. It shows
an increase from around 0.3 % in the unfolding of ∆Y (`WZ) up to > 2 % in the unfolding of
∆Y (WZ) for the bins from 1.5 to 2.5. This change can be seen across the two shown regions
and both unfolding configurations and is due to an up-fluctuation of the reconstructed signal
in the 2.0 − 2.5 bin. As this is compatible within the MC statistical uncertainties and small
with respect to the dominant uncertainty, no further investigation was done.

Table 11.5: Results and uncertainties for the unfolding of the TT polarization state using
∆Y (W Z) in the region with pW Z

T < 10 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.071 0.427 0.208 0.155 0.137
Comb. Unc. 45.2% 6.09% 11.5% 12.7% 10.7%
Data statistical 24.7% 5.76% 9.96% 10.3% 7.25%
Experimental and modelling 37.9% 1.96% 5.92% 7.41% 7.86%
Luminosity 1.76% 0.02% 0.21% 0.28% 0.35%
Electron calibration 2.71% 0.14% 0.51% 0.56% 0.82%
Muon calibration 2.57% 0.30% 2.22% 2.34% 0.76%
Jet energy scale and resolution 10.2% 0.36% 0.89% 2.95% 1.56%
Emiss

T scale and resolution 8.29% 0.24% 1.48% 0.60% 1.92%
Flavor-tagging inefficiency 0.02% 0.00% 0.00% 0.00% 0.00%
Pileup modelling 6.16% 0.17% 0.47% 1.25% 1.59%
Non-prompt background estimation 3.81% 0.34% 0.45% 0.20% 0.06%
Background, other 4.78% 0.01% 0.58% 0.72% 0.73%
Model statistical 4.82% 1.14% 2.04% 2.32% 1.64%
NLO corrections 14.9% 0.81% 2.81% 2.77% 2.78%
PDF, Scale and shower settings 30.3% 1.20% 3.73% 4.96% 6.39%
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Figure 11.14: Unfolded distribution of the TT polarization state using ∆Y (W Z) in (a)
the inclusive region without a cut on pW Z

T and the regions with (b) pW Z
T < 70 GeV, (c)

pW Z
T < 40 GeV, (d) pW Z

T < 20 GeV, (e) pW Z
T < 10 GeV.
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Figure 11.15: Unfolded distribution of the sum of polarization states using ∆Y (W Z) in
(a) the inclusive region without a cut on pW Z

T and the regions with (b) pW Z
T < 70 GeV, (c)

pW Z
T < 40 GeV, (d) pW Z

T < 20 GeV, (e) pW Z
T < 10 GeV.
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Table 11.6: Results and uncertainties for the unfolding of the TT polarization state using
∆Y (W Z) in the inclusive region.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.099 0.441 0.198 0.120 0.141
Comb. Unc. 21.2% 4.08% 9.22% 11.0% 7.75%
Data statistical 11.2% 3.71% 7.71% 9.83% 4.66%
Experimental and modelling 17.9% 1.70% 5.05% 5.00% 6.19%
Luminosity 1.54% 0.04% 0.30% 0.33% 0.50%
Electron calibration 1.65% 0.10% 0.47% 0.45% 0.55%
Muon calibration 1.80% 0.37% 2.14% 2.04% 0.66%
Jet energy scale and resolution 2.17% 0.22% 0.61% 0.88% 0.61%
Emiss

T scale and resolution 1.55% 0.33% 0.67% 0.94% 0.31%
Flavor-tagging inefficiency 0.02% 0.01% 0.02% 0.03% 0.00%
Pileup modelling 0.25% 0.00% 0.26% 0.34% 0.47%
Non-prompt background estimation 7.78% 0.06% 1.58% 0.96% 2.63%
Background, other 4.45% 0.07% 0.88% 0.90% 1.20%
Model statistical 2.13% 0.73% 1.62% 2.07% 0.99%
NLO corrections 6.83% 0.85% 2.04% 1.99% 2.81%
PDF, Scale and shower settings 13.2% 1.14% 3.10% 2.94% 4.40%

Table 11.7: Results and uncertainties for the unfolding of the sum of polarization states
using ∆Y (W Z) in the region with pW Z

T < 10 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.140 0.447 0.183 0.126 0.103
Comb. Unc. 8.45% 4.04% 8.73% 9.97% 7.25%
Data statistical 8.03% 3.80% 8.25% 9.33% 6.88%
Experimental and modelling 2.63% 1.37% 2.85% 3.51% 2.28%
Luminosity 0.06% 0.00% 0.01% 0.02% 0.02%
Electron calibration 0.08% 0.06% 0.33% 0.25% 0.33%
Muon calibration 0.23% 0.19% 1.77% 2.20% 0.53%
Jet energy scale and resolution 0.42% 0.19% 0.61% 1.32% 0.68%
Emiss

T scale and resolution 0.81% 0.14% 0.63% 0.35% 0.56%
Flavor-tagging inefficiency 0.01% 0.00% 0.00% 0.00% 0.00%
Pileup modelling 0.03% 0.05% 0.20% 0.24% 0.33%
Non-prompt background estimation 0.97% 0.21% 0.30% 0.12% 0.14%
Background, other 1.08% 0.01% 0.33% 0.42% 0.40%
Model statistical 1.50% 0.71% 1.67% 2.00% 1.50%
PDF, Scale and shower settings 1.28% 1.10% 1.02% 1.12% 1.20%
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Table 11.8: Results and uncertainties for the unfolding of the sum of polarization states
using ∆Y (W Z) in the inclusive region.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.178 0.456 0.169 0.096 0.100
Comb. Unc. 4.74% 2.65% 6.45% 8.76% 4.88%
Data statistical 4.03% 2.35% 5.94% 8.20% 4.25%
Experimental and modelling 2.51% 1.22% 2.50% 3.07% 2.39%
Luminosity 0.07% 0.00% 0.03% 0.03% 0.04%
Electron calibration 0.03% 0.03% 0.16% 0.21% 0.14%
Muon calibration 0.20% 0.24% 1.48% 1.74% 0.35%
Jet energy scale and resolution 0.59% 0.16% 0.46% 0.47% 0.35%
Emiss

T scale and resolution 0.48% 0.22% 0.55% 0.76% 0.21%
Flavor-tagging inefficiency 0.01% 0.00% 0.01% 0.02% 0.01%
Pileup modelling 0.56% 0.01% 0.34% 0.53% 0.00%
Non-prompt background estimation 1.58% 0.02% 0.73% 0.24% 1.38%
Background, other 0.93% 0.05% 0.40% 0.41% 0.57%
Model statistical 0.73% 0.45% 1.22% 1.73% 0.91%
PDF, Scale and shower settings 1.18% 1.07% 1.09% 1.42% 1.53%
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11 Studies of the RAZ Effect

11.5 Unfolded Depth Calculation
The main goal of unfolding the rapidity differences is the investigation of the radiation
amplitude zero effect. It can be characterized by an (approximate) zero amplitude of the TT
polarization state close to ∆Y (WZ) = 0 for pure leading order events. This is visible as a
dip in the unfolded distributions.

To offer some quantification of this visual fact, a depth variable is defined as

D(Dip,Peak) = 1 − 2 · Dip
Peak ,

Dip = N(0.0 < |∆Y | < 0.5),
Peak = N(0.5 < |∆Y | < 1.5),

(11.13)

where N(|∆Y | < 0.5) and N(0.5 < |∆Y | < 1.5) indicate the number of unfolded events
with |∆Y (`WZ) | (or |∆Y (WZ) |) less than 0.5 or between 0.5 and 1.5. The factor of 2
in the denominator is to make sure the same rapidity difference range is used for both the
denominator and numerator. Values above zero indicate a dip structure, while values below
represent peaks.

Uncertainties on this quantity are derived using the bin-by-bin covariance matrix V
provided by VIPUnfolding via

∆D(Dip,Peak) =
√

(∇D)T · V · ∇D. (11.14)

The resulting values are summarized in Figure 11.16 and Tables 11.9 and 11.10. Generally,
good agreement between the theory predictions and observed data can be seen. The main
exception is the inclusive region, where a sizably larger dip was measured than expected. The
trend of a stronger dip with tighter pW Z

T cuts, and thus less jet activity, is visible for the
Madgraph+Pythia8 predictions. While it can also be observed in the unfolded data, a clear
tapering-off can be seen for the tightest cuts. For the depth calculated from ∆Y (WZ), there
is even a small decline for the region with pW Z

T < 10 GeV. However, they are all well within
the uncertainties. Directly matching the expectations from the raw unfolded distributions,
both a stronger dip, as well as larger uncertainties can be observed for the unfolding of
∆Y (WZ). This is the case for both the TT configuration and the unfolding of the sum of
polarizations. A similar effect can be seen for the unfolding of TT when compared to the
unfolding of all polarization states. The former has a larger overall dip but is also affected by
the larger uncertainties seen in the previous section.

The combination of these effects results in the largest estimated significance, D/∆D, to
be observed for the unfolding of ∆Y (WZ). Here, both the unfolding of just the TT state
as well as the one for the sum of polarizations results in four regions with a value of D/∆D
above 5, while either the region with pW Z

T or the inclusive region end up at around 4. For the
former, the main reason is the extremely large uncertainty of 0.157, while the latter is mostly
hindered by the small value of the depth at around D = 0.051.

The overall smaller uncertainties in the unfolding of ∆Y (`WZ) do not make up for the
significantly less pronounced dips. Due to this, the unfolding of the TT polarization using
∆Y (`WZ) does not reach D/∆D = 5 in any region and even falls below 3 in the most
restrictive one. The unfolding of the sum of polarization states is mostly still competitive with
the TT one, even for ∆Y (`WZ), reaching a higher estimated significance in the pW Z

T < 10 GeV
region. However, as the distribution shown in Figure 11.13a indicates, there is a flat structure
around ∆Y (`WZ) = 0 in the inclusive region for the sum of polarizations instead of a dip.
The Madgraph+Pythia8 prediction is even a peak structure. As such, the estimated
significance for that particular configuration is very close to zero and the relative uncertainties
are omitted.

As VIPUnfolding does not only store a total covariance matrix but also one per uncertainty,
it is possible to apply Equation 11.14 to calculate a breakdown of the statistical and systematic
uncertainty sources. These breakdowns for each RAZ region are shown with increasing
tightness of the pW Z

T cut in Tables 11.11 to 11.15. The overall uncertainty progressions
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Figure 11.16: Progression of the depth values and their uncertainties with the tightness
of the pW Z

T cut at the unfolded level for the TT polarization state using (a) ∆Y (`W Z) and
(b) ∆Y (W Z) and for the sum of polarization states using (c) ∆Y (`W Z) and (d) ∆Y (W Z).

Table 11.9: Depth for ∆Y (W Z).

TT state Sum of polarizations
Cut Value Uncertainty D/∆D Value Uncertainty D/∆D

Inclusive 0.551 0.100 | 18.2 % 5.50 0.216 0.051 | 23.4 % 4.28
pT (WZ) < 70 GeV 0.681 0.097 | 14.2 % 7.03 0.367 0.056 | 15.3 % 6.53
pT (WZ) < 40 GeV 0.693 0.107 | 15.4 % 6.48 0.386 0.058 | 15.0 % 6.66
pT (WZ) < 20 GeV 0.687 0.126 | 18.4 % 5.44 0.387 0.061 | 15.8 % 6.31
pT (WZ) < 10 GeV 0.667 0.157 | 23.4 % 4.26 0.372 0.071 | 19.0 % 5.26
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Table 11.10: Depth for ∆Y (`W Z).

TT state Sum of polarizations
Cut Value Uncertainty D/∆D Value Uncertainty D/∆D

Inclusive 0.208 0.067 | 32.2 % 3.10 0.000 0.026 | - 0.00
pT (WZ) < 70 GeV 0.287 0.061 | 21.3 % 4.69 0.090 0.029 | 32.0 % 3.13
pT (WZ) < 40 GeV 0.301 0.067 | 22.4 % 4.46 0.103 0.030 | 29.2 % 3.42
pT (WZ) < 20 GeV 0.329 0.083 | 25.3 % 3.96 0.124 0.032 | 25.9 % 3.86
pT (WZ) < 10 GeV 0.344 0.122 | 35.5 % 2.81 0.138 0.038 | 27.6 % 3.63

between regions and the differences between the variables and configurations match those
already discussed here. Additionally, the different effects of larger relative uncertainties per
bin for small bins leading to smaller relative uncertainties for a larger dip are also mirrored
there.

The most interesting observation is the increased effect of the statistical uncertainties
compared to the ones seen for the raw values of the center two bins. This is best demonstrated
for the case of the ∆Y (`WZ) unfolding of the sum of polarizations in the region with
pW Z

T < 10 GeV. Here, Table 11.3 indicates data statistical uncertainty of 3.15 % and 1.64 %
in comparison to systematic uncertainties of 1.49 % and 1.11 % in the bins used for the depth
calculation. Meanwhile, Table 11.15 shows an impact of 26.3 % on D for the data statistical
uncertainty and 8.3 % for systematic uncertainty. A similar increase can be observed for
the MC statistical uncertainties. This increase in their impact is due to the bin-by-bin
correlations. All of the other sizeable uncertainties are almost fully correlated between the
two relevant bins, mainly because their largest impact comes from normalization effects on
background subtraction. This always increases or decreases both of the bins at the same time.
Meanwhile, the statistical uncertainties are evaluated independently for each bin. Due to the
large migrations, this leads to sizeable anticorrelations between the individual bins, which
increases the uncertainty of an observable that depends on their ratio.

Overall, the statistical uncertainties are the dominant ones for the depth when unfolding
the sum of polarizations, regardless of the variable used or pW Z

T cut considered. For the
unfolding of just the TT polarization state, the statistical uncertainties are smaller but still
sizeable across all regions when unfolding ∆Y (`WZ). The configuration where statistical and
systematic uncertainties have the most similar impact is the unfolding of TT using ∆Y (WZ).
Here, either is dominant depending on the exact region considered. Thus, a repetition of
this measurement using the data from the LHC’s Run3 or even the HL-LHC [268] promises
great improvements in the sensitivity. Still, significant improvements in the estimation of the
non-prompt background, NLO corrections, and shower modeling would be of great benefit,
especially for the unfolding of the TT polarization state.
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Table 11.11: Uncertainty on the depth for the TT polarization state and the sum of
polarization states using ∆Y (`W Z) and ∆Y (W Z) in the inclusive region. The uncertainties
for ∆Y (`W Z) from the sum of polarizations are omitted due to the value being close to
zero.

Impact [%]
Source TT state Sum of polarizations
Experimental ∆Y (`WZ) ∆Y (WZ) ∆Y (`WZ) ∆Y (WZ)

Luminosity 2.2 1.2 - 0.3
Electron calibration 1.7 1.3 - 0.2
Muon calibration 2.2 1.4 - 1.2
Jet energy scale and resolution 2.6 1.8 - 2.6
Emiss

T scale and resolution 1.3 1.5 - 2.5
Flavor-tagging inefficiency 0.1 0.0 - 0.1
Pileup modelling 1.2 0.2 - 2.0
Non-prompt background estimation 13.1 6.3 - 5.8

Modelling
Background, other 7.3 3.6 - 3.4
Model statistical 2.9 2.2 - 4.0
NLO corrections 15.1 4.9 - 0.0
PDF, Scale and shower settings 16.1 10.3 - 0.9
Unfolding uncertainty 0.0 0.0 - 0.0

Experimental and modelling 27.3 14.1 - 9.0
Data statistical 17.1 11.5 - 21.6
Total 32.2 18.2 - 23.4

Table 11.12: Uncertainty on the depth for the TT polarization state and the sum of
polarization states using ∆Y (`W Z) and ∆Y (W Z) in the region with pW Z

T < 70 GeV.

Impact [%]
Source TT state Sum of polarizations
Experimental ∆Y (`WZ) ∆Y (WZ) ∆Y (`WZ) ∆Y (WZ)

Luminosity 1.5 1.0 0.5 0.2
Electron calibration 0.9 0.8 1.7 0.5
Muon calibration 1.6 1.1 1.4 0.7
Jet energy scale and resolution 3.4 2.8 1.8 1.6
Emiss

T scale and resolution 1.3 1.7 2.2 2.2
Flavor-tagging inefficiency 0.0 0.0 0.1 0.0
Pileup modelling 0.0 0.5 3.4 0.4
Non-prompt background estimation 9.5 5.7 13.5 4.6

Modelling
Background, other 5.7 3.3 8.0 2.5
Model statistical 2.4 2.1 4.6 2.7
NLO corrections 9.2 1.4 0.0 0.0
PDF, Scale and shower settings 7.5 5.7 0.7 0.2
Unfolding uncertainty 0.0 0.0 0.0 0.0

Experimental and modelling 17.0 9.8 17.2 6.5
Data statistical 12.8 10.3 27.0 13.9
Total 21.3 14.2 32.0 15.3
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Table 11.13: Uncertainty on the depth for the TT polarization state and the sum of
polarization states using ∆Y (`W Z) and ∆Y (W Z) in the region with pW Z

T < 40 GeV.

Impact [%]
Source TT state Sum of polarizations
Experimental ∆Y (`WZ) ∆Y (WZ) ∆Y (`WZ) ∆Y (WZ)

Luminosity 1.4 0.9 0.4 0.1
Electron calibration 1.1 1.0 1.2 0.6
Muon calibration 1.9 1.3 1.1 1.0
Jet energy scale and resolution 5.1 4.4 1.2 1.3
Emiss

T scale and resolution 1.0 2.1 1.7 2.6
Flavor-tagging inefficiency 0.0 0.0 0.1 0.0
Pileup modelling 0.3 1.2 3.3 0.1
Non-prompt background estimation 7.2 4.3 10.0 3.4

Modelling
Background, other 4.9 3.0 6.5 2.1
Model statistical 2.4 2.2 4.3 2.7
NLO corrections 11.3 2.8 0.0 0.0
PDF, Scale and shower settings 9.0 7.0 0.6 0.4
Unfolding uncertainty 0.0 0.0 0.0 0.0

Experimental and modelling 18.0 10.9 13.3 5.8
Data statistical 13.4 11.0 26.0 13.9
Total 22.4 15.4 29.2 15.0

Table 11.14: Uncertainty on the depth for the TT polarization state and the sum of
polarization states using ∆Y (`W Z) and ∆Y (W Z) in the region with pW Z

T < 20 GeV.

Impact [%]
TT state Sum of polarizations

Source ∆Y (`WZ) ∆Y (WZ) ∆Y (`WZ) ∆Y (WZ)
Experimental

Luminosity 1.2 0.9 0.3 0.1
Electron calibration 1.3 1.2 0.7 0.3
Muon calibration 1.9 1.3 1.1 1.3
Jet energy scale and resolution 8.1 6.2 2.0 1.1
Emiss

T scale and resolution 0.3 1.4 0.4 1.5
Flavor-tagging inefficiency 0.0 0.0 0.0 0.0
Pileup modelling 1.3 2.4 2.7 0.5
Non-prompt background estimation 4.2 2.6 5.7 2.1

Modelling
Background, other 4.0 2.5 4.9 1.8
Model statistical 2.3 2.3 4.1 2.8
NLO corrections 13.3 6.0 0.0 0.0
PDF, Scale and shower settings 13.1 9.4 0.7 0.5
Unfolding uncertainty 0.0 0.0 0.0 0.0

Experimental and modelling 21.5 13.9 9.3 4.6
Data statistical 13.3 12.1 24.2 15.2
Total 25.3 18.4 25.9 15.9
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11.5 Unfolded Depth Calculation

Table 11.15: Uncertainty on the depth for the TT polarization state and the sum of
polarization states using ∆Y (`W Z) and ∆Y (W Z) in the region with pW Z

T < 10 GeV.

Impact [%]
TT state Sum of polarizations

Source ∆Y (`WZ) ∆Y (WZ) ∆Y (`WZ) ∆Y (WZ)
Experimental

Luminosity 1.2 0.9 0.2 0.1
Electron calibration 1.4 1.3 0.4 0.1
Muon calibration 1.9 1.2 1.0 0.6
Jet energy scale and resolution 7.5 5.0 2.4 1.0
Emiss

T scale and resolution 4.9 4.1 1.7 1.4
Flavor-tagging inefficiency 0.0 0.0 0.0 0.0
Pileup modelling 2.6 3.0 2.3 0.0
Non-prompt background estimation 2.8 2.1 3.8 2.0

Modelling
Background, other 3.6 2.4 4.2 1.8
Model statistical 2.7 2.8 4.7 3.4
NLO corrections 21.5 7.1 0.0 0.0
PDF, Scale and shower settings 21.0 14.8 0.6 0.6
Unfolding uncertainty 0.0 0.0 0.0 0.0

Experimental and modelling 32.0 18.5 8.3 4.8
Data statistical 15.4 14.4 26.3 18.4
Total 35.5 23.5 27.6 19.0
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Chapter 12

Conclusion

The study of weak boson polarization opens the opportunity to probe the SM, specifically
electroweak symmetry breaking, in ways that were inaccessible before. Measurements of
individual boson’s polarizations in wide phase spaces have been possible for a while [23–25].
Simultaneous measurements of the polarization of two bosons have only recently started to
become feasible [22, 26].

This work expands the knowledge of joint W±Z boson polarization using data collected
by the ATLAS detector at the LHC. The data was collected at a center-of-mass energy of
13 TeV and constitutes an integrated luminosity of 140 fb−1. Two main aspects investigated
in this work are the energy dependence of f00 and the RAZ effect.

The former is achieved by using profile likelihood fits to independently measure the fraction
of doubly longitudinal events for pZ

T in the bins (100, 200] GeV and (200,∞] GeV, after also
applying a pW Z

T < 70 GeV cut to reduce the impact of higher-order corrections. Boosted
decision trees are used to enhance the separation of the different polarization states. The
statistical analysis uses two separate approaches to provide more precise results for more
restrictive models, given the sizeable statistical and systematic uncertainties.

Using three free fit parameters the f00 fraction is measured to be:

pZ
T ∈ (100, 200] GeV: 18.9 ±3.4

3.3 (stat.) ±1.6
1.6 (mod. syst.) ±1.8

1.5 (exp. syst.) %,

pZ
T ∈ (200, ∞ ] GeV: 13 ±9

8 (stat.) ±2
2 (mod. syst.) ±1

1 (exp. syst.) %,

with the former providing observation of the 00 polarization state in the 100 < pZ
T ≤ 200 GeV

region with a significance of 5.2σ. A more restrictive model with just two free parameters
results in different, but compatible, values:

pZ
T ∈ (100, 200] GeV: 17.4 ±2.0

2.0 (stat.) ±1.0
1.3 (mod. syst.) ±0.9

0.8 (exp. syst.) %,

pZ
T ∈ (200, ∞ ] GeV: 16 ±5

5 (stat.) ±2
2 (mod. syst.) ±1

1 (exp. syst.) %,

also providing observation of the 00 state for lower pZ
T and additionally giving evidence for

it in the pZ
T > 200 GeV region with a significance of 3.2σ. Both of these configurations are

summarized in Figure 12.1. All of these results represent deviations from the Standard
Model predictions with significances slightly above 1σ. Additionally, in the region with
100 < pZ

T ≤ 200 GeV, a lower bound of 2.8σ is found for the significance of rejecting the
hypothesis that the fractions of longitudinally polarized W± and Z bosons are independent
of each other. To investigate whether these deviations from the SM and the value for the
independence represent real differences and effects or just fluctuations, the uncertainties must
be reduced. The statistical uncertainties are dominant in all of the presented results. As such,
the data taken during Run 3 of the LHC or by the High Luminosity LHC could serve to answer
these questions. Additional improvements can be made to the prediction and consideration
of NLO corrections and the parton shower. The dominant experimental uncertainties come
from the jet energy scale and resolution, as well as the prediction of non-prompt backgrounds.
Further improvements can be made to the measurement through the use of artificial neural
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Figure 12.1: Summary of the three-parameter and two-parameter configuration f00
fraction measurements compared to the Madgraph+Pythia8 prediction. The theoretical
predictions include the effects of the EW k-factors described in Section 6.3, while uncertain-
ties account for MC statistical uncertainties as well as theoretical uncertainties discussed in
Section 7.3. Both the theoretical values and the uncertainties are provided by the author
of Ref. [161].

networks for better polarization separation or the use of likelihood unfolding to take into
account migrations between the two regions.

Meanwhile, the RAZ effect is studied using W±Z events in regions with pW Z
T < 10,

20, 40, 70 GeV or where it is unconstrained. A depth variable is defined and calculated
from unfolded ∆Y (`WZ) and ∆Y (WZ) distributions for the TT polarization state and
the sum of all polarizations. Values larger than zero indicate a dip, as expected from the
RAZ effect. The results using ∆Y (WZ) for the TT polarization are shown in Figure 12.2.
It demonstrates generally good agreement between expectations and data of existing dip
behaviors, which increase with stronger cuts that reduce NLO effects. An estimated significance
of D/∆D = 7.0 is obtained for the depth in the pW Z

T < 70 GeV region, indicating an
overall precise measurement of the dip. Similar overall behavior is observed for the other
configurations. The largest uncertainties on the depth measurement are related to data
statistics, NLO corrections, shower modeling, jet energy scale, and resolution, as well as the
non-prompt background. As such, lowering the uncertainties in these areas would not only
increase the precision of the fraction measurement but also help with an understanding of the
RAZ effect for W±Z events. The unfolding step could also be improved through the use of
likelihood-based unfolding methods, which can take correlations between uncertainties into
account.

With first measurements of joint polarizations in multi-boson final states finally being
available, the door is now open for the probing of VLVL → VLVL scattering as well as further
studies of BSM effects utilizing the framework of effective field theories.
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Figure 12.2: Progression of the depth values and their uncertainties with the tightness of
the pW Z

T cut at the unfolded level for the TT polarization state using ∆Y (W Z).
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Appendix A

Good Run Lists and MC Samples

This chapter contains information about the GRLs used to select useful luminosity blocks
in Section A.1 as well as detailed information about the signal samples in Section A.2 and
background samples in Section A.3.

A.1 Good Run Lists
The GRLs employed in this thesis are [161]:

2015 data: /cvmfs/atlas.cern.ch/repo/sw/database/GroupData/GoodRunsLists/data
15_13TeV/20170619/data15_13TeV.periodAllYear_DetStatus-v89-pro21-02_Un
known_PHYS_StandardGRL_All_Good_25ns.xml

2016 data: /cvmfs/atlas.cern.ch/repo/sw/database/GroupData/GoodRunsLists/data
16_13TeV/20180129/data16_13TeV.periodAllYear_DetStatus-v89-pro21-01_DQ
Defects-00-02-04_PHYS_StandardGRL_All_Good_25ns.xml

2017 data: /cvmfs/atlas.cern.ch/repo/sw/database/GroupData/GoodRunsLists/data
17_13TeV/20180619/data17_13TeV.periodAllYear_DetStatus-v99-pro22-01_Un
known_PHYS_StandardGRL_All_Good_25ns_Triggerno17e33prim.xml

2018 data: /cvmfs/atlas.cern.ch/repo/sw/database/GroupData/GoodRunsLists/data
18_13TeV/20190318/data18_13TeV.periodAllYear_DetStatus-v102-pro22-04_Un
known_PHYS_StandardGRL_All_Good_25ns_Triggerno17e33prim.xml

A.2 Signal
Detailed information about the signal samples can be found in Table A.1.

A.3 Background
Detailed information about the signal samples can be found in Table A.2.
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/cvmfs/atlas.cern.ch/repo/sw/database/GroupData/GoodRunsLists/data16_13TeV/20180129/data16_13TeV.periodAllYear_DetStatus-v89-pro21-01_DQDefects-00-02-04_PHYS_StandardGRL_All_Good_25ns.xml
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/cvmfs/atlas.cern.ch/repo/sw/database/GroupData/GoodRunsLists/data17_13TeV/20180619/data17_13TeV.periodAllYear_DetStatus-v99-pro22-01_Unknown_PHYS_StandardGRL_All_Good_25ns_Triggerno17e33prim.xml
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/cvmfs/atlas.cern.ch/repo/sw/database/GroupData/GoodRunsLists/data18_13TeV/20190318/data18_13TeV.periodAllYear_DetStatus-v102-pro22-04_Unknown_PHYS_StandardGRL_All_Good_25ns_Triggerno17e33prim.xml


A Good Run Lists and MC Samples

T
ab

le
A

.1
:

Su
m

m
ar

y
of

si
gn

al
M

C
sa

m
pl

es
us

ed
.

D
SI

D
P

ro
ce

ss
G

en
er

at
or

s
P

D
F

E
ve

nt
s

F
ilt

er
eff

.
C

ro
ss

-s
ec

ti
on

[p
b]

50
70

19
W

0Z
0

→
`ν
``

(p
Z T

≥
15

0G
eV

)
(`

=
e,
µ

)
fin

al
st

at
e

M
ad

G
ra

ph
5_

aM
C

@
N

LO
+

P
yt

hi
a

8
N

LO
N

N
PD

F3
0

∼
35

0K
1.

00
0.

00
24

18
7

50
70

20
W

0Z
0

→
`ν
``

(p
Z T
<

15
0G

eV
)

(`
=
e,
µ

)
fin

al
st

at
e

M
ad

G
ra

ph
5_

aM
C

@
N

LO
+

P
yt

hi
a

8
N

LO
N

N
PD

F3
0

∼
55

0K
1.

00
0.

02
05

37
50

70
21

W
0Z

T
→
`ν
``

(p
Z T

≥
15

0G
eV

)
(`

=
e,
µ

)
fin

al
st

at
e

M
ad

G
ra

ph
5_

aM
C

@
N

LO
+

P
yt

hi
a

8
N

LO
N

N
PD

F3
0

∼
28

0K
1.

00
0.

00
85

86
9

50
70

22
W

0Z
T

→
`ν
``

(p
Z T
<

15
0G

eV
)

(`
=
e,
µ

)
fin

al
st

at
e

M
ad

G
ra

ph
5_

aM
C

@
N

LO
+

P
yt

hi
a

8
N

LO
N

N
PD

F3
0

∼
66

0K
1.

00
0.

06
15

92
50

70
23

W
T
Z

0
→
`ν
``

(p
Z T

≥
15

0G
eV

)
(`

=
e,
µ

)
fin

al
st

at
e

M
ad

G
ra

ph
5_

aM
C

@
N

LO
+

P
yt

hi
a

8
N

LO
N

N
PD

F3
0

∼
26

0K
1.

00
0.

00
25

55
4

50
70

24
W

T
Z

0
→
`ν
``

(p
Z T
<

15
0G

eV
)

(`
=
e,
µ

)
fin

al
st

at
e

M
ad

G
ra

ph
5_

aM
C

@
N

LO
+

P
yt

hi
a

8
N

LO
N

N
PD

F3
0

∼
66

0K
1.

00
0.

06
52

72
50

70
25

W
T
Z

T
→
`ν
``

(p
Z T

≥
15

0G
eV

)
(`

=
e,
µ

)
fin

al
st

at
e

M
ad

G
ra

ph
5_

aM
C

@
N

LO
+

P
yt

hi
a

8
N

LO
N

N
PD

F3
0

∼
15

M
1.

00
0.

02
59

54
50

70
26

W
T
Z

T
→
`ν
``

(p
Z T
<

15
0G

eV
)

(`
=
e,
µ

)
fin

al
st

at
e

M
ad

G
ra

ph
5_

aM
C

@
N

LO
+

P
yt

hi
a

8
N

LO
N

N
PD

F3
0

∼
1.

66
M

1.
00

0.
30

44
5

50
70

27
W

0Z
0

→
`ν
``

(p
Z T

≥
15

0G
eV

)
(`

=
e,
µ
,τ

)
fin

al
st

at
e

w
ith

τ
de

ca
ys

co
ns

id
er

ed
M

ad
G

ra
ph

5_
aM

C
@

N
LO

+
P

yt
hi

a
8

N
LO

N
N

PD
F3

0
∼

40
K

0.
19

28
2

0.
00

30
25

50
70

28
W

0Z
0

→
`ν
``

(p
Z T
<

15
0G

eV
)

(`
=
e,
µ
,τ

)
fin

al
st

at
e

w
ith

τ
de

ca
ys

co
ns

id
er

ed
M

ad
G

ra
ph

5_
aM

C
@

N
LO

+
P

yt
hi

a
8

N
LO

N
N

PD
F3

0
∼

60
K

0.
17

17
8

0.
02

56
7

50
70

29
W

0Z
T

→
`ν
``

(p
Z T

≥
15

0G
eV

)
(`

=
e,
µ
,τ

)
fin

al
st

at
e

w
ith

τ
de

ca
ys

co
ns

id
er

ed
M

ad
G

ra
ph

5_
aM

C
@

N
LO

+
P

yt
hi

a
8

N
LO

N
N

PD
F3

0
∼

70
K

0.
20

17
8

0.
01

07
2

50
70

30
W

0Z
T

→
`ν
``

(p
Z T
<

15
0G

eV
)

(`
=
e,
µ
,τ

)
fin

al
st

at
e

w
ith

τ
de

ca
ys

co
ns

id
er

ed
M

ad
G

ra
ph

5_
aM

C
@

N
LO

+
P

yt
hi

a
8

N
LO

N
N

PD
F3

0
∼

16
0K

0.
17

36
6

0.
07

69
18

50
70

31
W

T
Z

0
→
`ν
``

(p
Z T

≥
15

0G
eV

)
(`

=
e,
µ
,τ

)
fin

al
st

at
e

w
ith

τ
de

ca
ys

co
ns

id
er

ed
M

ad
G

ra
ph

5_
aM

C
@

N
LO

+
P

yt
hi

a
8

N
LO

N
N

PD
F3

0
∼

30
K

0.
20

12
7

0.
00

31
85

50
70

32
W

T
Z

0
→
`ν
``

(p
Z T
<

15
0G

eV
)

(`
=
e,
µ
,τ

)
fin

al
st

at
e

w
ith

τ
de

ca
ys

co
ns

id
er

ed
M

ad
G

ra
ph

5_
aM

C
@

N
LO

+
P

yt
hi

a
8

N
LO

N
N

PD
F3

0
∼

16
0K

0.
17

60
7

0.
08

15
36

50
70

33
W

T
Z

T
→
`ν
``

(p
Z T

≥
15

0G
eV

)
(`

=
e,
µ
,τ

)
fin

al
st

at
e

w
ith

τ
de

ca
ys

co
ns

id
er

ed
M

ad
G

ra
ph

5_
aM

C
@

N
LO

+
P

yt
hi

a
8

N
LO

N
N

PD
F3

0
∼

35
0K

0.
19

49
1

0.
03

24
2

50
70

34
W

T
Z

T
→
`ν
``

(p
Z T
<

15
0G

eV
)

(`
=
e,
µ
,τ

)
fin

al
st

at
e

w
ith

τ
de

ca
ys

co
ns

id
er

ed
M

ad
G

ra
ph

5_
aM

C
@

N
LO

+
P

yt
hi

a
8

N
LO

N
N

PD
F3

0
∼

30
0K

0.
16

60
2

0.
38

05
8

36
42

53
W
Z

→
`ν
``

(`
=
e,
µ
,τ

)
Sh

er
pa

2.
2.

2
N

N
LO

N
N

PD
F3

0
∼

74
M

1.
00

4.
57

36
16

01
W
Z

→
`ν
``

(`
=
e,
µ
,τ

)
P

ow
he

g+
P

yt
hi

a8
N

LO
C

T
10

∼
30

M
1.

00
4.

51
36

12
93

W
Z

→
`ν
``

(`
=
e,
µ
,τ

)
M

ad
G

ra
ph

5_
aM

C
@

N
LO

+
M

cA
tN

lo
+

P
yt

hi
a

8
N

N
LO

N
N

PD
F3

0
∼

3.
9M

0.
34

1.
70

186

https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507019
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507020
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507021
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507022
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507023
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507024
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507025
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507026
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507027
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507028
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507029
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507030
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507031
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507032
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507033
https://gitlab.cern.ch/atlas-physics/pmg/mcjoboptions/-/tree/master/507xxx/507034
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID364xxx/MC15.364253.Sherpa_222_NNPDF30NNLO_lllv.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID361xxx/MC15.361601.PowhegPy8EG_CT10nloME_AZNLOCTEQ6L1_WZlvll_mll4.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/common/MadGraph/MadGraphControl_aMcAtNlo_Pythia8_WZ_lvll_FxFx.py


A.3 Background

T
ab

le
A

.2
:

Su
m

m
ar

y
of

ba
ck

gr
ou

nd
M

C
si

m
ul

at
io

n.

D
SI

D
P

ro
ce

ss
G

en
er

at
or

s
P

D
F

E
ve

nt
s

F
ilt

er
eff

.
C

ro
ss

-s
ec

ti
on

[p
b]

k-
fa

ct
or

36
42

50
qq̄

→
Z
Z

→
``
``

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

18
75

81
27

1.
00

1.
25

2
1.

00
36

42
83

Z
Z

→
``
``

EW
6

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

28
42

82
1.

00
0.

01
1

1.
00

34
57

05
g
g

→
``
``

(0
<
m

4`
<

13
0)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

21
82

97
1.

00
0.

00
99

1.
00

34
57

06
g
g

→
``
``

(m
4`
>

13
0)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

15
59

74
1

1.
00

0.
01

0
1.

00
36

11
06

Z
→
ee

Po
w

he
g+

Py
th

ia
8

C
T

10
10

04
60

79
1.

00
19

01
.1

1.
00

36
11

07
Z

→
µ
µ

Po
w

he
g+

Py
th

ia
8

C
T

10
13

09
15

04
1.

00
19

01
.1

1.
00

36
11

08
Z

→
τ
τ

Po
w

he
g+

Py
th

ia
8

C
T

10
17

41
91

1.
00

19
01

.1
1.

00
36

61
40

Z
γ

→
ee
γ

(7
<
p

γ T
<

15
)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

97
10

4
1.

00
46

.2
93

1.
00

36
61

41
Z
γ

→
ee
γ

(1
5
<
p

γ T
<

35
)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

46
54

14
1.

00
29

.2
81

1.
00

36
61

42
Z
γ

→
ee
γ

(3
5
<
p

γ T
<

70
)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

55
15

1
1.

00
5.

15
77

1.
00

36
61

43
Z
γ

→
ee
γ

(7
0
<
p

γ T
<

14
0)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

48
79

2
1.

00
0.

40
36

3
1.

00
36

61
44

Z
γ

→
ee
γ

(p
γ T
>

14
0)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

68
77

3
1.

00
0.

05
30

18
1.

00
36

61
45

Z
γ

→
µ
µ
γ

(7
<
p

γ T
<

15
)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

13
52

23
1.

00
46

.2
76

1.
00

36
61

46
Z
γ

→
µ
µ
γ

(1
5
<
p

γ T
<

35
)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

64
33

46
1.

00
29

.2
8

1.
00

36
61

47
Z
γ

→
µ
µ
γ

(3
5
<
p

γ T
<

70
)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

78
27

5
1.

00
5.

15
66

1.
00

36
61

48
Z
γ

→
µ
µ
γ

(7
0
<
p

γ T
<

14
0)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

68
58

5
1.

00
0.

40
32

2
1.

00
36

61
49

Z
γ

→
µ
µ
γ

(p
γ T
>

14
0)

Sh
er

pa
2.

2.
2

N
N

LO
N

N
PD

F3
0

79
30

3
1.

00
0.

05
28

9
1.

00
36

42
42

W
W
W

→
3`

3ν
Sh

er
pa

2.
2.

2
N

N
LO

N
N

PD
F3

0
59

62
8

1.
00

0.
00

72
1.

00
36

42
43

W
W
Z

→
4`

2ν
Sh

er
pa

2.
2.

2
N

N
LO

N
N

PD
F3

0
12

19
97

1.
00

0.
00

18
1.

00
36

42
44

W
W
Z

→
2`

4ν
Sh

er
pa

2.
2.

2
N

N
LO

N
N

PD
F3

0
52

63
1.

00
0.

00
35

1.
00

36
42

45
W
Z
Z

→
5`

1ν
Sh

er
pa

2.
2.

2
N

N
LO

N
N

PD
F3

0
13

56
91

1.
00

0.
00

01
9

1.
00

36
42

46
W
Z
Z

→
3`

3ν
Sh

er
pa

2.
2.

2
N

N
LO

N
N

PD
F3

0
63

20
2

0.
45

0.
00

17
1.

00
36

42
47

Z
Z
Z

→
6`

0ν
Sh

er
pa

2.
2.

2
N

N
LO

N
N

PD
F3

0
11

19
22

1.
00

0.
00

00
14

1.
00

36
42

48
Z
Z
Z

→
4`

2ν
Sh

er
pa

2.
2.

2
N

N
LO

N
N

PD
F3

0
73

26
6

0.
22

0.
00

03
8

1.
00

36
42

49
Z
Z
Z

→
2`

4ν
Sh

er
pa

2.
2.

2
N

N
LO

N
N

PD
F3

0
31

90
0.

44
0.

00
03

8
1.

00
41

04
70

tt̄
(>

1`
)

P
ow

he
g+

P
yt

hi
a8

24
54

90
57

0.
54

72
9.

7
1.

00
41

02
18

tt̄
ee

aM
cA

tN
lo

+
P

yt
hi

a
8

21
31

41
5

1.
00

0.
03

7
1.

00
41

02
19

tt̄
µ
µ

aM
cA

tN
lo

+
P

yt
hi

a
8

24
92

92
6

1.
00

0.
03

7
1.

00
41

01
55

tt̄
W

aM
cA

tN
lo

+
P

yt
hi

a
8

19
51

87
1

1.
00

0.
54

8
1.

00
36

47
39

W
−
Z
jj

-E
W

O
F

M
ad

G
ra

ph
5_

aM
C

@
N

LO
+

P
yt

hi
a

8
N

LO
N

N
PD

F3
0

13
98

00
0

1.
00

0.
01

5
1.

00
36

47
40

W
+
Z
jj

-E
W

O
F

M
ad

G
ra

ph
5_

aM
C

@
N

LO
+

P
yt

hi
a

8
N

LO
N

N
PD

F3
0

19
96

00
0

1.
00

0.
02

6
1.

00
36

47
41

W
−
Z
jj

-E
W

SF
M

ad
G

ra
ph

5_
aM

C
@

N
LO

+
P

yt
hi

a
8

N
LO

N
N

PD
F3

0
69

90
00

1.
00

0.
00

77
1.

00
36

47
42

W
+
Z
jj

-E
W

SF
M

ad
G

ra
ph

5_
aM

C
@

N
LO

+
P

yt
hi

a
8

N
LO

N
N

PD
F3

0
89

80
00

1.
00

0.
01

3
1.

00

187

https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID364xxx/MC15.364250.Sherpa_222_NNPDF30NNLO_llll.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID364xxx/MC15.364283.Sherpa_222_NNPDF30NNLO_lllljj_EW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID345xxx/MC15.345705.Sherpa_222_NNPDF30NNLO_ggllll_0M4l130.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID345xxx/MC15.345706.Sherpa_222_NNPDF30NNLO_ggllll_130M4l.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID361xxx/MC15.361106.PowhegPythia8EvtGen_AZNLOCTEQ6L1_Zee.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID361xxx/MC15.361107.PowhegPythia8EvtGen_AZNLOCTEQ6L1_Zmumu.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID361xxx/MC15.361108.PowhegPythia8EvtGen_AZNLOCTEQ6L1_Ztautau.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID366xxx/MC15.366140.Sh_224_NN30NNLO_eegamma_LO_pty_7_15.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID366xxx/MC15.366141.Sh_224_NN30NNLO_eegamma_LO_pty_15_35.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID366xxx/MC15.366142.Sh_224_NN30NNLO_eegamma_LO_pty_35_70.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID366xxx/MC15.366143.Sh_224_NN30NNLO_eegamma_LO_pty_70_140.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID366xxx/MC15.366144.Sh_224_NN30NNLO_eegamma_LO_pty_140_E_CMS.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID366xxx/MC15.366145.Sh_224_NN30NNLO_mumugamma_LO_pty_7_15.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID366xxx/MC15.366146.Sh_224_NN30NNLO_mumugamma_LO_pty_15_35.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID366xxx/MC15.366147.Sh_224_NN30NNLO_mumugamma_LO_pty_35_70.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID366xxx/MC15.366148.Sh_224_NN30NNLO_mumugamma_LO_pty_70_140.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID366xxx/MC15.366149.Sh_224_NN30NNLO_mumugamma_LO_pty_140_E_CMS.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID364xxx/MC15.364242.Sherpa_222_NNPDF30NNLO_WWW_3l3v_EW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID364xxx/MC15.364243.Sherpa_222_NNPDF30NNLO_WWZ_4l2v_EW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID364xxx/MC15.364244.Sherpa_222_NNPDF30NNLO_WWZ_2l4v_EW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID364xxx/MC15.364245.Sherpa_222_NNPDF30NNLO_WZZ_5l1v_EW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID364xxx/MC15.364246.Sherpa_222_NNPDF30NNLO_WZZ_3l3v_EW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID364xxx/MC15.364247.Sherpa_222_NNPDF30NNLO_ZZZ_6l0v_EW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID364xxx/MC15.364248.Sherpa_222_NNPDF30NNLO_ZZZ_4l2v_EW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID364xxx/MC15.364249.Sherpa_222_NNPDF30NNLO_ZZZ_2l4v_EW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/share/DSID410xxx/MC15.410470.PhPy8EG_A14_ttbar_hdamp258p75_nonallhad.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/common/MadGraph/MadGraphControl_ttV_NLO.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/common/MadGraph/MadGraphControl_ttV_NLO.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/common/MadGraph/MadGraphControl_ttV_NLO.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/common/MadGraph/MadGraphControl_MGPy8EG_NNPDF30NLO_A14NNPDF23LO_lvlljjEW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/common/MadGraph/MadGraphControl_MGPy8EG_NNPDF30NLO_A14NNPDF23LO_lvlljjEW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/common/MadGraph/MadGraphControl_MGPy8EG_NNPDF30NLO_A14NNPDF23LO_lvlljjEW6.py
https://gitlab.cern.ch/atlas-physics/pmg/infrastructure/mc15joboptions/-/blob/master/common/MadGraph/MadGraphControl_MGPy8EG_NNPDF30NLO_A14NNPDF23LO_lvlljjEW6.py


A Good Run Lists and MC Samples

188



Appendix B

RAZ Derivation

The basis for the derivation of the RAZ effect is the amplitudes for the individual polarization
states [27]

M(±,∓) = F sin θ (λw − cos θ)X,

M(0, 0) = F
sin θ√
2rw2rz

[(
−βρ+ βwβz cos θ + βρ

α− β cos θ
1 − rw

)
X + 2βρY

]
.

(B.1)

It was already shown in Chapter 2 that the other polarization states scale towards zero for
s � M2

V . The derivation of Equations 2.69 based on Equations B.1 is shown in the following:

M(±,∓) = F sin θ (λw − cos θ)X

= F sin θ (λw − cos θ) s2

(
gf1

−
u

+
gf2

−
t

)

= F sin θ (λw − cos θ)
�
�s

2

(
gf1

−
−��

s
2 (1 + cos θ) +

gf2
−

−��
s
2 (1 − cos θ)

)

= F sin θ (λw − cos θ)
(

−gf1
−

1 + cos θ +
−gf2

−
1 − cos θ

)

= F sin θ (λw − cos θ)
−gf1

− (1 − cos θ) − gf2
− (1 + cos θ)

sin2 θ

= F

sin θ (λw − cos θ)
[(
gf1

− − gf2
−

)
cos −θ −

(
gf1

− + gf2
−

)]
,
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B RAZ Derivation

M(0, 0) = F
sin θ√
2rw2rz

[(
−βρ+ βwβz cos θ + βρ

α− β cos θ
1 − rw

)
X + 2βρY

]
= F

s · sin θ
2MWMZ

[
M2

Z

s
(−1 + cos θ)X + 2Y

]
= F

s · sin θ
2MWMZ

[
M2

Z

s
(−1 + cos θ)

[(
−gf1

−
1 + cos θ +

−gf2
−

1 − cos θ

)]
− 2

gf1
− M2

Z

s(1 + cos θ)

]

= F

2 sin θ MZ

MW

[
(1 − cos θ)

[(
gf1

−
1 + cos θ +

gf2
−

1 − cos θ

)]
− 2

gf1
−

1 + cos θ

]

= F

2 sin θ MZ

MW

[
gf2

− +
gf1

− (1 − cos θ)
1 + cos θ − 2

gf1
−

1 + cos θ

]

= F

2 sin θ MZ

MW

[
gf2

− +
gf1

− − cos θgf1
− − 2gf1

−
1 + cos θ

]

= F

2 sin θ MZ

MW

[
gf2

− +
−gf1

− (1 + cos θ)
1 + cos θ

]

= F

2 sin θ MZ

MW

(
gf2

− − gf1
−

)
,

using Equations 2.64 and [27]

t = −s

2(α− β cos θ),

u = −s

2(α+ β cos θ).
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Appendix C

More Comparisons to
Unpolarized NLO MC
Simulations

More comparison plots between the polarized samples and unpolarized NLO samples can be
found in Figures C.1 and C.2.

(a) (b)

(c) (d)

Figure C.1: Comparison between NLO (Powheg+Pythia8, MadGraph5_aMC@NLO
and Sherpa) and the sum of LO polarized samples for (a) φ for all the three leptons,
(b) cos θZ ,(c) ∆Y (`W `−

Z ) and (c) ∆Y (`W Z), in the WLZL enhanced phase space with
pZ

T > 200 GeV, in the W0Z0 enhanced phase space with pZ
T > 200 GeV. From the author of

Ref. [161].
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C More Comparisons to Unpolarized NLO MC Simulations

(a) (b)

(c) (d)

(e) (f)

Figure C.2: Comparison between NLO (Powheg+Pythia8, MadGraph5_aMC@NLO
and Sherpa) and the sum of LO polarized samples for (a) MW Z , (b) MZ , (c) Emiss

T , (d)
MW

T (e) MW Z
T and (f) pZ

T , in the W0Z0 enhanced phase space with pZ
T > 200 GeV. From

the author of Ref. [161].
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Appendix D

Fit with pZ
T Reweighted Signal

The sensitivity of the BDT template fit to physics beyond the SM has to be checked.
Specifically for new physics that alters the pZ

T -dependence of f00 since this is exactly what is
being measured in the 00-enhanced regions.

To do this, pseudo-data is created by stacking all the polarization and non-polarization
backgrounds as well as a reweighted 00 signal. The signal region with pZ

T > 200 GeV and
pW Z

T < 70 GeV is used. Except for the reweighted 00 signal, the pseudo-data is equivalent to
Asimov data. Four different pZ

T -dependent reweighting functions are investigated. They are
summarized in Table D.1. The pseudo-data is then fitted to by the normal, not reweighted,
templates. The fitting approach follows the one described in Chapter 9. This procedure
is done for three different BDT variations. All three BDTs are generated according to the
procedure described in Section 8.3. The training inputs are slightly different from those used
in the final nominal analysis due to updates in the analysis release and luminosity since
these studies were performed. As such, the exact BDTs differ from the nominal one. The
conclusions should not be affected by this, however. The same holds for the applied k-factors
during the fit. The differences are which variables are allowed for the optimization procedure.
For the first BDT, all variables are allowed. The second BDT allows all variables except for
pZ

T and pW
T . Lastly, a BDT is trained with only angular variables. Table D.2 contains the

final variables used for each BDT.

Table D.1: Reweighting functions used to investigate the influence of modifications to the
pZ

T dependence of the 00 polarization component due to BSM physics on the fit results.

Name Function f(pZ
T ) Value at 200 GeV Value at 400 GeV Value at 1000 GeV

0.05 1 + 0.05 × (pZ
T − 200) 1 11 41

0.01 1 + 0.01 × (pZ
T − 200) 1 3 9

sq 1 + ( pZ
T −200
200 )2 1 2 17

div 200
pZ

T
−100 2 0.67 0.22

The results of stat-only fits to normal Asimov data using the three-sample configuration
and the three different BDTs are summarized in Table D.3. All three fits reproduce the correct
central values. However, the BDT using only angular variables has increased uncertainties
and, thus, a decreased significance due to a poorer separation between the polarization signal
and backgrounds.

Using the ‘0.05’ reweighting function to produce pseudo-data produces fit results as shown
in Table D.4. It can be seen that the BDT that includes pZ

T and pW
T produces results that are

farthest (about 2 σ) from the truth values in the pseudo-data. Removing both pV
T from the

optimization process improves the agreement by a minimal amount. The smallest deviation is
found when using only angular variables. For the first two configurations, the truth value lies
within two standard deviations from the fit result, while one standard deviation is enough for
the third one. Figure D.1 shows the pre- and post-fit distributions for the fit of the full BDT
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D Fit with pZ
T Reweighted Signal

Table D.2: List of variables used in the three BDTs after optimization.

Variables
Full BDT No pV

T Only Angular
∆Y (`WZ) ∆Y (`WZ) ∆Y (`WZ)
PW Z

T PW Z
T cosθ`Z

pT (`W ) pT (`W ) cosθ`W

pT (`Z
2 ) pT (`Z

2 ) ∆Y (WZ)
cosθ`W

cosθ`W
∆Φ(`W , l−Z )(WZ)

MW Z
T MW Z

T ∆Φ(`W , l−Z )(lab)
r21 r21 ∆Y (`W , `−

Z )
MW Z MW Z

pZ
T

∆Y (WZ)
∆Y (`W , `−

Z )

Table D.3: Fitting results of the different BDTs to Asimov data.

Full No pT (Z), pT (W ) Only Angular
significance 3.0σ 3.0σ 2.7σ
f00 0.25±0.09

0.09 0.25±0.09
0.09 0.25±0.10

0.10
fMixed 0.11±0.17

0.11 0.11±0.17
0.11 0.11±0.18

0.11
Ntot 250±18

17 250±18
17 250±18

17
fT T 0.64 0.64 0.64
µ 1.0 1.0 1.0
µW ZT T 1.0 1.0 1.0
µW ZMixed 1.0 1.0 1.0

to the ‘0.05’ pseudo-data.
The results for the other three reweighting functions can be found in Tables D.5, D.6 and

D.7. For all of those cases, the full BDT produces results that have the largest disagreement
to the truth value while removing pW

T and pZ
T gives a very slight improvement. Using only

angular variables leads to a better agreement between fit results and truth values but also
lower significances. For all of these configurations, the truth value lies within 1 σ of the fit
result.

Using the two-sample configuration for the fit instead leads to better agreement between
the fit and truth values at the expense of an overall worse agreement between pseudo-data
and templates in the post-fit distribution. This can be seen in Table D.8 and Figure D.2.

To avoid having a direct dependence of the BDT on the variable of interest, pZ
T , it was

decided to omit pZ
T and pW

T from the final BDT optimization procedure. A small bias remains
as a lot of variables are correlated with the transverse momenta of the bosons. However, no
additional variables are removed due to this effect because:

• Most of the more realistic reweighting configurations still have the correct value within
the 1σ uncertainty.

• Even the “Angular Only” BDT, which contains only variables with minimal individual
correlation to pV

T , shows a small bias.

• There is a sizeable drop in significance, which outweighs the slight reduction in the bias.
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Table D.4: Fitting results of the different BDTs to pseudo-data produced with the ‘0.05’
reweighting function.

Full No pV
T Only Angular “Truth”-pseudo

significance 11.1σ 11.1σ 9.1σ
f00 0.68±0.03

0.04 0.68±0.03
0.04 0.66±0.03

0.07 0.617
fMixed 0.0±0.05

0.0 0.0±0.05
0.0 0.0±0.10

0.00 0.057
Ntot 490±25

25 490±26
25 490±26

25 490
fT T 0.32 0.33 0.34 0.33
µ 5.3 5.3 5.2 4.9
µW ZT T 1.0 1.0 1.0 1.0
µW ZMixed 0.0 0.0 0.0 1.0
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Figure D.1: Shown are (a) pre-fit and (b) post-fit distributions for the fit of the full BDT
to pseudo-data produced with the ‘0.05’ reweighting function using the 3 sample fitting
configuration.

Table D.5: Fitting results of the different BDTs to pseudo-data produced with the ‘0.01’
reweighting function.

Full No pV
T Only Angular “Truth”-pseudo

significance 5.2σ 5.2σ 4.3σ
f00 0.42±0.06

0.09 0.42±0.06
0.09 0.39±0.08

0.10 0.37
fMixed 0.03±0.16

0.03 0.03±0.16
0.03 0.06±0.17

0.06 0.09
Ntot 298±20

19 298±20
19 298±20

19 298
fT T 0.56 0.56 0.55 0.54
µ 2.0 2.0 1.9 1.8
µW ZT T 1.0 1.0 1.0 1.0
µW ZMixed 0.3 0.3 0.7 1.0
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Table D.6: Fitting results of the different BDTs to pseudo-data produced with the ‘sq’
reweighting function.

Full No pV
T Only Angular “Truth”-pseudo

significance 4.3σ 4.2σ 3.5σ
f00 0.35±0.07

0.09 0.35±0.07
0.09 0.33±0.08

0.1 0.31
fMixed 0.03±0.16

0.04 0.05±0.13
0.05 0.08±0.18

0.08 0.10
Ntot 271±19

8 271±19
18 271±19

18 270
fT T 0.61 0.61 0.60 0.59
µ 1.5 1.5 1.4 1.3
µW ZT T 1.0 1.0 1.0 1.0
µW ZMixed 0.4 0.5 0.7 1.0

Table D.7: Fitting results of the different BDTs to pseudo-data produced with the ‘div’
reweighting function.

Full No pV
T Only Angular “Truth”-pseudo

significance 3.3σ 3.3σ 3.1σ
f00 0.27±0.10

0.09 0.27±0.09
0.09 0.29±0.10

0.10 0.30
fMixed 0.16±0.16

0.16 0.16±0.16
0.16 0.13±0.17

0.13 0.10
Ntot 270±19

18 270±19
18 270±19

18 269
fT T 0.57 0.57 0.58 0.59
µ 1.2 1.2 1.2 1.3
µW ZT T 1.0 1.0 1.0 1.0
µW ZMixed 1.5 1.5 1.3 1.0

Table D.8: Fitting results of the different BDTs to pseudo-data produced with the ‘0.05’
reweighting function for the 2 sample configuration.

Full No pV
T Only Angular “Truth”-pseudo

significance 20.4σ 20.4σ 18.3σ
f00 0.65±0.04

0.04 0.65±0.04
0.04 0.63±0.04

0.04 0.62
Ntot 490±10

25 490±10
25 490±11

5 490
fRest 0.35 0.35 0.37 0.38
µ 5.1 5.1 4.9 4.9
µW ZRest 0.9 0.9 1.0 1.0
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Figure D.2: Shown are (a) pre-fit and (b) post-fit distributions for the fit of the full BDT
to pseudo-data produced with the ‘0.05’ reweighting function using the 2 sample fitting
configuration.
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Appendix E

Fit Eliminating a Smaller
Fraction

As discussed in Section 10.5, the parametrizations using four free parameters suffer from large
anti-correlations between the mixed polarization states. This causes a strong dependence of
the fit results and uncertainties on the choice of which fraction is implicitly defined as 1 minus
the sum of the other ones. The nominal choice is to use the fraction with the largest expected
value and smallest expected uncertainties. This ensures that the fraction does not reach an
unphysical value < 0, either as a best-fit value or within the uncertainties. Non-physical
results are especially problematic in the S+B fit as they can inflate the measured significance.

To demonstrate the issue, fits are performed in the region with pZ
T > 200 GeV. These are

shown in Table E.1 for the case where the T0 state is defined implicitly and in Table E.2
where the 0T state is chosen instead. These results can be compared to the ones shown in
Table 10.14, where the TT state is eliminated.

Table E.1: Fit results using the smoothed nuisance parameter distributions in the
configuration with four independent fit parameters for the fiducial fraction parametrization.
Here fT 0 is defined implicitly via fT 0 = 1 − (f00 + f0T + fT T ).

Exp. Obs.
Significance 2.168σ 1.704σ
f00 0.23±0.10

0.11 0.13±0.08
0.07

fT T 0.65±0.15
0.13 0.63±0.13

0.11
f0T 0.1±0.6

0.1 0.00±0.31
0.00

Ntot 330±31
33 360±31

29

fT 0 0.06 ± 0.31 0.24 ± 0.23
µ 1.0 ± 0.5 0.6 ± 0.4
µW ZLT 1 ± 5 0.0 ± 2.7
µW ZT T 1.00 ± 0.25 1.07 ± 0.22
µW ZT L 1 ± 5 4 ± 4

It can be seen that both configurations produce significant deviations compared to the
nominal choice. While eliminating the T0 state does not cause many differences in the
observed fit, it does so for the expected significance. This happens because the 0T state
produces better results in the background-only fit to Asimov data and is set to a value of
0.92, leaving fT 0 with a large negative value. This leads to a reduction of the significance as
the full unconstrained fit can not be improved through nonphysical parameters. The only
change in the observed fit that does occur is that the uncertainty on fT T is smaller than the
one calculated from propagation, as here the correlations between the mixed fractions are
taken into account despite the nominal value of f0T being zero.
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Table E.2: Fit results using the smoothed nuisance parameter distributions in the
configuration with four independent fit parameters for the fiducial fraction parametrization.
Here f0T is defined implicitly via f0T = 1 − (f00 + fT 0 + fT T ).

Exp. Obs.
Significance 2.279σ 1.837σ
f00 0.23±0.11

0.10 0.16±0.10
0.09

fT T 0.65±0.15
0.13 0.67±0.14

0.12
fT 0 0.1±0.5

0.1 0.5±0.5
0.5

Ntot 330±35
30 370±40

40

f0T 0.1 ± 0.4 −0.4 ± 0.5
µ 1.0 ± 0.5 0.8 ± 0.5
µW ZT L 1 ± 5 10 ± 10
µW ZT T 1.00 ± 0.25 1.17 ± 0.26
µW ZLT 1 ± 6 −6 ± 10

The opposite can be observed when making f0T implicit. Here, the expected significance
stays the same, as the best background-only fit sets fT 0 = 0 whether the 0T or the TT
states are set implicitly. Only the uncertainties on all of the fractions are larger. However, as
already seen in Table 10.14, the shape of the distributions for the T0 state match better to
observed data, thus increasing it as much as possible at the expense of the 0T state. With
the latter now not having a hard lower bound of 0 anymore, the fit reaches unphysical regions
for the S+B fit to observed data. This leads to a best-fit value of f0T = −0.4 and an inflated
significance.

Which of the two mixed states fits better to observed data can not easily be known before
performing a fit. As such, it is best to leave both as explicit parameters in the fit to avoid
unphysical regions.
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Appendix F

Relations and Constraints in the
Independence Parametrization

This section states and proves some more facts and relations regarding the independence
parametrization of the fit introduced in Section 9.3.1.

Using Equations 9.47 and 9.48, it can be shown that

fT T = (1 − fZ0) × (1 − fW 0) + (Rc − 1) × fW 0 × fZ0

= (fT T + f0T )(fT T + fT 0) +
(

f00

fW 0fZ0
− 1
)
fW 0fZ0

= (fT T + f0T )(fT T + fT 0) +
(

f00

fW 0fZ0
− fW 0fZ0

fW 0fZ0

)
fW 0fZ0

= (fT T + f0T )(fT T + fT 0) +
(
f00 − fW 0fZ0

����fW 0fZ0

)
����fW 0fZ0

= (fT T + f0T )(fT T + fT 0) + (f00 − fW 0fZ0)
= (fT T + f0T )(fT T + fT 0) − (f00 + f0T )(f00 + fT 0) + f00

= fT T fT T + fT T f0T + fT T fT 0 +����f0T fT 0

− f00f00 + f00f0T + f00fT 0 +����f0T fT 0

+ f00

= fT T (fT T + f0T + fT 0) − f00(f00 + f0T + fT 0) + f00

= fT T (1 − f00) − f00(1 − fT T ) + f00

= fT T −����fT T f00 −��f00 +����f00fT T +��f00

= fT T
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and

f0T = fW 0 × (1 − (Rc × fZ0))

= (f00 + f0T ) ×
(

1 − f00

fW 0��fZ0
��fZ0

)
= (f00 + f0T ) ×

(
1 − f00

fW 0

)
= (f00 + f0T ) ×

(
1 − f00

f00 + f0T

)
= (f00 + f0T ) ×

(
��f00 + f0T

f00 + f0T
− ��f00

f00 + f0T

)
=������(f00 + f0T ) × f0T

�����f00 + f0T

= f0T

Additionally, it can be shown that this parametrization respects that the sum of fractions has
to be one

f00 + f0T + fT 0 + fT T =
= RcfW 0fZ0

+ fW 0(1 −RcfZ0)
+ fZ0(1 −RcfW 0)
+ (1 − fZ0)(1 − fW 0) + (Rc − 1)fW 0fZ0

= RcfW 0fZ0

+ fW 0 −RcfW 0fZ0

+ fZ0 −RcfW 0fZ0

+ 1 − fZ0 − fW 0 + fW 0fZ0 +RcfW 0fZ0 − fW 0fZ0

= 1

Like the fraction parametrization, this one suffers from the fact that the boundaries for all of
the implicit fractions can not be defined. Only those for fW 0 and fZ0 can be forced to be
in the physical range. This means that all of the other fractions can, in principle, become
larger than one, and all but f00 can become smaller than zero. For f00 this can be avoided by
setting a lower bound of zero for Rc.

A set of example values where this happens is

Rc = 5,
fW 0 = 0.5,
fZ0 = 0.5.

In that case, one gets

f00 = 1.25,
f0T = −0.75,
fT 0 = −0.75,
fT T = 1.25.

Consequently for

Rc = 0,
fW 0 = 1,
fZ0 = 1,
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the results are

f00 = 0,
f0T = 1,
fT 0 = 1,
fT T = −1.
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Appendix G

Fit in the Inclusive pZ
T > 100 GeV

Region

At some point during the development of the analysis, it was planned to use an inclusive
region with pZ

T > 100 GeV alongside the region with pZ
T > 200 GeV. it was later discarded in

favor of the exclusive 100 < pZ
T ≤ 200 GeV due to an easier interpretability and combination

of the results. The fit results using the fiducial fraction parametrization with two and three
free parameters are listed in Tables G.1 and G.2, respectively, for completion sake. Following
expectations, the significances are higher than those in the region with 100 < pZ

T ≤ 200 GeV
with higher Ntot and 00 fractions between those of the two exclusive regions. Curiously, the
deviations in the two regions almost exactly cancel the differences between expectations and
data in those regions. Due to this, the observed and expected values agree almost perfectly.

Table G.1: Fit results using the smoothed nuisance parameter distributions in the
configuration with two independent fit parameters for the fiducial fraction parametrization
in the pZ

T > 100 GeV region.

Exp. Obs.
Significance 7.692σ 7.567σ
f00 0.163±0.022

0.022 0.165±0.023
0.024

Ntot 2830±130
130 3050±140

140

fRest 0.837 ± 0.022 0.835 ± 0.023
µ 1.00 ± 0.14 1.09 ± 0.16
µW ZRest 1.00 ± 0.05 1.08 ± 0.06
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Table G.2: Fit results using the smoothed nuisance parameter distributions in the
configuration with three independent fit parameters for the fiducial fraction parametrization
in the pZ

T > 100 GeV region.

Exp. Obs.
Significance 5.358σ 5.313σ
f00 0.162±0.034

0.033 0.16±0.04
0.04

fMixed 0.22±0.08
0.09 0.22±0.08

0.09
Ntot 2840±140

140 3060±140
140

fT T 0.62 ± 0.06 0.62 ± 0.06
µ 1.00 ± 0.21 1.08 ± 0.24
µW ZT T 1.00 ± 0.10 1.07 ± 0.12
µW ZMixed 1.0 ± 0.4 1.1 ± 0.4
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Appendix H

Fit in Both Regions
Simultaneously

Instead of fitting both of the pZ
T regions separately, it is possible to fit both of them si-

multaneously and exploit correlations between nuisance parameters to reduce uncertainties.
Each region has separate free parameters for its overall scaling and fractions. However, all
experimental and systematic nuisance parameters are treated as fully correlated across the
regions. This effectively performs a likelihood unfolding under the assumption that there
are no migrations between the regions. To cross-check how valid this assumption is, the
migration matrices between the two nominal 00-enriched signal regions are investigated and
shown in Figure H.1. The derived stabilities and purities are shown in Figures H.2 and H.3.
A definition for both of these quantities is given in Chapter 11. The migrations are found to
be small.

The setup for the simultaneous fits is as follows.

• Each region is treated completely independently with independent Ntot and fraction
parameters.

• Each region uses the same templates as for the individual fits.

• The nuisance parameters are fully correlated. This means that a nuisance parameter
always has the same pulls/values in both regions.

• The background-only hypothesis is defined by setting the f00 parameters in both regions
to 0 simultaneously.

Using this setup, the quoted significance effectively describes the incompatibility of the data
with the hypothesis that there are no doubly longitudinal contributions above pZ

T = 100 GeV.
The results of the fits using the two- and three-parameter configurations are shown in Tables

H.2 and H.2, respectively. These results can be compared to those from the individual fits as
shown in Tables 10.12 and 10.13 and those of the direct fit in the region with pZ

T > 100 GeV.
The comparison to the individual fits shows increased significances. Additionally, small
differences in the fit results to data can be observed for the values describing the region with
200 GeV. Here, f00 and fT T are increased at the expense of fMixed. Meanwhile, the values
and uncertainties in the 100 < pZ

T ≤ 200 GeV remain the same within the significant digits.
Only the propagated values for the µ’s differ. Both of these effects can be understood through
correlations of nuisance parameters.

The best example is the PRW_DATASF nuisance parameter. Comparing Figures 10.9c and
10.10c, it can be seen that it is pulled up for the region with 100 < pZ

T < 200 GeV and pulled
down for the pZ

T > 200 GeV region. In the combined fit, this is not possible, leading to overall
smaller pulls and, thus, different final results. This is demonstrated in Figure H.4a where this
NP is now pulled up, but less than originally in the 100 < pZ

T < 200 GeV region.
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Figure H.1: Migration matrices for the (a) 00, (b) 0T, (c) T0, and (d) TT polarization
states between the two 00-enriched regions.

Another interesting phenomenon can be seen in the observed correlations between the
parameters for the individual regions, as shown in Figure H.4b. Namely, the fact that the
separate Ntot and fraction parameters for each region have correlations 6= 0. This is the most
prominent for Ntot100 and Ntot200 with a correlation of 0.308. This is mostly due to nuisance
parameters having similar impacts on the total event number in both regions.

These fits are not used as the nominal ones as a combined measurement should ideally
take all, even small, migrations into account. Additionally, more studies and discussions
would be needed to decide which nuisance parameters should be correlated across the regions
and which should remain uncorrelated.
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Figure H.2: Stabilities for the (a) 00, (b) 0T, (c) T0, and (d) TT polarization states
between the two 00-enriched regions.

Table H.1: Fit results using the smoothed nuisance parameter distributions in the
configuration with two independent fit parameters for the fiducial fraction parametrization
in both 00-enriched regions simultaneously.

Exp. Obs.
Significance 7.495σ 7.994σ
Ntot200 330±29

28 356±31
30

f00200 0.23±0.06
0.06 0.16±0.06

0.06
Ntot100 2500±120

120 2680±140
140

f00100 0.152±0.023
0.023 0.172±0.024

0.024

fRest200 0.77 ± 0.06 0.84 ± 0.06
fRest100 0.848 ± 0.023 0.828 ± 0.024
µ200 1.00 ± 0.27 0.76 ± 0.27
µW ZRest200 1.00 ± 0.11 1.18 ± 0.13
µ100 1.00 ± 0.16 1.22 ± 0.18
µW ZRest100 1.00 ± 0.06 1.05 ± 0.06
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Figure H.3: Purities for the (a) 00, (b) 0T, (c) T0, and (d) TT polarization states between
the two 00-enriched regions.
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Table H.2: Fit results using the smoothed nuisance parameter distributions in the
configuration with three independent fit parameters for the fiducial fraction parametrization
in both 00-enriched regions simultaneously.

Exp. Obs.
Significance 4.823σ 5.378σ
f00200 0.23±0.10

0.10 0.14±0.09
0.09

fMixed200 0.12±0.20
0.12 0.21±0.19

0.21
Ntot200 330±29

28 358±31
30

f00100 0.15±0.04
0.04 0.19±0.04

0.04
fMixed100 0.23±0.08

0.09 0.18±0.09
0.10

Ntot100 2500±120
120 2690±140

140

fT T200 0.65 ± 0.09 0.66 ± 0.14
fT T100 0.62 ± 0.06 0.63 ± 0.06
µ200 1.0 ± 0.4 0.6 ± 0.4
µW ZT T200 1.00 ± 0.17 1.10 ± 0.25
µW ZMixed200 1.0 ± 1.3 1.9 ± 1.8
µ100 1.00 ± 0.25 1.34 ± 0.29
µW ZT T100 1.00 ± 0.11 1.10 ± 0.12
µW ZMixed100 1.0 ± 0.4 0.8 ± 0.4
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Figure H.4: Observed post fit (a) nuisance parameter pulls for the most pulled parameters
and (b) correlations of nuisance parameters with a correlation of at least 0.2 with another
NP for the fit using the three-parameter configuration done in both 00-enriched regions
simultaneously.
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Appendix I

Breakdown of Uncertainties in
Unfoldings

This appendix contains the bin values and uncertainty breakdowns for the remaining RAZ
regions that were not shown in Chapter 11.

I.1 Unfolding using ∆Y (`WZ)
The results and breakdowns for the ∆Y (`WZ) unfolding are given in Tables I.1, I.2 and I.3
for the TT unfolding and Tables I.4, I.5 and I.6 for the sum of polarizations.

Table I.1: Results and uncertainties for the unfolding of the TT polarization state using
∆Y (`W Z) in the region with pW Z

T < 20 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.137 0.408 0.198 0.126 0.132
Comb. Unc. 12.4% 2.61% 4.61% 6.03% 6.86%
Data statistical 5.25% 2.10% 3.33% 4.02% 3.66%
Experimental and modelling 11.2% 1.55% 3.19% 4.49% 5.80%
Luminosity 0.65% 0.06% 0.19% 0.25% 0.33%
Electron calibration 0.76% 0.11% 0.18% 0.33% 0.55%
Muon calibration 0.93% 0.11% 0.30% 0.38% 0.32%
Jet energy scale and resolution 4.41% 0.44% 1.41% 1.22% 2.64%
Emiss

T scale and resolution 0.19% 0.05% 0.14% 0.09% 0.06%
Flavor-tagging inefficiency 0.00% 0.00% 0.00% 0.00% 0.00%
Pileup modelling 1.05% 0.41% 0.37% 1.05% 0.81%
Non-prompt background estimation 1.96% 0.08% 0.61% 0.45% 0.42%
Background, other 2.03% 0.10% 0.60% 0.71% 0.82%
Model statistical 0.92% 0.36% 0.57% 0.74% 0.74%
NLO corrections 6.70% 0.64% 1.43% 2.70% 3.12%
PDF, Scale and shower settings 7.13% 1.19% 2.17% 2.94% 3.79%

I.2 Unfolding using ∆Y (WZ)
The results and breakdowns for the ∆Y (WZ) unfolding are given in Tables I.7, I.8 and I.9
for the TT unfolding and Tables I.10, I.11 and I.12 for the sum of polarizations.
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I Breakdown of Uncertainties in Unfoldings

Table I.2: Results and uncertainties for the unfolding of the TT polarization state using
∆Y (`W Z) in the region with pW Z

T < 40 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.141 0.403 0.193 0.128 0.135
Comb. Unc. 9.38% 2.40% 3.88% 4.95% 5.28%
Data statistical 4.58% 1.91% 2.91% 3.58% 3.37%
Experimental and modelling 8.18% 1.45% 2.56% 3.42% 4.07%
Luminosity 0.65% 0.07% 0.20% 0.27% 0.36%
Electron calibration 0.57% 0.11% 0.10% 0.29% 0.51%
Muon calibration 0.80% 0.09% 0.28% 0.36% 0.31%
Jet energy scale and resolution 2.63% 0.47% 0.98% 1.31% 1.51%
Emiss

T scale and resolution 0.36% 0.08% 0.05% 0.10% 0.17%
Flavor-tagging inefficiency 0.01% 0.00% 0.00% 0.00% 0.00%
Pileup modelling 0.39% 0.24% 0.14% 0.54% 0.43%
Non-prompt background estimation 3.13% 0.03% 1.11% 0.80% 0.99%
Background, other 2.26% 0.14% 0.69% 0.83% 0.99%
Model statistical 0.82% 0.32% 0.51% 0.63% 0.59%
NLO corrections 4.64% 0.55% 0.77% 1.75% 1.98%
PDF, Scale and shower settings 4.59% 1.16% 1.68% 2.12% 2.71%

Table I.3: Results and uncertainties for the unfolding of the TT polarization state using
∆Y (`W Z) in the region with pW Z

T < 70 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.144 0.404 0.194 0.123 0.134
Comb. Unc. 8.40% 2.21% 3.71% 4.49% 4.91%
Data statistical 4.12% 1.75% 2.73% 3.35% 3.09%
Experimental and modelling 7.31% 1.34% 2.50% 2.98% 3.81%
Luminosity 0.67% 0.08% 0.22% 0.28% 0.38%
Electron calibration 0.43% 0.09% 0.08% 0.24% 0.40%
Muon calibration 0.67% 0.05% 0.25% 0.26% 0.26%
Jet energy scale and resolution 1.61% 0.26% 0.69% 0.81% 0.75%
Emiss

T scale and resolution 0.50% 0.01% 0.20% 0.05% 0.18%
Flavor-tagging inefficiency 0.01% 0.00% 0.00% 0.01% 0.01%
Pileup modelling 0.22% 0.22% 0.21% 0.35% 0.29%
Non-prompt background estimation 4.00% 0.16% 1.40% 1.17% 1.71%
Background, other 2.46% 0.16% 0.79% 0.94% 1.12%
Model statistical 0.77% 0.30% 0.48% 0.59% 0.57%
NLO corrections 3.55% 0.46% 0.60% 1.32% 1.67%
PDF, Scale and shower settings 3.76% 1.14% 1.54% 1.88% 2.48%

214



I.2 Unfolding using ∆Y (WZ)

Table I.4: Results and uncertainties for the unfolding of the sum of polarization states
using ∆Y (`W Z) in the region with pW Z

T < 20 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.188 0.428 0.174 0.105 0.103
Comb. Unc. 2.99% 1.75% 2.93% 3.66% 3.64%
Data statistical 2.54% 1.39% 2.65% 3.38% 3.33%
Experimental and modelling 1.56% 1.07% 1.25% 1.39% 1.46%
Luminosity 0.04% 0.00% 0.02% 0.02% 0.02%
Electron calibration 0.08% 0.01% 0.06% 0.05% 0.08%
Muon calibration 0.09% 0.10% 0.16% 0.10% 0.27%
Jet energy scale and resolution 0.27% 0.07% 0.20% 0.34% 0.52%
Emiss

T scale and resolution 0.05% 0.02% 0.07% 0.07% 0.05%
Flavor-tagging inefficiency 0.00% 0.00% 0.00% 0.00% 0.00%
Pileup modelling 0.22% 0.16% 0.06% 0.39% 0.00%
Non-prompt background estimation 0.71% 0.08% 0.36% 0.21% 0.13%
Background, other 0.72% 0.03% 0.34% 0.41% 0.47%
Model statistical 0.43% 0.23% 0.45% 0.61% 0.65%
PDF, Scale and shower settings 1.03% 1.01% 1.01% 1.02% 1.04%

Table I.5: Results and uncertainties for the unfolding of the sum of polarization states
using ∆Y (`W Z) in the region with pW Z

T < 40 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.191 0.425 0.171 0.106 0.104
Comb. Unc. 2.85% 1.63% 2.66% 3.27% 3.36%
Data statistical 2.21% 1.24% 2.28% 2.97% 3.03%
Experimental and modelling 1.79% 1.05% 1.36% 1.35% 1.44%
Luminosity 0.04% 0.00% 0.02% 0.02% 0.03%
Electron calibration 0.12% 0.01% 0.12% 0.04% 0.07%
Muon calibration 0.08% 0.08% 0.13% 0.14% 0.26%
Jet energy scale and resolution 0.21% 0.13% 0.23% 0.34% 0.21%
Emiss

T scale and resolution 0.13% 0.06% 0.01% 0.11% 0.11%
Flavor-tagging inefficiency 0.00% 0.00% 0.00% 0.00% 0.00%
Pileup modelling 0.29% 0.07% 0.14% 0.12% 0.11%
Non-prompt background estimation 1.10% 0.04% 0.65% 0.35% 0.43%
Background, other 0.79% 0.05% 0.38% 0.46% 0.56%
Model statistical 0.37% 0.20% 0.38% 0.52% 0.55%
PDF, Scale and shower settings 1.02% 1.01% 1.01% 1.02% 1.04%
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I Breakdown of Uncertainties in Unfoldings

Table I.6: Results and uncertainties for the unfolding of the sum of polarization states
using ∆Y (`W Z) in the region with pW Z

T < 70 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.195 0.427 0.171 0.104 0.103
Comb. Unc. 2.79% 1.53% 2.54% 3.04% 3.16%
Data statistical 1.96% 1.11% 2.10% 2.72% 2.73%
Experimental and modelling 1.98% 1.04% 1.42% 1.37% 1.60%
Luminosity 0.05% 0.00% 0.02% 0.03% 0.03%
Electron calibration 0.16% 0.01% 0.12% 0.07% 0.05%
Muon calibration 0.12% 0.04% 0.07% 0.08% 0.20%
Jet energy scale and resolution 0.23% 0.09% 0.26% 0.27% 0.11%
Emiss

T scale and resolution 0.20% 0.01% 0.13% 0.01% 0.12%
Flavor-tagging inefficiency 0.00% 0.00% 0.00% 0.01% 0.00%
Pileup modelling 0.26% 0.07% 0.04% 0.02% 0.13%
Non-prompt background estimation 1.35% 0.02% 0.76% 0.51% 0.85%
Background, other 0.84% 0.05% 0.42% 0.50% 0.60%
Model statistical 0.34% 0.18% 0.35% 0.46% 0.49%
PDF, Scale and shower settings 1.02% 1.01% 1.01% 1.02% 1.05%

Table I.7: Results and uncertainties for the unfolding of the TT polarization state using
∆Y (W Z) in the region with pW Z

T < 20 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.067 0.429 0.207 0.148 0.145
Comb. Unc. 38.4% 5.18% 10.7% 11.6% 8.45%
Data statistical 22.9% 4.87% 9.16% 10.2% 6.19%
Experimental and modelling 30.8% 1.78% 5.57% 5.50% 5.75%
Luminosity 1.93% 0.02% 0.22% 0.27% 0.36%
Electron calibration 2.62% 0.16% 0.46% 0.40% 0.70%
Muon calibration 2.66% 0.67% 2.93% 2.55% 0.72%
Jet energy scale and resolution 13.9% 0.38% 1.93% 2.49% 2.22%
Emiss

T scale and resolution 2.72% 0.44% 0.87% 0.87% 0.49%
Flavor-tagging inefficiency 0.03% 0.00% 0.00% 0.00% 0.01%
Pileup modelling 5.20% 0.12% 0.62% 0.21% 1.38%
Non-prompt background estimation 5.41% 0.18% 0.74% 0.37% 0.59%
Background, other 5.43% 0.01% 0.66% 0.71% 0.79%
Model statistical 4.31% 0.97% 1.92% 2.17% 1.32%
NLO corrections 13.5% 0.41% 2.00% 2.03% 2.58%
PDF, Scale and shower settings 21.0% 1.09% 2.92% 2.64% 3.92%
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I.2 Unfolding using ∆Y (WZ)

Table I.8: Results and uncertainties for the unfolding of the TT polarization state using
∆Y (W Z) in the region with pW Z

T < 40 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.066 0.431 0.204 0.146 0.150
Comb. Unc. 32.5% 5.02% 10.7% 11.1% 6.82%
Data statistical 21.3% 4.66% 9.51% 10.0% 5.31%
Experimental and modelling 24.6% 1.87% 4.91% 4.87% 4.27%
Luminosity 2.14% 0.02% 0.23% 0.29% 0.39%
Electron calibration 2.36% 0.21% 0.49% 0.45% 0.60%
Muon calibration 2.96% 0.54% 3.00% 2.57% 0.74%
Jet energy scale and resolution 10.0% 0.24% 0.94% 1.86% 1.69%
Emiss

T scale and resolution 3.91% 0.81% 1.35% 1.23% 0.37%
Flavor-tagging inefficiency 0.03% 0.00% 0.01% 0.02% 0.00%
Pileup modelling 2.52% 0.25% 0.01% 0.34% 0.74%
Non-prompt background estimation 9.54% 0.27% 0.91% 0.97% 1.24%
Background, other 6.67% 0.03% 0.74% 0.87% 0.98%
Model statistical 4.20% 0.94% 1.96% 2.17% 1.17%
NLO corrections 6.73% 0.48% 1.42% 1.21% 1.27%
PDF, Scale and shower settings 16.2% 1.07% 2.20% 1.96% 2.85%

Table I.9: Results and uncertainties for the unfolding of the TT polarization state using
∆Y (W Z) in the region with pW Z

T < 70 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.070 0.436 0.208 0.135 0.148
Comb. Unc. 28.0% 4.66% 9.69% 11.3% 6.45%
Data statistical 18.8% 4.32% 8.61% 10.1% 5.01%
Experimental and modelling 20.7% 1.74% 4.44% 5.02% 4.06%
Luminosity 2.09% 0.02% 0.25% 0.30% 0.42%
Electron calibration 1.85% 0.16% 0.40% 0.38% 0.44%
Muon calibration 2.47% 0.48% 2.88% 2.90% 0.71%
Jet energy scale and resolution 5.91% 0.24% 0.47% 1.91% 0.64%
Emiss

T scale and resolution 3.20% 0.52% 0.97% 1.36% 0.26%
Flavor-tagging inefficiency 0.05% 0.00% 0.01% 0.02% 0.01%
Pileup modelling 0.94% 0.21% 0.31% 0.36% 0.57%
Non-prompt background estimation 11.8% 0.32% 0.99% 1.19% 2.15%
Background, other 6.98% 0.03% 0.87% 0.95% 1.12%
Model statistical 3.75% 0.89% 1.83% 2.20% 1.11%
NLO corrections 3.41% 0.51% 0.89% 0.91% 0.99%
PDF, Scale and shower settings 12.5% 1.10% 1.99% 1.68% 2.57%
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I Breakdown of Uncertainties in Unfoldings

Table I.10: Results and uncertainties for the unfolding of the sum of polarization states
using ∆Y (W Z) in the region with pW Z

T < 20 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.137 0.448 0.182 0.120 0.110
Comb. Unc. 7.61% 3.49% 8.11% 9.81% 6.22%
Data statistical 7.10% 3.20% 7.48% 9.13% 5.88%
Experimental and modelling 2.72% 1.40% 3.14% 3.59% 2.03%
Luminosity 0.06% 0.00% 0.02% 0.02% 0.02%
Electron calibration 0.12% 0.09% 0.26% 0.12% 0.21%
Muon calibration 0.43% 0.45% 2.27% 2.36% 0.45%
Jet energy scale and resolution 0.76% 0.17% 0.49% 0.90% 0.51%
Emiss

T scale and resolution 0.63% 0.30% 0.77% 0.70% 0.38%
Flavor-tagging inefficiency 0.01% 0.00% 0.00% 0.00% 0.00%
Pileup modelling 0.18% 0.11% 0.10% 0.79% 0.46%
Non-prompt background estimation 1.20% 0.09% 0.46% 0.18% 0.27%
Background, other 1.16% 0.01% 0.37% 0.40% 0.43%
Model statistical 1.30% 0.61% 1.52% 1.90% 1.26%
PDF, Scale and shower settings 1.28% 1.10% 1.04% 1.22% 1.18%

Table I.11: Results and uncertainties for the unfolding of the sum of polarization states
using ∆Y (W Z) in the region with pW Z

T < 40 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.138 0.449 0.180 0.119 0.113
Comb. Unc. 7.17% 3.37% 8.35% 9.62% 5.39%
Data statistical 6.36% 3.04% 7.66% 8.87% 5.03%
Experimental and modelling 3.30% 1.45% 3.32% 3.72% 1.93%
Luminosity 0.08% 0.00% 0.02% 0.02% 0.03%
Electron calibration 0.22% 0.12% 0.27% 0.20% 0.16%
Muon calibration 0.38% 0.38% 2.36% 2.42% 0.52%
Jet energy scale and resolution 0.80% 0.15% 0.31% 0.86% 0.31%
Emiss

T scale and resolution 1.11% 0.53% 1.15% 1.11% 0.30%
Flavor-tagging inefficiency 0.01% 0.00% 0.01% 0.02% 0.00%
Pileup modelling 0.26% 0.19% 0.29% 0.70% 0.11%
Non-prompt background estimation 1.97% 0.14% 0.47% 0.45% 0.63%
Background, other 1.35% 0.01% 0.39% 0.47% 0.53%
Model statistical 1.23% 0.61% 1.55% 1.90% 1.08%
PDF, Scale and shower settings 1.21% 1.09% 1.04% 1.17% 1.18%
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I.2 Unfolding using ∆Y (WZ)

Table I.12: Results and uncertainties for the unfolding of the sum of polarization states
using ∆Y (W Z) in the region with pW Z

T < 70 GeV.

Bin 0.0 - 0.5 0.5 - 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 6.0
Results 0.143 0.452 0.182 0.110 0.111
Comb. Unc. 6.78% 3.12% 7.54% 9.64% 5.13%
Data statistical 5.80% 2.82% 6.87% 8.78% 4.65%
Experimental and modelling 3.51% 1.35% 3.10% 3.99% 2.16%
Luminosity 0.09% 0.00% 0.03% 0.03% 0.03%
Electron calibration 0.24% 0.08% 0.11% 0.09% 0.11%
Muon calibration 0.25% 0.33% 2.22% 2.60% 0.45%
Jet energy scale and resolution 0.78% 0.16% 0.52% 1.28% 0.23%
Emiss

T scale and resolution 0.91% 0.35% 0.85% 1.21% 0.19%
Flavor-tagging inefficiency 0.00% 0.00% 0.01% 0.01% 0.00%
Pileup modelling 0.42% 0.18% 0.45% 0.62% 0.06%
Non-prompt background estimation 2.44% 0.20% 0.42% 0.48% 1.23%
Background, other 1.43% 0.02% 0.45% 0.50% 0.59%
Model statistical 1.11% 0.56% 1.43% 1.90% 1.03%
PDF, Scale and shower settings 1.13% 1.07% 1.03% 1.22% 1.19%
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