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Abstract

The Standard Model of particle physics provides a gauge invariant description of the electroweak
and strong interactions between elementary particles. Particle masses are generated through spon-
taneous breaking of the SU(2)r, x U(1)y gauge symmetry, which also results in an additional boson,
the Higgs-boson.

In the Higgs-less Standard Model, the scattering of longitudinally polarized W*-bosons violates
unitarity at energies of approximately 1TeV. For energies beyond that threshold, the WW produc-
tion rate would exceed the collision rate, which is unphysical. Contributions of the Higgs-boson are
expected to unitarize the vector boson scattering (VBS) cross section. Thus, VBS measurements
provide a powerful means to investigate Standard Model predictions and the electroweak symme-
try breaking mechanism. Across all VBS channels, electroweak same-charge W*W¥ production
promises the highest ratio of signal to irreducible backgrounds. All diagrams that, at leading order,
involve purely electroweak couplings, aey, and are of the order O(al,) are considered as electroweak
production. Due to the small production cross sections, high center-of mass energies and luminosi-
ties are necessary to observe VBS processes; these measurements have only become accessible at the
Luc.

At the LHC, electroweak WEW* production can be studied in proton-proton collisions at a center-
of-mass energy of 13 TeV. This thesis is based on 36.1fb~! of data recorded in 2015 and 2016 by
the ATLAS detector. VBS events show a special topology with two final state quarks with large
rapidity and two centrally decaying gauge bosons. In this analysis, fully leptonic production is
considered, where the W¥-bosons decay into lepton-neutrino pairs. The quarks appear as particle
jets in the detector. Neutrinos escape the detector without interaction, however the reconstruction
of the total transverse neutrino momentum is possible using momentum conservation. The selected
final state consists of at least two jets, high missing transverse momentum due to the neutrinos,
and two same-charge electrons or muons. Leptonically decaying 7-leptons are not included.

Signal event candidates are selected in a VBs-like phase space requiring a high invariant mass m;
of the leading and subleading jets and a large angular separation between them. A profile likelihood
method is implemented to measure the electroweak W*W* fiducial cross section and determine
the statistical significance of the observed data with respect to the background-only expectation
using the differential m;; distribution. The highest background contributions originate in wW*Zz
production as well as events with mis-reconstructed or mis-identified leptons caused by detector
inefficiencies.

A total of 122 signal candidate events are observed, where 118 events are expected. The highest
signal-to-background ratio is reached in the high-m;; region above 1500 GeV. Electroweak, leptonic
W*W# production is significantly observed with a significance of 6.7 o. An expected significance
of 4.6 ¢ is derived. The measured fiducial cross section amounts to (2.94 + (-82) fb. At leading
order, the SHERPA generator predicts a fiducial cross section of (2.01 + 931) fb. The measured and

predicted cross sections agree within their uncertainties.
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Kurzdarstellung

Das Standardmodell der Teilchenphysik dient der eichinvarianten Beschreibung starker und elek-
troschwacher Wechselwirkungen zwischen Elementarteilchen. Teilchenmassen werden durch die
spontane Brechung der SU(2)y x U(1)y Eichsymmetrie eingefiihrt, aus der auch ein zusétzliches
Boson, das Higgs-Boson, hervorgeht.

Im Standardmodell ohne Higgs-Boson verletzt die Streuung longitudinal polarisierter W*-Bosonen
die Unitaritdtsgrenze bei FEnergien von etwa 1TeV. Bei hoheren Energien tiibersteigt die Rate der
W W -Produktion die Kollisionsrate, was unphysikalisch ist. Jedoch erhélt der Wirkungsquerschnitt
fiir Vektorbosonstreuung (VBs) durch das Higgs-Boson zusétzliche Beitrdge und wird dadurch uni-
tarisiert. Daher sind VBs-Messungen besonders geeignet, um die Vorhersagen des Standardmodells
sowie den Mechanismus der elektroschwachen Symmetriebrechung zu untersuchen. Von allen VBSs-
Kanilen hat die elektroschwache Produktion gleichgeladener W*-Bosonen dabei das beste Verhalt-
nis von Signal zu irreduziblem Untergrund. Dabei bezeichnet elektroschache Produktion all jene
Diagramme, welche in erster Ordnung Stérungstheorie ausschliefflich elektroschwache Kopplungen,
Qew, beinhalten und von der Ordnung O(a$,) sind. Aufgrund des niedrigen Produktionswirkungs-
querschnittes sind sowohl hohe Schwerpunktsenergien als auch grofie Datenmengen notwendig, um
VBs-Prozesse nachzuweisen. Messungen dieser Art sind erst am LHC moglich geworden.

Am Luc kann die W+W# Produktion in Proton-Proton Kollisionen bei einer Schwerpunktsenergie
von 13 TeV untersucht werden. Diese Arbeit beruht auf einer Datenmenge von 36,1fb~!, die 2015
und 2016 mit dem ATLAS Detektor aufgezeichnet wurde. VBs-Ereignisse zeichnen sich durch eine
spezielle Topologie aus, bei der zwei vorwarts gestreute Quarks in Kombination mit zwei zentral
im Detektor zerfallenden Eichbosonen erwartet werden. In dieser Analyse wird der vollleptonische
Zerfall der W*-Bosonen in Lepton-Neutrino-Paare betrachtet. Obwohl die Neutrinos den Detektor
ohne Wechselwirkung verlassen, ist die Rekonstruktion des Gesamtimpulses aller erzeugten Neutri-
nos durch Anwendung der Impulserhaltung in der Ebene transversal zur Strahlachse méglich. Der
Endzustand enthélt mindestens zwei Quarks, die im Detektor als Jets erscheinen, einen hohen An-
teil fehlenden Transversalimpulses durch die Neutrinos, sowie zwei gleichgeladene Elektronen oder
Myonen. Leptonisch zerfallende 7-Leptonen werden nicht betrachtet.

Durch das Fordern zweier Jets mit hoher invarianter Masse m;;, sowie groem Rapiditdtsabstand
werden mogliche Signalereignisse in einem VBs-dhnlichen Phasenraum selektiert. Zur statistischen
Auswertung der Messung wurde ein Likelihood-Quotienten-Test implementiert, der auf der dif-
ferentiellen mj;-Verteilung beruht. Die gréfiten Beitrdge zum Untergrund stammen von w*Z
Ereignissen und Ereignissen, bei denen Leptonen aufgrund von Detektorunzulénglichkeiten miss-
rekonstruiert oder missidentifiziert wurden.

In der Signalregion wurden insgesamt 122 Ereignisse beobachtet, wihrend 118 Ereignisse erwartet
wurden. Das hochste Verhéltnis von Signal- zu Untergrunderwartung wurde in Ereignissen mit
hohem mj; tiber 1500 GeV gemessen. Fiir die elektroschwache W*EW* Produktion konnte eine
gemessene und erwartete Signifikanz von 6,7 ¢ beziehungsweise 4,6 ¢ ermittelt werden. Im Se-
lektionsphasenraum wurde ein Wirkungsquerschnitt von (2, 94 + 8:?%) fb gemessen, der innerhalb
der Unsicherheiten mit der theoretischen Vorhersage des SHERPA Monte-Carlo Programms in erster

Ordnung Stérungstheorie von (2, 01 + 8:%3) fb iibereinstimmt.
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1 Introduction

The quest to gain a deeper understanding of the building blocks of nature has fascinated scholars
and scientists for centuries. Beginning with the concept of the atom, conceived by Democritus [1]
approximately 400 BC, atomic theories underwent many changes. After the discovery of the elec-
tron in 1897, Thomson proposed the first atom model with substructure [2]. Interpreting scattering
experiments of a- and f-rays with thin metal foils [3], Rutherford proposed the existence of a heavy
atom nucleus in 1911 [4]. This was the beginning of a long success story of collision experiments,
which have proven to be well suited for investigating the substructure of matter. In these ex-
periments, a beam of decay products from radioactive decays or otherwise accelerated particles is
collided with a target, which itself can be a particle beam as well. If the four-momentum transfer
from the beam particles to the target is large enough, the structure of the target material can be
dissolved and the constituents can, in many cases, be directly observed. As increasingly high ener-
gies were reached with advancement in technology, a deeper understanding of sub-atomic particles
could be gained.

As a result of many experiments, the Standard Model of particle physics has been constructed,
describing the interactions between all known elementary particles. Apart from apparent short-
comings, like the missing candidate for dark matter and other, more technical weaknesses [5, 6] its
predictions are generally in very good agreement with measurements [7]. With the discovery of the
Higgs boson [8, 9], the riddle of the origin of particle masses is closer to solving as the observed Higgs
boson is compatible with the theory of electroweak symmetry breaking embedded in the Standard
Model. In this theory, the particle masses are generated by the interactions with the Higgs boson.

Gauge boson scattering in general, and the scattering of longitudinally polarized W=*-bosons in
particular is sensitive the the electroweak symmetry breaking mechanism. In the Higgs-less Standard
Model, the scattering of longitudinally polarized W*-bosons is predicted to violate unitarity at an
energy scale of approximately 1 TeV. This unphysical prediction is corrected by the introduction of
the Higgs boson. Contributions from WW H vertices to the scattering amplitude reunitarizes the
cross section.

However, it is yet unknown whether the discovered particle fully unitarizes the vector boson scat-
tering cross section. Measurements of the cross section for H — W*WT production are in good
agreement with the Standard Model prediction [10]. If the coupling of the Higgs-boson to W=*-
bosons differs from the Standard Model expectation, the growth of the scattering cross section
is dampened but additional contributions are necessary to unitarize it completely. These contri-
butions would appear as additional resonances in vector boson scattering (VBS). Therefore, the
measurement of VBS processes provides a complementary probe of electroweak symmetry breaking.

In this thesis, the electroweak scattering of same-charge W#*-bosons, denoted as WEW=jj-Ew,
which is at leading order of the order oS, is studied. The selected final state is characterized by
at least two forward jets, as well as two central, leptonically decaying W*-bosons. An integrated
luminosity of 36.1fb~! proton-proton collision data recorded with the ATLAS detector in 2015 and
2016 is used. A multi-bin profile likelihood fit of the invariant mass distribution of the leading and
subleading jets is performed to estimate the statistical significance of W*Wjj-Ew production
and measure the respective fiducial cross section. The work presented here is very similar to the
analysis presented by the ATLAS collaboration in Reference [11].






2 Theoretical Foundation and Tools

2.1 Elementary Particles and Their Interactions

The current Standard Model (SM) provides a gauge-invariant description of the interactions between
all known elementary particles. It was developed over the second half of the last century, and the
means to the discovery of some of the by now well established particles, like vector bosons [12-15]
and the third-generation quarks [16, 17]. Generally, it describes two types of particles, fermions
and bosons, as well as three of the four interactions between them [18]. Only gravity is not yet
integrated. The particles and interactions comprised in the SM shall be briefly summarized in the
following.

2.1.1 The Standard Model of Particle Physics

The SM models the propagation and interaction of elementary particles, which are the the building
bocks of nature. These are called fermions, i. e. particles that follow the Fermi-Dirac statistics,
having a half-integer spin quantum number. They can be subdivided into leptons and quarks,
based on the assigned charges.

Fermions interact via the exchange of bosons; particles following Bose-Einstein statistics with an in-
teger spin quantum number. The mediators for the three forces are spin-one bosons. Gluons mediate
the strong interaction and are described by the theory of Quantum Chromodynamics (QcCD). The
photon mediates the electromagnetic interaction, described by Quantum Electrodynamics (QED)
and vector bosons mediate the weak interaction. However, Salam, Glashow and Weinberg showed
that unification of electromagnetic and weak interaction is possible, yielding the electroweak (Ew)
theory [19-21] and SU(2)r x U(1)y symmetry.

Within the electroweak theory, fermions are described as states in the space of the weak isospin
charge. Because of parity violation, which was first experimentally observed by Chien-Shiung
Wu [22], the parametrization in the weak isospin space differs for left- and right-handed leptons.
Left-handed particles are particles with negative chirality, which is equivalent to negative helicity
for massless particles, or in the relativistic regime.

Left-handed fermions form doublets and carry a weak isospin charge with an absolute value of 1/2,
whereas right-handed fermions form singlets and carry a weak isospin charge of 0. Additionally, all
quarks and all down-type leptons, i. e. leptons with negative isospin, carry an electric charge Q) # 0.

Gluons only couple to particles carrying the color charge, which is why they are only coupling to
quarks. An overview of the particles comprised in the Standard Model as well as their masses and
charges is given in Table 2.1.

It has been observed in meson decays that the coupling of the W*-boson to K and 7 mesons is
different, which seems to contradict quark universality. Cabibbo introduced a mixing angle [23],
representing the fact that the W*-boson does not couple directly to the mass eigenstate of the
d-quark, but instead to a weak eigentstate d’, which is a superposition of

d = dcosfc + ssinfc,

where ¢ is the mixing angle between d and s mass eigenstates. This mixing is generalized for three
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quark generations [24] and written in terms of the Cabibbo-Kaboayashi-Maskawa (CKM) matrix

3
ah) = D VI |gm).

m=1

The down-type mass eigentstates are denoted as |gp,), while |¢},) represent the flavor eigentstates.
It can be seen that the CKM matrix as four free parameters, which are three mixing angles, and
one CP violating phase factor. CP violation has been experimentally confirmed in decays of K- [25]
and B- mesons [26].

In analogy to quark mixing, the concept of neutrino mixing has been introduced [27]. A mixing
matrix, called Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix, is defined as [28]

3
vy = UL Jva),
i=1

where |v]) and |v;) denote the neutrino flavor and mass eigenstates, respectively. Later, flavor
oscillations in solar and atmospheric neutrinos have been observed [29, 30]. Commonly, the average
masses of the weak eigenstates are then defined as:

3
m(v) = Y USSP m(v).
i=1

All kinematic and interaction properties of the particles comprised in the Standard Model can be
described in the Lagrangian formalism. The Standard Model Lagrangian is given as a superposition
of the bosonic and fermionic consituents

ESM = ﬁboson + ﬁlepton + Equark- (21)

The Lagrangian Lp,s0n, describes the kinematics and interaction of gauge bosons

1 1 1
»Cboson == _ZB;WBMV - Etr (W,uVWlW) - Ztr (GMVGHV)7 (2'2)

Electroweak Theory Qcp

using the respective field strength tensors as well as the weak and strong couplings gy and gs, with

B, = 6HBZ, — al,BH, (2.3)
W, = 0.W — O,WE + gwe™ Wiy, (2.4)
GoY = 0.G% — 0,G% + g f*™GhGE.

Here £9¢ denotes the Levi-Civita symbol and f%¢ represents the structure constants of the SU(3)¢
gauge group. The fields B, W, and G, describe the gauge bosons. During electroweak unification,
B,, and W, mix and thus the observable weak bosons W, Z9 and the photon are created.

As mentioned above, fermions are assembled into left-handed doublets, and right-handed singlets.
Below, lepton and quark doublets will be denoted as L and (), respectively. The expressions upg,
dr, and epr represent singlets of up- and down-type quarks, as well as down-type leptons. Right-
handed, up-type leptons, i. e. neutrinos, are neglected since they do not couple to gauge bosons.
Leptons are described by the Lagrangian

Liepton = [_/i'y“DML + eriv"Dyer + h.c., (2.6)

where h. c. is the hermitian conjugate of the expression and the covariant derivative of the leptonic
fields is defined as -
D, = 9, — igWEGWﬁ — igyYB,. (2.7)
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Mass Charges
Q II%V Color
1 Gen Ve <2eV 0 +3 -
e 510.99894614+0.0000031keV -1 —1 -
Leptons  ond o, Yk <2eV 0 +3 -
[ 105.658 3745+0.0000024MeV -1 -1 -
<2eV 0 +3 -
3d Gen 7 2

T 1776.86 +0.12 MeV -1 -3 -
1 Gy Y 2.2 +0.45 MeV 2 +5
d 4.7 +0.4 MeV -1 -3 v
Quarks  ond (o © 1.275 +0.035 GeV 2 43
s 95 +6 MeV -3 —3
gd Gen ! 173.0 +0.4 GeV 2 41
b 4.18 +0.04 Gev -1 -1 v
0% <1-10718ev 0 0 -
Bosons W= 80379  £0.012  GeV £l £1 -
A 91.1876  +0.0021 GeV 0 0 -
g 0 o 0 Vv

Table 2.1: Overview of particles in the Standard Model. Masses and charges are taken from
Ref. [31]. Heaviside-Lorentz units are used, where i = ¢ = 1 is set. Under these conventions, the
energy, mass and momentum of a particle all have the unit eV.

The matrices 7, are the Pauli matrices and generators of the SU(2) symmetry group. For quarks,
the Lagrangian is nearly identical to the leptonic case

Lyvark = QLi'y“DMQL + CZRiW“D”dR + uriy"Dyur + h.c., (2.8)
except that the quark-gluon interaction has to be included in the covariant derivative:

A
D, = 0, — z'gW%W;f ~ igyY B, — ig. S G

Here )\, denote the Gell-Mann matrices. The generators T, of the SU(3)c group can be written as
To = Aa/2.

2.1.2 Electroweak Symmetry Breaking

The pure Standard Model as summarized above describes massless particle, since mass terms like
the one for the gauge field B, of the U(1)y symmetry group,

1
QM%BMB“,

are not invariant under the gauge transformation B, — B, — giyﬁuﬁ(x), with an arbitrary local
phase ().

A further point of friction is the Standard Model prediction of the electroweak scattering cross sec-
tion for W*-bosons. The Standard Model Lagrangian given in Eq. (2.2) contains two different kind
of vertices of gauge boson self interaction. From the SU(2), field strength tensor, Eq. (2.4), follows
the prediction of triple and quartic vertices. The matrix element for this process depends on the
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polarization states of the in- and outgoing W-bosons, which can be transversely and longitudinally
polarized. The transverse polarization states are independent of the W*-boson momentum, but
the longitudinal polarization vector, evaluated in the WW rest frame, is equal to

{-:ﬁ = (‘ﬁ]/MWv 0, 0, E/MW)Tv

and is directly proportional to the boson momentum. As the polarization vector also enters the
matrix element [32] the scattering cross section violates unitarity at energies of 1 TeV to 2 TeV.

However, both problems can be solved by breaking SU(2);, x U(1)y gauge symmetry, leaving only
the U(1)g symmetry unbroken. In the Standard Model, this is realized by introducing a scalar,
isodoublet field ¢, and extending the Standard Model Lagrangian described in Eq. (2.1) by the
potential L£4. With the a priori free parameters p and A, Ly is written as

Ly = (Dud) (Do) + 10 + Mgle)”.

The shape of the potential is defined by the sign of the y parameter. For positive i, the potential has
one global minimum and L4 remains gauge invariant. If the sign of ;1 becomes negative, however,
two local minima arise. Thus SU(2)1, x U(1)y gauge invariance is broken. The covariant derivative
of ¢, D,¢, defined in the usual way as written in Eq. (2.7), generates mass terms for the gauge
bosons, which become non-zero if the p parameter is negative.

Expanding ¢ around its local minimum introduces an excitation that can be interpreted as a spin-
zero particle, commonly called the Higgs-boson H. The additional VV H vertices enter the in
calculation of the matrix element for longitudinal W W scattering and cancel the divergences.

In 2012, a particle with a mass of approximately 125 GeV was discovered at the LHC [8, 9]. Up to
now, many properties of this particle have been measured, and no significant deviations from the
predictions for a Standard Model Higgs are observed [10].

The recovery of unitarity is illustrated in Figure 2.1 [32]. The scattering cross sections for longi-
tudinally polarized opposite-sign W*-bosons are shown, taking into account different interaction
vertices. The lines (a) and (b) show the cross section involving only triple and quartic gauge ver-
tices, respectively, as a function of the invariant mass of the WW system 4/s. In these cases, the
cross section is proportional to s, i. e. to ES.

When a combination of triple and quartic vertices is considered in the calculation of the matrix
element, the energy dependence becomes quadratic (line (a)+(b)). Only when taking into account
diagrams involving the Standard Model Higgs boson, the cross section falls with s=! ~ FE~1/2
(line (c)), and is reunitarized.

2.1.3 Anomalous Quartic Gauge Couplings

Even though there is no current experimental hint to particles or interactions beyond the Standard
Model (BsMm), there are some fundamental observations that cannot be explained by the Standard
Model. For instance, the Standard Model is symmetric in the the production of matter and anti-
matter, however a baryon asymmetry is observed in the universe [33]. Up to now, there is no
satisfying explanation for this phenomenon. Another example is the existence of dark energy and
matter [34] in the universe, which remains unexplained as well.

There is a multitude of Bsm theories [35] attempting to reconcile predictions with the observations
mentioned above, where the Standard Model is only part of a more complex theory like Supersym-
metry [36] or Composite Higgs models [37, 38]. As an alternative to testing specific theories, an
effective Lagrangian or field theory can be used to parameterize possible new physics in a model-
independent way.
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Figure 2.1: Cross sections for longtitudinal opposite-sign W*-boson scattering resulting form
subsets of tree-level diagrams: (a) diagrams involving only triple gauge couplings, (b) diagram
including only quartic gauge coupling, and (c) diagrams involving the Standard Model Higgs
boson. +/s describes the invariant mass in the WW rest frame. Taken from Ref. [32].

In these approaches, the Standard Model Lagrangian is extended with gauge-invariant terms to de-
scribe the low-energy effects of heavier, not yet kinematically accessible new contributions. Anoma-
lous couplings to already known vertices parametrize the strength of the Bsm contribution, and
are valid up to the point where the new physics becomes dominant. In the case of vector boson
scattering, anomalous triple (aT'Gc) and quartic (aQGC) couplings can be defined

The formulation of anomalous triple gauge couplings via an effective Lagragian and dimension-six
operators in an effective field theory is described in [39]. Limits on aTGC have been set in the
past [40-42], however it is not expected that the W*W* final state provides additional insight.

Anomalous quartic gauge couplings can be described using the Electroweak Chiral Lagragian [43—
45], which is gauge invariant under SU(2), x U(1)y transformations and contains all C' P-invariant
operators up to dimension four. The operators acting on quartic gauge vertices are

gLy = a4Tr(VMVV)2,
015[,5 = OZ5T1"(VMVM)2,

where V), is defined as V,, = (D,X)%0. ¥ is a matrix valued field and parameterizes the longitudinal
degrees of freedom of the massive electroweak gauge bosons [43]:

.3
Y(z) = exp (:} Zﬂ'%’“) ,
a=1

where 7% are the fields of the Goldstone-bosons. This representation has been used in the ATLAS
8 TeV analysis to set limits on aQGc.

A second way to parametrize new interactions between already known particles, introduced by
heavier bosons, is via the effective field theory approach [46]. The new interactions appear as
higher order operators in addition to the SM Lagragian:

Legrr = Lsm + ZZ%Q’,
d

>4 4
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where O; are operators of dimension d with coefficients f;. The contributions from these operators
are suppressed by the scale of the new physics they describe, A. In contrast to the chiral Lagrangian
mentioned above, the higher order operators are invariant under SM symmetries. Operators affecting
only quartic gauge couplings are of dimension eight, and can be divided into three classes.

Operators of class S are those containing only derivatives of Higgs field ¢:

fs0 Oso = fso |(Dud)' Dug| x [(D"9)T D"¢],
fs1 Os1 = fs1 [(Du)f D"6) x [(Due)T D9,

where fgo and fg1 are the corresponding coefficients. Additionally, there are eight operators of
class M, Oyy; consisting of D, ¢ and two field strength tensors; as well as ten operators of class T,
Or,; containing only field strength tensors [46]. In CMS WEW=*;j-Ew analyses, limits are to set
on the fg a7, parameters.

The operators Ogy and Og 1 are the only operators acting solely on vertices with four vector bosons.
Converting limits on (fs, fs,1) into the (cu, «s) plane is not easily possible. Nevertheless, relations
can be found for specific vertices [46]. For the WWWW vertex for instance, the conversion can be
written as
!

oy = ];ff = (2.9)
fs1 vt
AL 8T

(2.10)

ay4 + 205 =
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2.2 Statistical Data Analysis

When trying to measure a new process, it is necessary to quantify the compatibility of the expecta-
tion predicted by the full theory including the new process (i. e. signal + background expectation)
and the theory without the new process (i. e. background only hypothesis). In order to do that,
the p-value, i. e. the probability for a statistical fluctuation of the background-only (i. e. null) hy-
pothesis to be at least as extreme as the signal + background expectation is measured. From the
p-value, the expected significance of the measurement is derived. This is done by determining the
quantile that this p-value corresponds to in a standard Gaussian distribution. If the significance is
larger than five standard deviations (5 o), the background-only hypothesis is rejected. The concept
of significance and p-value shall be explained in a simple example.

2.2.1 Exemplary Calculation of Statistical Significance

In order to provide an insight into the procedure of evaluating the statistical significance of an
observation, a simple example is used. Consider the exponential decay of radioactive isotopes.
When Ny isotopes are initially activated, the number of remaining isotopes N for times ¢ after the
activation is given by the exponential decay law

N(t) = Ny-e 7, (2.11)

where 7 denotes the mean lifetime of the isotopes. The mean lifetime characterizes the time when
the number of remaining isotopes is equal to Ny/e. The time-dependent number of remaining
isotopes given an initial number of 100 000 isotopes with a mean lifetime of four years is shown in
Figure 2.2.

For measurement duration At which are much smaller than the mean lifetime, the decay rate N (t)
is approximately constant throughout Af. Under this assumption, the decay constant A\, which
is defined as %, is a measure of the mean decay probability of a single isotope per time interval.
For a measurement duration of At = 84 minutes, the decay probability for a single isotope is
% ~4-107% %, which means, that 100000 - 4-107° = 4 isotopes are expected to decay in the

window [0, At], directly after activation.

If At <« 7, such that the number of decaying isotopes is small in comparison to the number of
remaining isotopes, the probability Pois(/N|v) of observing N decays, when v decays are expected
is given by the Poisson distribution

V N,v e N: Pois(N|v) = — e ". (2.12)

€ 100 T I ~
z

Mean lifetime

80

60

40

20

=)

Figure 2.2: Number of remaining isotopes, assuming Ny = 100000 radioactive isotopes with a
mean lifetime of four years.
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It can be shown that the expectation value and variance of this distribution are given by v [47].
The conditions for the validity of the Poisson distribution are met in the above example. Figure 2.3
shows the Poisson distribution for an expectation value of four, as given in the example. During the
measurement, Nyps events are observed. In Figure 2.3, Ny corresponds to six events. The proba-
bility of a measurement of Ny events needs to be evaluated, given the theory with an expectation
value of v events. Based on the Poisson distribution, the probability for observing a measurement
at least as extreme as Ny is given by the p-value!

o
Pobs = P(Nobs) = Z Pois(N|v). (2.13)
N2Nobs

In Figure 2.3, the p-value is represented by the light red area. The median N of the Poisson
distribution is defined as [48]

N = inf {z € R such that p-value p(z) > 0.5}. (2.14)

It is interesting to note, that for a Poisson distribution, the median N differs from the expectation
value v. When v = 4 for instance, p(v) ~ 0.63 > 0.5, while the median is N = 3 with p(N) = 0.43.
This can be explained by remembering the definition of the expectation value v, which is given as

v =Y P(N)-N, (2.15)
N

where N runs over all allowed values and P(N) describes the probability of that value. Note, that
this applies to any probability density distribution®. For this Poisson distribution it is known from
the p-value that 63 % of all values are larger than or equal to v. However, it is also known, that the
probability of these values converges to 0 as IV goes to infinity. In the left tail of the distribution,
the smallest allowed value is 0, which has a finite probability (approximately 1.8 % for v = 4).
Therefore, the weighted sum of all possible values is larger than the median, which goes along with
an asymmetry of the distribution.

Based on the observed p-value pons determined for a measurement, the statistical significance can
be calculated as the quantile of a standard Gaussian distribution which corresponds to the same

=4)

[ Poisson Distribution

Measurement of 6 events

Pois(N |v

Corresponding p-value

“11“11“11“H“H“H“H“H“HI

Figure 2.3: Poisson distribution for an expectation value of v = 4. The red line represents a
measurement of six events. The p-value corresponding to that measurement is represented by the
integral over the light red bars.

!For observations Nobs < v, the p-value is calculated from the sum over N € [0, Nobs).
?In case of a continuous probability density function, the summation will be replaced by an integration over the
parameter space of N.
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p-value. In general, a Gaussian probability G(z|u, o?) is given by

2
Glalp,0?) = \/;7 exp (-“202”) , (2.16)
where p is the mean and o defines the standard deviation of the resulting distribution. A standard
Gaussian is defined by setting 4 = 0 and ¢ = 1. The definition of the p-value for a Gaussian
distribution is analogous to Eq. (2.13). In Table 2.2, the p-values corresponding to a selected set
of quantiles of a normalized Gaussian distribution are shown. The statistical significance Z of a
measurement of Ngps events with respect to the background-only hypothesis is the quantile of a
standard Gaussian distribution, where the p-value is the same as the p-value pgs determined for
the measurement'

o0
Z such that p(Z) = / G(Z|p = 0,02 =1) = pobs. (2.17)
z

This procedure is visualized in Figure 2.4. Assuming a measured p-value of p = 2.28 - 1072, the
corresponding significance is Z = 2. The advantage of quoting results in terms of significance rather
than p-values is mainly in the fact that significances (that are < 10 in most use cases) are much
easier dealt with than p-values, which can become very small (see Table 2.2).

Following the above example of decays of activated isotopes with an expectation value of four events,
different outcomes Ngps are considered. The p-values and significances for values of Ny between
four and 20 are shown in Figure 2.5.

A measurement of 12 events, where only four are expected, has a p-value of 9.15 - 10~%. This means
that the probability for observing at least 12 events is 0.0915 %. This corresponds to a significance
of 3.12 ¢. The smaller the p-value, the lower the probability that the observation corresponds to
the null hypothesis (in the example the theory predicting an expectation value of four events). In
particle physics, two levels of significance are defined. If the significance is at least equal to 3 o, the
measurement is classified as an evidence. This means that there are hints for the null hypothesis
not to describe the measurement correctly. If the significance surpasses 5 o, the measurement is
classified as observation, which means that the null hypothesis has been rejected. In the example,
5.03 o are reached when 18 events are observed (pops = 2.48 - 10_7). In other words, a measurement
of at least 18 events is necessary to reject the hypothesis v = 4. However, this observation does not
contain concrete information about the true value of v. It has to be evaluated if the difference to the
null hypothesis is due to a mis-modeling of the underlying process of if an additional contribution,
i. e. a new signal has been observed.

In Figure 2.6(a), the significance of an observation of 18 events is calculated for different expectation
values v. Expectation values between 11 and 27 agree with the observation within 2 ¢. Further
measurements would be necessary to reduce the number of possible underlying theories.

Quantile p-value
0 5.00 - 107!
1 1.59-1071
2 2.28 - 1072
3 1.35-1073
4 3.17-107°
5 2.87-1077
6 9.87-10710

Table 2.2: Comparison of one-sided quantiles of a standard Gaussian distribution and the corre-
sponding p-values.

LIf the p-value is calculated from the interval [0, Nobs], the significance is analogously calculated from the interval
(_007 Z] .
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Figure 2.4: Schematic view of calculation of statistical significance. For a given p-value (here:
p = 2.28 -1072), the quantile of a normalized Gaussian distribution corresponding to the same
p-value is calculated (here: Z = 2).
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Figure 2.5: p-value (top) and significance (bottom) calculated for different measured number
of events N,ps, where a Poisson distribution with an expectation value of v = 4 is taken as
background-only hypothesis.
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Instead of looking directly at the significance, it is instructive to also consider the Poisson probabil-
ities for different values of v. When Ny = 18, the value of v that will give the highest probability
Ppax 18 Vimax = 18. In a case where vy, should be determined numerically, it would be technically
easier to transform this problem into a minimization rather than a maximization task. So instead
of Pois (Nops|v), the following expression

Pois (Nobs|v)
Pois (Nobs|Vmax)
= — [In(Pois (Nops|v)) — In(Pois (Nops|¥max))] (2.18)

—Aln (Pois (Nops|v)) = —In

is considered. This form takes the difference to the best estimate of the expectation value, vpax,
into account, and has the advantage of having a minimum at 0 for vp.x. In Figure 2.6(b), the
dependence of —AIn (Pois (Nyps|v)) on v is shown, which is approximately quadratic. It is also
possible to determine the statistical significance with which the current observation deviates from
a given theory based on the value —A In (Pois (Nops|v)) corresponding to the tested theory. Details
of this relationship will be discussed in the following section. For now it is just noted, that the
relation between the significance and —A In (Pois (Nops|v)) can be written as

— Aln (Pois (Nyys|v)) = %Z? (2.19)

There are some conditions to the validity of this equation, which are further discussed in Sec-
tion 2.2.2. In both diagrams in Figure 2.6, the 1 ¢ and 2 ¢ boundaries are indicated by horizontal
lines. It can be seen that the same limits on v can be inferred from the significance (a) as well as
the difference to the best estimate (b).

— 2.5 ) =~ 3 ™
% [ v v ] 28 g v ]
£ 2f— —  Z725%F v
L2 FoY v ] 2 2i 2-0 v ]
g 1.5 v v . o C v ]
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v

(a) Significance (b) Difference to best estimate

Figure 2.6: Significance (a) and 3 Z2-deviation from the best estimate (b) for an observation of
Nops = 18 events for different expectation values v.
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2.2.2 Maximum Likelihood Method

This section provides a brief introduction into statistics and the maximum likelihood method. For
details, please refer to References [47] and [49]. The outcome of a physical measurement can be
treated as a random variable x € €2 where € is the sample space of the measurement, i. e. the set of
all possible experimental outcomes. z is distributed according to a function f(z) which is generally
unknown. The probability for observing z in an interval [z1, z2] C © is then given by [ f(2')dx.

Especially, f(x) is constraint by the boundary condition, that the probability of measuring any
value in Q is 1

/Qf(x’)dx’ = 1

Functions describing the distribution of random variables are called probability density functions
(p.d.f.) [49]. The expectation or mean value p of the random variable x is calculated using the

p.d.f. f(x) as

Elz] = p = /Q:E - f(z) dx. (2.20)
The spread of the distribution is characterized by its variance o2 given by
Vig] = o2 = /Q(x — )2 f(x) du, (2.21)
= Bl —p)?)
= E[2?] — u* (2.22)

The square root of the variance is called standard deviation . The same definitions can be applied
to calculate the expectation value or variance of any normalized function g(x) by replacing z is
g(x). [47]
This situation can be generalized to a set of n random variables X = {z1,x9, ...z, }. For simplicity
it is assumed that all z; follow the same p.d.f. f(x;). The total p.d.f. for the set is then given by
the product of all individual density functions

n

FX) = [ (). (2.23)

i=1
The density functions f(z;) are a priori unknown. To determine the properties of f, a set of m
parameters @ = {61,0s,...0,,} can be introduced. These parameters can be constrained from
measurements of X and subsequently be used to infer the structure of f. Therefore, f(z;) will
become f(x;|0), where x; is the random variable and @ are non-fixed parameters.

Once the measurement has been performed, the random variables X are replaced by the actual
observed, and therefore fixed, values X°. The total probability density function F(X°|@) is then
no longer called a p.d.f. but likelihood L(X?|0), since X? is not a variable anymore. In some cases,
there are external constraints C' on the parameters 8 which will also be included in the likelihood:

L(X°0) ~ F(X°|0) - C(8). (2.24)

Depending on the functional form of L, the likelihood is not necessarily normalized to unity. This,
however, does not impact the constraining power it has on 6. In order to determine the true
value of 0, one defines a function é(X ) of the observed values X°, which yields an estimate of
6. Such functions are called estimators. In general, the é(X 0) are determined using optimization
algorithms. Analogous to the expectation value of a random variable in Eq. (2.20) the expectation
value of an estimator is defined as

El6] = /Q 0(z)f(2|) dz, (2.25)

A

_ /Q 0(2)q(6]6) db. (2.26)

0
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Eq. (2.26) is an alternative way of describing the expectation value, where ¢(010) is the p.d.f. of 6
given a true value 6, and (2 is the sample space of 6. The variance V[O] can be written as

Vg = o2 = / (6 - E16))" 4(6]6) a (2.27)
Two important properties of an estimator are its consistency and bias. An estimator is called
consistent, if the best estimate based on N measurements @y converges to the true value 6 as NV
goes to infinity in the sense of probability [49]

Ve>0: lim P |6y -0 > ¢) =0, (2.28)

where P <|é N—0] > 5) is defined as the probability that |@y — )| is larger than e. The bias b of
an estimator is defined as the difference of the expectation value and the true value of 8,

b@) = E[0)—60 = E[6—0]. (2.29)

Going back to the likelihood function of L(X°|@), one is interested in the set of parameters @ that is
maximizing the likelihood for observing X°. For numerical reasons, the optimization is performed
on —In L(X°|0) rather than L(X?|0), thus becoming a minimization problem (cf. Eq. (2.18)).

Assuming that the likelihood L(x|u) with a single parameter p and measurement z is given by a
Gaussian distribution (see Eq. (2.16)), the logarithm of the likelihood is a quadratic function of the

form: )
(z —p)

1
—In L(z = —In
(el (=) + S
where the origin can be shifted, such that the minimum is reached at —In L = 0 by subtracting
the first, constant term. Here it is straight forward to determine the mapping of —In L and the
statistical significance with which the observation z would deviate from the true value p

lo: z=p+o0 = —-InL=05
200 x=pu+20c = —-InL=2

Therefore, in case of a Gaussian likelihood function the uncertainty on the parameter 4 and thereby
also the significance can be read directly off the likelihood function.

If the likelihood is not Gaussian, the likelihood profile! is not exactly quadratic, but can be ap-
proximated by a Taylor expansion with respect to the parameter 6; that the uncertainty should be
evaluated for,

019y — 019 5 | a2
In L(X"|6;) In L(X7|0) + [ 90 + 2! 89%

7

8lnL} i 1 [a‘nnL] (A0)2 + O((Aﬁi)?’), (2.30)
0;,=0 0,0,

where A§; = 0; — 9Z The first summand is the constant, maximized likelihood value, denoted
as In Lyax = In L(X O\é). In the second summand, the first derivative of the likelihood function
vanishes per construction, since the likelihood is evaluated at its maximum. In order to determine
the second derivative, the Rao-Cramér-Frechet (RCF) inequality can be applied. Using the bias
b(0;) for parameter 6; defined in Eq. (2.29), the lower bound on its variance V[f;] can be written

as [47]
ll db(e})r
V] = o > a0 : (2.31)
0 9210 L(X°|9)
_El 962 ]

'A likelihood profile is a scan of the likelihood function L(X°|@) for one parameter 6; while fixing all other
parameters to some value. Remember that the values of X° are fixed by the measurement.



16 2 Theoretical Foundation and Tools

This relation is valid under the conditions that
a) the sample space 2 of X is independent of the parameters 6, and

b) the differentiation 0/96; and the integration over dx; dxs... dx,, which is necessary for the
calculation of the expectation value in the denominator, commute.

In case of equality the estimator 0; is said to be efficient. The equality holds for instance when the
p.d.f. q(0]0) and ¢(6]0) follow a Gaussian or x? distribution, respectively for the multidimensional
case of @ . Details are given in Reference [47].

The expectation value in Eq. (2.31) is calculated using an integration over dz; dzg... dz,. Using
condition b) and the knowledge that L(X?|@) is no longer dependent on X, the expectation value
and can be rewritten as:

T [82 lnL(XOB)]

502 F(X)dz; dzy... dx,

0?In L(X°|09)
a / 62
WmLX
B

Iz

0
6) /F ) dzy dzy... dz,

=1
82In L(X°|0)

57 (2.32)

By substituting the expectation value in the definition of the R.C.F. bound (2.31) using (2.32)
and assuming 6#; to be an unbiased estimator, the second derivative in the Taylor expansion of the
likelihood can be estimated using:

0?In L(X°|09) L1

> . (2.33)
007 —o?

Now the likelihood value at 6; + Z - U/\éi , 1. e. by shifting 6; by Z standard deviations from its optimal
value, is given as:

Z2
77
=7 = \/—2-(lnL(X0|éi+25\§i) - lanax)’
Z = vV-2-AlnL. (2.34)

This formula is valid when the likelihood profile is approximately quadratic, i. e. when higher order
terms in the Taylor expansion are negligible. This is the case when the likelihood follows either
Gaussian or x? distribution. However, in the example in Section 2.2.1, this expression was used as
well, even though the likelihood function was a Poissonian and the likelihood profile over v non-
parabolic (see Fig. 2.6(b)). Good agreement between the graphical method using Eq. (2.34) and
the method based on p-values was found.

InL(X%0;+Z-6;) = InLyax —

The treatment of non-parabolic likelihood is discussed in [47] Chapter 9.3.2. It is stated that for
any non-parabolic likelihood function In L it is possible to find a transformation function 7' such
that T'(In L) is quadratic and (2.34) applies. Since maximum likelihood estimates are invariant, all
conclusions obtained for T'(In L) also hold for In L.
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2.2.3 The Likelihood Template and Asimov Dataset

The appropriate choice of the likelihood function is highly dependent on the intended use case.
In the case of particle interactions or decays, usually a Poissonian distribution Pois (N|v) (see Eq.
(2.12)) is assumed. In the current case, the total number of expected events v is the sum of the
number of signal vg and background events vg, where vg is well known. The number of signal
events, however, is variable such that it can be adapted to the measurement. The total number of
events with variable signal contribution can be parametrized using the signal strength or parameter
of interest p

v = p-vs + UB. (2.35)

By varying the signal strength parameter p, the expectation value of the Poissonian is shifted,
generating different underlying hypotheses. Setting p to zero corresponds to a model, where no
signal events are expected, i. e. the background-only theory. In this work, 4 = 1 corresponds to
the standard model prediction of W*W¥ scattering of the order O(a8,), i. e. the nominal theory.
In physics measurements, u is generally constrained to positive values, since an additional signal is
not expected to have a decreasing effect on the expected number of events.

However, Eq. (2.35) only provides a very simplistic description of the expectation value. A more
realistic formulation is used in the HistFactory package [50], which is used to for the statistical
analysis in the course of this thesis. The expectation value in HistFactory also accounts for cases,
where not only a single number of events is measured, but the measurement is divided into sub-
measurements according to:

e Different analysis channels e. g. based on lepton charge or flavor, or different kinematic regions,
and

e Several bins in a variable providing high separation power between signal and background
events.

Assuming that there is a histogram oy containing the nominal prediction for a specific process s
differentially as a function of the chosen variable, the expected number of events per channel ¢ and
bin b is then written as [50]

Veb(@ps Ops Veb) = Veb Z Nes (@) [es () - A - oesp(@)] (2.36)

s€samples

where s and p count all processes taken into account in the analysis as well as all parameters,
respectively. In the simplest case there would be only the signal and background histograms, though
it is often necessary to provide separated input for different background processes. o = {a, ...}
is the set of nuisance parameters, which parametrize the effect of external sources of uncertainty
on the measurement. This can e. g. be the calibration of detector components or the identification
efficiency for some particle. A complete set of sources of systematic uncertainties taken into account
in this analysis is given in Section 8.

Equation 2.36 states that the expected number of events per channel ¢ and bin b can be obtained by
weighting the prediction given in the input histogram o, by a given luminosity nuisance parameter
A and the product ¢, of normalization factors ¢.s, that might be given per channel and sample s:

Pes(ar) = Hﬁbcs,p(ap)-

These normalization factors ¢.s;, may depend on nuisance parameters c,,. In this generalized no-
tation, the parameter of interest p (see Eq. (2.35)) is part of the set {¢¢sp} given for the signal
process. Additionally, systematic uncertainties affecting the differential distribution of events are
considered. Therefore, the input histogram o4 may depend on additional nuisance parameters o as
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well. Finally, normalization uncertainties 7.s(c) and bin-by-bin scale factors 7., are included. The
latter are used to parametrize systematic uncertainties due to statistical fluctuations in simulated
data. It is a matter of definition, that it is necessary to distinguish between normalization parame-
ters and normalization uncertainties. They differ by their probability density function. Parameters
are distributed according to a box distribution, such that all values in a given interval are equally
probable. Normalization uncertainties are constraint by a non-uniform, usually Gaussian density
functions.

All nuisance parameters « are constrained by auxiliary measurements, and are defined based on a
Gaussian density function. The auxiliary measurement can for instance determine the normalization
of a specific background process in a control region. Bin-by-bin scale factors 7., on the other hand
follow a Poissonian density. These are calculated using the Beeston-Barlow method of estimating
statistical uncertainties in simulated data. The original approach proposed in Reference [51] involves
one nuisance parameter per sample in each bin and channel, and was shown to be unstable in some
cases, as well as very computationally expensive [52]. Therefore, a simplified version is implemented
in the HistFactory package. Here, only one nuisance parameter is applied per channel and bin,
modeling the relative statistical uncertainty on the sum of all contributions in that bin.

The binned likelihood function is given as the product of the total Poissonian probability combining
all channels and bins and all constraining p.d.f. for nuisance parameters,

L(pl0) = H H Pois(nep|ves (1, dp; p, Yeb)) - G(Lo| A, Ar) - H folaplap). (2.37)

c€channels bebins peS+T

The parameters entering here are summarized in Table 2.3. The measured and expected number of
events in bin b per channel ¢ are denoted as ng, and vey(f, ¢p, 0p, Yeb), respectively. The definition
of vep (i, ¢p, 0p, Yep) is given in Eq. (2.36). The function f, refers to the p.d.f. for an auxiliary
measurement. In most cases f, takes a Gaussian form. oy, denote nuisance parameters with external
constraints, constrained by an auxiliary measurements a, with p.d.f. f,. The set of all a;, and 7
are represented by S, and TI', respectively. The ATLAS luminosity and its uncertainty are denoted
as Lo, and Ay. The nuisance parameter A is associated to the luminosity measurement. Finally,
0 represents the set of all nuisance parameters {c, d¢s, Nes, Yeb, A} Details on the implementation
can be found in the HistFactory package [50].

Parameter Definition

e Measured number of events in bin b and channel ¢

Vep(pt) Expected number of events in bin b and channel ¢

Ip p.d.f. of an auxiliary measurement

ap Auxiliary measurements to constrain nuisance parameters

ap Nuisance parameters with external constraints

Yeb Bin-by-bin scale factors used for systematic uncertainties associ-

ated to background precision (shared for all samples in the same
channel and bin),

S,T Sets ayp, and 7

Lo, Ar ATLAS luminosity and uncertainty

A Luminosity nuisance parameter

(7] Set of all nuisance parameters {a, @cs, Nes, Yebs A}

Table 2.3: Definition of parameters entering the likelihood function in Eq. (2.37).

After constructing the likelihood function Eq. (2.37), the significance can e. g. be calculated using
Eq. (2.34). In practice, the statistical significance needs to be calculated for two separate datasets,
one of them being the set of observed data. In the following, this value is referred to as observed
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significance. On the other hand, it is also interesting to calculate the expected significance for a
simulated dataset, that corresponds to the theoretical prediction for the signal and background
processes. The optimization of the event selection and the fitting procedure are usually blinded,
i. e. performed without observed data in order to avoid optimizing on statistical fluctuations in the
observed data set [53]. The expected significance is particularly important, as it is used as a figure
of merit in these optimizations.

For calculating the expected significance, an Asimov data set [54] is used. The Asimov data set
A is defined such that in each bin b and channel ¢, the measured number of events nﬁ) equals the
expected number v (p). To calculate the expected significance, an Asimov data set generated for
1 =1, i. e. corresponding to the Standard model signal prediction is generated.

2.2.4 Discovery Test Statistic

Any function of a random variable xz, is called a statistic. A statistic used in hypothesis testing
is called test statistic. Therefore, also the likelihood given in Eq. (2.37) is a test statistic. To
determine the agreement of measured data and background-only hypothesis, the profile likelihood
ratio is used

Ap) = 22 (2.38)
L(p,0)
where i and 6 are best estimators for the parameter of interest w1 and all nuisance parameters 0,

and 0 is the conditional best estimator for a given value of p. Consequently, L(pu, @) is the maximum

A

likelihood value at a given u, and L(ji, ) is likelihood value at the optimum. The agreement with
the null hypothesis can then be evaluated by setting u to zero, i. e. using the test statistic

g = A0). (2.39)

Equation (2.38), however, does not yet represent physical boundaries, such as negative values of .
Therefore, for the discovery of an additional signal, the test statistic [54]

2 A0) if 4 > 0,
_ 2.40
1 {o if 4 o< 0, (2.40)

ey

is defined. The p.d.f. f(qo|y) of the test statistic gy given a true value of u = p is generally
unknown'. Yet, in the asymptotic case, i. e. in the limit of an infinite number of measurements,
it can be shown (cf. [47] Chapter 10.5) that test statistics of the form of Eq. (2.39) follow a x?
distribution. In the special case of the test statistic qg, an additional delta function is introduced,
caused by all values, where /i would have been negative [54]

Jr1 1 1
2271 \/q0

When calculating the integral [ f(qo|p’ = 0) dqo, it is seen clearly, that one half of all possible ¢
where pulled to zero to avoid unphysical, negative signal strengths.

Flaols =0) ~ 3(a0) el (241)

The p.d.f. given in Eq. (2.40) is used to calculate the statistical significance, applying the procedure
described in Section 2.2.1. If gy indeed follows a x? distribution, the significances calculated using
the p-value and the graphical method (see Section 2.2.2) are identical. If p.d.f. of gy has some
other shape, the graphical method still yields the correct result, but will differ from the asymptotic
p-value. In that case, the underlying p.d.f. of gy has to be determined by generating a set of pseudo
experiments.

Tt can, however, be determined to some degree using Monte-Carlo techniques.






3 Experiment

The following sections will give a short overview of the experimental setup, featuring the particle
accelerator LHC and the ATLAS detector. Additionally, details on the observed and simulated data
used throughout this thesis will be given.

3.1 The LHC

The Large Hadron Collider (LHC) is a particle collider able to accelerate protons as well as heavy
ions. It is located at the European Organization for Nuclear Research (CERN) near Geneva in
the tunnel that formerly accommodated the Large Electron-Positron Collider (LEP). The proton
or heavy-ion beams are collided at four interaction points. At each interaction point a detector is
installed. Of the four detectors, two are designed to analyze heavy ion collisions. The remaining two,
AtrLAs and CMs (Compact Muon Solenoid) are general purpose detectors. The LHC has a design
luminosity of 20 - 10%3 cm™2s™!, aiming collide bunches of up to 10! protons at a center-of-mass
energy of 14 TeV with a bunch spacing of 25 ns.

The CERN accelerator complex
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Figure 3.1: The LHC is the final ring (dark blue line) in a complex chain of particle accelerators.
The smaller machines are used in a chain to pre-accelerate particles and provide beams to a set of
smaller experiments. Figure taken from Ref. [55].
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These energies are not reached solely by the LHC, but heavy ions and protons are pre-accelerated
in a series of other machines. This process is visualized in Figure 3.1 [55]. Initiating in a bottle of
hydrogen gas, the proton beam is generated by ionizing the hydrogen atoms and accelerating the
protons with Linac 2 (purple) to an energy of 50 MeV. It is then consecutively injected into the
Booster (lilac), Proton Synchrotron (PS, magenta) and Super Proton Synchrotron (SPS, light blue),
where it reaches energies of 1.4 GeV, 25 GeV and 450 GeV, respectively. From the SPS, the proton
beams are inserted into the LuC (dark blue), where they are accelerated to their final energies [56].

First beams were circulated in September 2008, but the machine suffered a malfunction, during
which several magnets were damaged. In November 2009, the repairs were finished and beams were
circulating again; followed by fist collisions in December 2009. In 2010 and 2011, the beams were
accelerated to an energy of 3.5 TeV, which was increased to 4TeV in 2012. In February 2013 the
machine entered a first long shutdown (Long shutdown 1), to allow for technical updates to the
pre-accelerators, the LHC and also the detectors [57]. In 2015, the LHC started to deliver physics
data again. The beam energy was increased to 6.5TeV, yielding a center-of-mass energy of 13
TeV. In order to test the updated components, the instantaneous luminosity was increased but
slowly. The peak values amounted to 5.0 - 1033 cm™2s™! and 13.8 - 1033 cm™2s~! in 2015 and 2016
respectively. This also had an effect on the number of interactions per bunch crossing. The average
was 13.7 (2015) and 24.9 (2016) interactions per bunch crossing. This thesis is based on proton-
proton collison data from 2015 and 2016 recorded by the ATLAS detector. In total, 3.2fb~! and
35.6fb~! of data was recorded in 2015 and 2016, respectively, which results in combined a dataset
of 36.1fb~! to be used in physics analyses [58].

3.2 The ATLAS Detector

The ATLAS detector is situated at interaction point 1 of the LHC. It has a cylindrical shape and
is therefore described by a right-handed, cylindrical coordinate system, originating in the nominal
interaction point. The x-axis points towards the center of the LHC, while the y-axis points upwards
and the z axis is meeting the beamline tangentially. The angular coordinates ¢ and 6 are measured
as the angles in the x — y plane and y — z plane, respectively. As 6 is not invariant under Lorentz
transformation, in most cases the pseudo-rapidity 7 is used instead. For massless particles, the
pseudo-rapidity can be derived from the rapidity Y

Y = lln<E+pz>,
2 E_pz

where F is the energy and p, the longitudinal momentum. For massless particles or in the relativistic
limit p = F > m, Y converges to n and takes the form

0
y 229 n = —ln(tan).
B—1 2

The angular separation ARj; between a pair of measured objects k and [ is calculated as

ARy, = \/(A¢k,l)2 + (Angy)?,

where A¢y,; and Any,; are the distances between k£ and [ in azimuth and rapidity plane, respectively.

In order to provide optimal detection efficiency for the various kinds of particles and bound states
that can be produced in proton-proton collisions, particle detectors are typically build in a layered
structure. Each layer is adjusted to the kind of particle it is aimed to detect and measure. Following
this general concept, the ATLAS detector is composed of four main elements:

Inner Detector: providing position and momentum measurement of charged particles, the
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Electromagnetic calorimeter: measuring energy deposition of electrons and photons, the
Hadronic calorimeter: measuring energy deposition of hadronic particles, and the
Muon spectrometer: providing position and momentum measurement of muons.

In the following sections, the main technical characteristics of these components will be discussed.
For a detailed description see [59] and [60]. A schematic view of the ATLAS detector is shown in
Figure 3.2.

3.2.1 Inner Detector

The Inner Detector (ID) is the innermost part of the ATLAS detector, and is aimed to provide high-
resolution position and transverse momentum measurement of charged particles with transverse
momenta down to a threshold of 0.5GeV. It has a length of 3.5m, and a radius of 1.1 m. It is
immersed in the central solenoid, which generates an axial magnetic field of approximately 2T.
The ID is built of independent tracking detectors, which are arranged in separate layers. Each
tracking detector consists of a barrel and two end-cap regions. The barrel region of the ATLAS
inner detector is shown schematically in Figure 3.3. The ID is divided into the

Pizel detector: The pixel detector originally consisted of 3 layers of semiconductor sensors.
These are arranged on concentric cylinders around the beam axis and on disks perpendicular
to the beam axis in the barrel and end-cap region, respectively. In the barrel and end-cap
regions, it provides a resolution of 10 pm in R — ¢ plain and 115 pm along the z and R axis,
respectively, while covering a pseudo-rapidity range of |n| < 2.5. Due to radiation damage,
the pixel detector is suffering from a loss of hits. In order to mitigate this effect, as well
as to improve track reconstruction and identification of jets originating from b-quarks, an
additional pixel layer (Insertable B-Layer - IBL) was inserted closer to the beam line during
Long shutdown 1 [59].

Silicon microstrip tracker: Like the pixel detector, the silicon microstrip tracker (SCT) is com-
posed of semiconductor sensors, and covers the same 7 range. The resolution amounts to
17pm in R — ¢ plain (barrel and end-cap) and 580 pm along the z (barrel) and R (end-cap)
axis.

Transition radiation tracker: The transition radiation tracker (TRT) consists of drift tubes which
are oriented parallel to the beam axis in the barrel region and arranged radially, in wheels in
the end-caps. The drift tubes are equipped with a gold-plated tungsten wire anode, and filled
with an active gas. An electron passing these tubes will create transition radiation which can
then be detected. Thus, the TRT can provide electron identification, separating them from
charged pions, for a pseudo-rapidity range of || < 2.0. In the beginning of Run 1, a Xe-based
gas mixture was used. However, in the 2012 data taking period several leaks developed in gas
pipes, some of which were inaccessible and could therefore not be repaired. As a consequence,
some parts of the TRT are now filled with a less costly Ar-based gas mixture, which introduced
a loss of sensitivity. Nevertheless, improvements in the reconstruction software mitigated this
effect [61].

3.2.2 Calorimeters

The ATLAS calorimeters are designed to contain all electromagnetic and hadronic radiation inside the
calorimeter volume. This is especially important for an accurate measurement of missing transverse
energy due to neutrinos and as not to impact the functionality of the muon spectrometer. The
electromagnetic calorimeter has a thickness of more than 22 and 24 radiation lengths! in the barrel

LA radiation length is the distance needed for an electron to loose all but 1/e of its initial energy.
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Figure 3.2: Cut-away view of the ATLAS-detector. Figure taken from Ref. [60].
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Figure 3.3: Cut-away view of the ATLAS Inner Detector. Figure taken from Ref. [62].
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and end-caps, respectively. The total thickness of the hadronic calorimeter at n = 0 is approximately
11 interaction length!, of which 9.7 interaction lengths are active material. In Figure 3.4, an overview
of the ATLAS calorimeters, consisting of barrel, end-cap and forward regions is shown. The barrel
and end-cap regions are separated into two calorimeters (electromagnetic and hadronic calorimeter)
while the forward regions are covered by combined calorimeters. The n coverage of all calorimeters
is summarized in Table 3.1.

Electromagnetic calorimeter: The electromagnetic calorimeter is designed to provide high-gra-
nularity measurement of electron and photon showers. In order to achieve complete coverage
in ¢, the absorbers and electrodes in the barrel and end-caps (EMEC) are built in an accordion-
like structure. Absorbers are made of lead plates, which are reinforced by stainless-steel sheets
on both sides. The electrodes are placed between two absorbers, with a drift gap of 2.1 mm
in the barrel region. Each electrode consists of three copper sheets, separated by polyimide
layers. The two outer sheets are at high-voltage potential (2000 V), while the signal is read
from the inner layer via capacitive coupling. All copper sheets are segmented in 7. The space
between the absorbers is filled with liquid argon as active material, which is intrinsically
radiation resistant.

The overall dimensions of the barrel calorimeter are 6.4m in length, with inner and outer
diameters of 2.8 m and 4 m, respectively. The barrel calorimeter is segmented in three layers
and equipped with a pre-sampling layer in front of the actual calorimeter. The pre-sampler
is used to correct for energy loss due to material in front of the calorimeter. Each end-cap is
composed of an inner and an outer wheel. Each wheel is 63 cm thick, and has an inner and
outer radius of 0.3m and 2.1m. The junction between both wheels is located at |n| = 2.5
and is 3mm wide. It is mostly filled with low-density material, such that the impact on the
energy is small. Due to the junction of the barrel and end-caps, the uncertainty on energy
measurements in that region (1.37 < |n| < 1.52) is comparably large. Therefore, this region
is usually excluded in analyses.

Hadronic calorimeter: The hadronic calorimeter is divided into the barrel, extended barrel, and
end-cap regions, the n coverage is reported in Table 3.1. The hadronic end-cap calorimeters
(HEC) are designed to overlap with the barrel and forward calorimeters, to reduce the drop
of material density in the transition region.

The hadronic barrel and extended barrel, called Tile calorimeter, cover the rapidity region
up to |n| < 1.7. Positioned directly behind the electromagnetic barrel, it has inner and outer
radii of 2.28 m and 4.25 m, respectively. This corresponds to a total thickness of 9.7 interaction
length at 7 = 0. The Tile calorimeter is segmented in three layers and consists of scintillator
material interleaved with steel plate absorbers. Wavelength shifting fibers are connecting the
scintillators with two photomultiplier tubes per module. The fibers are grouped such as to
build three-dimensional calorimeter cells with a granularity of An x A¢ = 0.1(0.2) x 0.1 in
the first and second (third) layer.

In the HEC, liquid argon and copper are used as active and passive material. Instead of
the accordion structure, a flat-plate design with a 8.5 mm liquid argon gap is chosen. Three
electrodes divide the gaps into four drift zones. The lateral segmentation is determined by the
middle, read-out electrode. For |n| < 2.5, each calorimeter cell has a size of AnpxA¢ = 0.1x0.1.
In the forward region, the cell size is increased to 0.2 x 0.2. The end-caps are housed in the
same cryostats as the EMEC and forward calorimeters. Each end-cap consists of two separate
wheels, which in turn are segmented in two layers. End-cap modules are wedge-shaped, with
an inner and outer radius of 0.475m and 2.03 m, respectively.

! An interaction length is the mean free path of a particle before inelastic scattering occurs.
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Forward calorimeter: The forward calorimeter (FCal) completes the ATLAS calorimeter setup.
The FCal front faces are located approximately 4.7 m from the nominal interaction point. In
pseudo-rapidity, it extends from |n| > 3.1 to |n| < 4.9. The FCal consists of three modules per
end-cap, reaching a total depth of about 10 interaction lengths. The first module is optimized
for measuring electromagnetic showers with copper as absorber material. The second and third
module are designed as hadronic calorimeters, equipped with tungsten absorbers. Tubes are
drilled into the absorbers, oriented parallel to the beam axis. These are filled with liquid
argon as active material and an electrode rod. This makes for comparably small LAr gaps
with respect to the electromagnetic barrel. The design was chosen to reduce ion build-up
due to the high particle flux. Behind the third FCal module, a shielding plug is installed to
minimize punch-through into the muon system.

i Calorimet
Detector Regions alorimeters

Electromagnetic Hadronic

In| < 1.0

Barrel In| < 1.475 0.8 < |n| < 1.7 (extended barrel)

1.374 < |n| < 2.5 (outer wheel)

End-cap 2.5 < |n| <32 (inner wheel)

1.5 < |n| < 3.2

Forward 3.1<n <49

Table 3.1: Summary of pseudo-rapidity coverage of ATLAS calorimeters in different detector
regions.
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Figure 3.4: Cut-away view of the ATLAS calorimeters. Figure taken from Ref. [60].
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3.2.3 Muon spectrometer

The muon spectrometer is the outermost part of the ATLAS detector, designed to provide muon
identification and momentum measurement. The magnetic field necessary for the latter is generated
by a barrel and two end-cap toroids, covering pseudo-rapidity regions of |n| < 1.4 and 1.6 < |n| < 2.7,
respectively. The magnetic field in the transition region from 1.4 < |n| < 1.6 is a superposition
of the barrel and end-cap fields. The generated field is predominantly orthogonal to the muon
trajectories.

In the barrel region three layers of precision tracking chambers are installed parallel to the beam
axis at radii of 5m, 7.5m and 10m. The end-cap regions are covered by four wheels located at an
absolute distance along the z axis of 7.4m, 10.8 m, 14 m and 21.5 m from the interaction point. The
pseudo-rapidity range up to |n| = 2.0 is equipped with Monitored Drift Tube chambers (MDT). In
the region within 2.0 < |n| < 2.7, Cathode Strip Chambers (CSC) are used, since these have a finer
granularity and are better suited to cope with the higher particle flux.

In order to provide a stand-alone muon measurement, i. e. a measurement based on information
gathered solely by the muon spectrometer without relying on the Inner Detector, trigger chambers
are install up to |n| = 2.4. These chambers also offer a complementary measurement of the muon
coordinates orthogonal to those determined by MDTs and CSCs. In the barrel region (|n| < 1.05),
Resistive Plate Chambers (RPC) are used whereas the end caps covering the range 1.05 < |n| < 2.4
are furnished with Thin Gap Chambers (TGc). This setup allows for momentum resolution in a
stand-alone measurement of 10 % for 1 TeV tracks.

3.2.4 Trigger System

During Run 1 of the LHC, the bunch spacing was continuously decreased from 150 ns to 50ns. In
Run 2, the bunch spacing was set to the nominal value of 25ns, corresponding to a frequency of
40 MHz. Due to this decrease, in combination with an increased instantaneous luminosity, the data
rate increased by a factor of approximately five from Run 1 to Run 2. However, the final data rate
cannot exceed 1kHz due to data-storage constraints. In order to meet the new requirements, the
trigger system was upgraded during Long shutdown 1. The initial ATLAS trigger system is described
in Reference [60], while upgrades are discussed in Reference [63].

In a first step, the hard-ware based Level 1 (L1) trigger reduces the data rate from 40 MHz to roughly
100kHz. For each event, it builds regions of interest (Rols) with low-granularity calorimeter and
muon chamber information. Upgrades to L1 involved replacing part of the hardware to reduce the
false trigger rate, and raising the output rate from 75kHz to 100 kHz. Furthermore, an additional
sub-trigger (L1Topo) is introduced, which combines topological information from calorimeter and
muon L1 triggers. This allows the calculation of event quantities such as invariant masses or angular
separations. The final L1 trigger decision is made by the central trigger processor (CTP).

For all events passing L1, the information concerning the Rols is forwarded to the high level trig-
ger (HLT). The HLT provides a software-based decision, using the full granularity of detector
information. The data rate is again reduced to a final value of approximately 1kHz. The most
notable upgrades with respect to Run 1 are the merging of the Level 2 and the Event Filter triggers
into a single code base and computing cluster. This reduces overhead and allows for a more dynamic
assignment of resources. The software itself has also been optimized for better agreement with the
off-line selection algorithms. This significantly reduces the object scale factors (see Chapter 5) for
some particles.
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3.3 Simulated Data

Generally, simulated results corresponding to a specific theory are used for one of two objectives. On
the one hand, well described processes are used to understand observations. This can for instance
mean to derive information about possibly new contributions to measured data during a statistical
analysis, or the improvement of analysis techniques by providing ground truth data to machine
learning or other multivariate selection algorithms. On the other hand, measurements can be used
to correct or tune the underlying model to match observed results. In particle physics, both goals
are pursued. The process of generating simulated data can be roughly separated into two steps.
For a given process, at first all the final state particles are generated. Subsequently, the detector
response to these generated particles has to be inferred.

The simulation of proton-proton collision events is a challenging task, due to the high accuracy
needed for data-simulation comparisons, and the wide energy range involved. The concept of
factorization of a process into different regimes of momentum transfer has become indispensable.
A detailed review of the various challenges in event generation is given in References [64] and [65].

A schematic view of the steps involved in the calculation of a simulated event is shown in Figure 3.5.
In most cases, the starting point is the calculation of the matrix element in the desired phase space.
This corresponds to the red parts in Figure 3.5. The matrix elements (ME) for the hard scattering
can be calculated up to a fixed order in perturbation theory. Based on the parton density distribution
of the proton, and the particle content of the desired final state, a probability density function for
the momenta of all particles after the hard scattering is calculated. This p.d.f. is used to generate
randomized values of the momenta for all outgoing particles in the event.

Quarks and gluons generated in the ME radiate gluons, which results in showers that would be
observed as jets in the detector. These parton showers can be modeled in QCD. A parton shower
program is used to model QCD bremsstrahlung for all incoming and outgoing® partons. In Figure 3.5,
this is represented by blue lines.

At the point where the momentum transfer becomes low, and reaches the hadronization scale
typically at energies at the order of a few GeV, the formation of hadrons takes place. Due to the
large value of oy in this regime, hadronization is non-perturbative. Hadronization models are built,
and tuned to coincide with measurements (green areas). Hadron decays are then modeled using
effective theories, called fragmentation models, which is indicated in dark green. Additionally, QED
bremsstrahlung needs to be modeled (yellow).

Apart from the hard scattering that is viewed as the main event, many low-momentum transfer
interactions can happen in the same proton-proton collision. These lead to diffractive scattering, or
the production of particles with low transverse momenta. These processes are summarized under the
term underlying event, and are described by tunable models as well. In Figure 3.5, all calculations
related to the underlying event are drawn in purple. The underlying event is to be distinguished
from pile-up, which are additional interactions in other proton-proton collisions in the same or
neighboring bunch crossings. The effect of pile-up is generated separately and overlaid with the
hard scattering events after detector simulation [66].

As the parton shower is designed to model soft collinear radiation, it does not provide a good de-
scription of the harder tails of jet momentum distributions, as well as of multi-jet processes. This
problem can be solved by introducing an adequate merging of the hard emissions calculated at
matrix element level, and the parton shower. The transition between both schemes happens at the
merging scale Ayrg. For physics predictions, like e. g. total cross sections, to be reasonably indepen-
dent of the specific choice of Ayg, matrix element divergences for soft collinear emissions have to
be absorbed. This is achieved by re-weighting the matrix element with Sudakov form factors [67].
Different implementations of this method exist. The CKKW-L [68, 69] merging is implemented,

Lwith respect to the already calculated matrix element
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Figure 3.5: Schematic view of a ttH event as produced by an event generator. After the
calculation of the matrix element (red), initial and final state parton showers model QcCD
bremsstrahlung (blue). Hadrons are build during hadronization (light green) and their decays
are simulated (dark green). Initial- and final-state photon radiation is shown in yellow. Additional
parton interactions in the non-perturbative regime are described by hadronization models, as well
(purple). Figure taken from Ref. [65].

amongst others, in SHERPA [65]. Other generators, like MADGRAPHS5 AMC@NLO [70] use MLM
merging [71].

Additionally to ME merging, it is possible to include calculations of additional hard emissions at
higher orders in the matrix element. Subsequently, parton showering is applied to all generated
partons. As the parton shower also includes higher order emissions, all emissions already explicitly
contained in the ME have to be subtracted to avoid double counting. This procedure is called
matching [72].

Several programs exist to generate proton-proton collision events. In this thesis, samples gen-
erated with SHERPA, MADGRAPH5 AMC@QNLO (MG_AMC), and POWHEGBOX [72-75] are
used. PyTHIA 8 [76] and HERWIG 7 [77, 78] programs are used for parton showering of MAD-
GrAPHS5 _ AMCQNLO and POWHEGBOX samples.

Simulated events where the parton shower and hadronization steps are applied are said to be on
particle level. To also include detector effects, these events are are run through the ATLAS detector
simulation [79]. The simulation is based on the GEANT4 simulation toolkit [80], and calculates
the expected detector response for each particle. Additionally, detector feed-back due to pile-up
and noise is added to each event. This results in events on reconstruction level. Particle and
reconstruction level are sometimes referred to as truth and detector level, respectively.

The data structure of simulated events is identical to the structure of measured events, such that
the same offline reconstruction chain can be applied to both groups of data. A HLT trigger de-
cision is calculated for generated events after detector simulation. However, it is not possible to
exactly recreate the detector response. Therefore, efficiency correction factors have to be applied to
simulated data in order to account for different reconstruction and identification results on measure-
ments and simulation. Furthermore, some effects like the mis-reconstruction of electronic charges
or mis-identification of leptons, which heavily rely on detector information are not modeled with
high accuracy. Thus, in many analyses, backgrounds arising from those effects are estimated using
data-driven techniques.
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As discussed in Section 2.1.2, the scattering amplitude of longitudinally polarized vector bosons
is unitarized by the introduction of additional vertices. Measuring the scattering cross section is
therefore a powerful way to probe electroweak symmetry breaking and the Standard Model Higgs
mechanism.

A set of possible Feynman diagrams for vector boson scattering is shown in Figure 4.1 (a) to (c).
The scattering can happen either directly via a quartic vertex (a) or via t/u- and s-channel dia-
grams (b, ¢). However, s-channel diagrams with electrically neutral resonances (c) are only possible
for opposite-charge final states. Additionally to these resonant VBS diagrams, other resonant and
non-resonant diagrams are possible within the same final state. Examples are shown in Figure 4.1
(d) and (e), respectively. All diagrams depicted in Figure 4.1, are of the order a8, in the electroweak
coupling .y, at leading order. Diagrams of this type are called electroweak (Ew) production in the
following. The two final state jets are part of a characteristic VBS detector signature. They usually
have a high invariant mass, and are scattered into the forward regions of the ATLAS detector, i. e.
have a large angular separation.

In addition to purely electroweak diagrams, the same final state can be generated by diagrams
including QCD vertices, referred to as QCD production hereafter. At leading order, these diagrams
are of the order of a2 2. Examples for this group of diagrams are shown in Figure 4.2. Processes
of this kind contribute the irreducible background in VBS analyses, as they have the same detector
signature as the signal process and can only be partially separated by kinematical requirements.
As diagrams of O(a8,) and O(a?,a?) have the same initial and final state, an interference of the

order O(al, as) occurs, and is further discussed in Section 4.3.

In Table 4.1, electroweak production cross sections, ogpw, are listed for ZZ, W+Z, W*W= and
WEWT VBS channels. In order to estimate the sensitivity to vector boson scattering, the ratio
of the electroweak to QCD-induced production cross section, opw/oqQcp, is calculated as well [81].
Same-sign W¥-boson scattering is the most promising channel for observing VBS, as it has the
highest ogpw/oqcp ratio. At leading order, it is not possible to generate a final state with two
same-sign leptons when there is one or more gluons in the initial state. These contributions only
enter at O(ad,ad). An example diagram is shown in Figure 4.2 (c). The missing gluon contributions

ew s
at leading order are reflected in the very high ogw/oqcp ratio.

The cross sections for ZZ and W*Z scattering are small in comparison to W*W=* production,
due to the involved Z-bosons. These channels become important with increasing recorded lumi-
nosity. ZZ and W*Z channels tend be have a better overall signal to background ratio, as it is
possible to veto other processes with much higher cross sections. Thus, background processes like
Z production or di-leptonic ¢t decays can be rejected, due to the high number of leptons and well
reconstructable final states. In the past, semi-leptonic W*Z/WW and fully leptonic W*Z VBs
have been investigated [42, 82, 83] by the ATLAS collaboration. In the 13 TeV W*Z VBs analysis
by the ATLAS collaboration, the electroweak W=*Zjj production was observed with a significance
of 5.3 o [83]. CMS measured the electroweak ZZjj production with an observed significance of 2.7
o at 13 TeV center-of-mass energy [84].

Even though it has the highest production cross section, opposite-sign WTWT scattering is the
most challenging channel, as its detector signature is very similar to leptonic Z-boson and tt de-
cays. However, it is the only channel where a neutral resonance can appear in the s-channel diagram
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Figure 4.1: Diagrams contributing to vector boson scattering at the order of aS,. Incoming
quarks (g;, /) radiate bosons V', which can be any of (Z,+*, H,W¥). The bosons scatter either
directly (a) or via t/u- (b) or s-channel (c¢) diagrams. Various non-VBs diagrams, like (d) and (e),
also exist. The final states are defined to only include vector bosons, or their decay products.
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Figure 4.2: Diagrams contribution to vector boson scattering at the order of a a2 (a, b) and
a? (c). At leading order, i. e. O(ai, a?2), no gluons appear in the initial state for a same-sign final
state.
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and has been used in resonance searches as presented in Reference [85]. Moreover, analyses of ex-
clusive pp — ppyy — ppWTWT VBS have been published by Cms and ATLAS [86, 87], reporting
an observed significance of 3.4 ¢ and 3.0 o, respectively. Nevertheless, studies have shown, that
much more data and evolved analysis strategies are needed to measure electroweak W*WTjj pro-
duction [88].

Process Final State opw|b] oEW/0QCD
8TeV 13TeV 8TeV 13TeV
Z7Z ;i 0.027 0.098 1.13  0.98
Wtz 'vjj 0.571  2.34 0.51  0.53
WEWw+ Wov'jj 1.13 3.97 1027 11.47
WEWT,Z2Z  1'v/jj 3.64 123 0.66  0.56

Table 4.1: Overview of electroweak production cross sections for different VBS final states at
center-of-mass energies of 8 TeV and 13 TeV generated with SHERPA. Additionally, the cross section
ratio of electroweak to QCD-induced production is given. Cross sections are calculated on parton
level, in a fiducial volume defined by selecting charged leptons with p; > 25GeV, and |n| < 2.5.
All charged lepton pairs are required to have an invariant mass larger than myg, > 20 GeV, with
angular angular separations larger than AR;; > 0.3. Jets are reconstructed using the anti-kr
algorithm with a radius parameter of AR = 0.4. They need to satisfy pp > 30 GeV, |n| < 4.5 and
need to be separated from charged leptons by at least AR;; > 0.3. A VBs-like topology is ensured
by requiring m;; > 500 GeV, and |AY};| > 2.4. Based on Ref. [81].

4.1 Previous Studies on W*W* Scattering

Several analyses investigating electroweak W W ¥ scattering have been performed in the past. The
analysis presented in this thesis is based to a large extent on the 8 TeV analysis [89] by the ATLAS
collaboration, which was also used to provide a cross-check for the implementation of the statistical
analysis (see Section 9.1.1). It is summarized in the following. Furthermore, the CmMs collaboration
published analysis results for center-of-mass energies of 8 TeV [90] and 13 TeV [91]. Results of the
latter are shortly summarized below.

4.1.1 Summary of 8 TeV ATLAS Analysis

The 8 TeV ATLAS analysis [89] is conducted in three charge-inclusive lepton flavor channels, ee,
uit, and ep/pe. Different signal regions are defined for measuring the inclusive electroweak and
Qcp-induced WEWH cross section, and the purely electroweak production, as well as setting limits
on anomalous couplings. All background contributions except for events containing mis-identified
leptons (non-prompt) and electrons with mis-reconstructed charge (charge mis-ID) are taken from
simulation. In general, the methodology for estimating the non-prompt and charge mis-ID back-
ground in a data-driven way is similar to the current procedures described in Section 6.2.

The inclusive signal region is defined by selecting events with exactly two same-charge leptons
with tight lepton identification criteria. A looser lepton definition is used for rejecting additional
leptons. The invariant lepton mass myy is required to be greater than 20 GeV. To reduce background
from charge mis-ID, events with my, close to the Z-resonance are rejected in the ee channel, using
|mz — mg| > 10GeV. A minimum missing transverse energy of ENSS > 40GeV is required.
Furthermore, only events with at least two tagging jets with an invariant mass m;; > 500 GeV are
accepted. Events containing b-jets are vetoed to reduce contributions from ¢t decays.

An additional selection criterion on the rapidity gap between the tagging jets |AYj;| > 2.4 is used
to define the VBS signal region. To set limits on aQGC, the transverse mass of the W*W*-system,
mww,T, is required to be at least 400 GeV.
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The signal prediction is generated at leading order using the SHERPA event generator [65]. The
cross section is scaled to next-to-leading order in QCD based POWHEGBOX predictions [72-75] with
PyTHIA 8 [76] parton showering. Theory uncertainties on the signal prediction are evaluated using
scale and parton distribution function variations, as well as a generator comparison to VFBNLO [92—
94]. The interference between electroweak and QD diagrams is found to be 6.5 % in the VBS region
and included in the signal definition.

As they are needed for the cross-check of the statistical framework presented in Section 9.1.1, event
yields and systematic uncertainties in the VBS signal region are summarized in Tables 4.2 and 4.3.
Relative systematic uncertainties are given for each source with respect to the total background and
signal estimate, respectively. In particular, the relative theoretical uncertainties on the ttV, ZZjj
Ew and QcD and W+ backgrounds are estimated to be 30 %, 19 %, and 17 %, respectively.

Using the event yields in the VBs signal region, a one-bin profile likelihood fit is used to calculate
the statistical significance of W W*jj-Ew production and measure the fiducial cross section. An
expected and observed significance of 2.3 ¢ and 3.6 ¢ is derived, respectively, thereby finding the
first evidence for VBS across all lepton flavor channels.

The measured fiducial W*W*;j-Ew cross section of ofid = = (1.5+ 0.5 (stat) £ 0.2 (syst)) fb, is
found to be in agreement with the value predicted by the Standard Model®, crg?eo = (0.95 4 0.06) fb.
The slight deviation between expectation and observation is due to an excess in data with respect

to the total prediction.

This effect can also be seen in the expected and observed limits on anomalous quartic couplings.
K-matrix unitarization [95] is applied, before calculating the limits. These are set by fitting the
number of events in the aQGC signal region, and found to be

ay € [0.06,0.07), and a5 € [—0.10,0.11],
ay €[~0.14,0.15), and a5 € [-0.22,0.22].

expected:
observed:

4.1.2 Summary of 13 TeV CMS Analysis

In this analysis [91], events in the signal region are split into six lepton charge and flavor channels,
etet, etpt/utet, ptut and charge conjugates. The event selection is very similar to the ATLAS
selection described in the previous section. An additional requirement on the Zeppenfeld variable
z; [96] of the leptons is made. For each lepton ¢;, z;, is defined using its pseudo rapidity 7., and
the pseudo rapidities of the tagging jets n;(; o) as [96]7

. ‘W,i _mj1 ; 152

Z . =

b | Anjj]

ee ep/ pe L Total

WEW+jj-Ew 2.34+0.23 6.3 +0.6 3.774+0.35 124 +1.1
WEW+jj-Qcp 0.26+0.06  0.67+0.14  0.434+0.09 1.36 £0.27
Prompt 2.2 +£05 42 +£1.0 1.9 +£0.5 8.2 +1.9
Charge Mis-ID  1.39+0.27  0.64+0.24 + 2.0 £0.5
Wo 0.7 £0.4 1.3 +£0.7 + 2.0 £1.0
Non-Prompt 050+£0.26 1.5 +0.6  0.34+0.19 2.3 +0.7
Total predicted 7.4 +£1.0 145 +£19 6.4 +0.7 28.3 +3.4
Data 6 18 10 34

Table 4.2: Event yields in the VBS signal region. Taken from Ref. [89].

IThe predicted cross section is determined using the generator configuration as discussed above.
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Uncertainty Source Background [%] Signal [%]

ee  ep/pe  pp ee  ep/pe  pp
WEW*jj-Ew 6 6 6
WZ-Ew 5 5 8
W Z-Qcp 09 15 26
Simulation Precision 9 6 8 5 2.7 4
Luminosity 1.7 2.1 2.4 2.8 2.8 2.8
Trigger efficiency 0.1 0.2 0.4 0.1 0.3 0.5
Leptons-related 1.7 1.1 1.1 1.9 1.0 0.7
Jet-related 13 20 20 5 5 )
Emiss reconstruction 2.9 3.2 14 1.1 11 11
b-tagging 0.8 0.9 0.7 0.6 0.6 0.6
non-prompt 4 7 7
charge mis-I1D 6 4
Wey 3.1 2.6
Total 18 20 21 10 9 9

Table 4.3: Summary of relative systematic uncertainties in the ee, eu/pe and pp channels in
the VBs signal region, calculated with respect to the total background and signal yields. The first
three lines refer to the theory uncertainty on the predicted cross section of the respective processes.
Numbers taken from Ref. [89].

It is sensitive to the rapidity gap between the two tagging jets, and the fact that the leptons from
W#*-decays are expected to be central. Only events are accepted where the maximum Zeppenfeld
variable, max(zzl, ZZZ), of both leptons is smaller than 0.75. In the ee channels, the invariant mass
of the electrons is required to fulfill [myz — mye| > 15 GeV.

The interference between WEW+jj-Ew and WEW=;j-QcD is treated as a systematic uncertainty
and estimated to be 4.5 %. A W*Z control region is defined to measure the normalization of this
background.

The statistical significance is evaluated in a simultaneous profile likelihood fit of the my, and m;;
distributions in the signal region, and the m;; distribution in the W*Z control region. An expected
and observed significance of 5.5 ¢ and 5.7 ¢ is reached. Therefore, this analysis states the first
observation of W*W=jj-Ew production.

The cross section calculation for W+W=jj-Ew production is based on a leading order fiducial
cross section generated using the MADGRAPHS5__ AMC@NLO [70] generator with PYTHIA 8 parton
showering. The predicted cross section is a{iﬁleo = (4.25 £ 0.27) fb. Theory uncertainties include
contributions from parton distribution and scale variations. The measurement results in a fiducial
cross section of ofid = (3.83 4 0.66 (stat) =+ 0.35 (syst)) fb.

meas

Limits on anomalous couplings are set using the profile likelihood fit of the ununitarized my, distri-
butions in the signal and W*Z control regions. Dimension-eight operators are used to parametrize
anomalous couplings. The parameters relevant for the quartic vertex are limited to

expected:  fgo/A* € [~7.0,7.2], and fg1/A* € [-19.9,20.2],
observed: fso/A* € [-7.7,7.7], and fs1/A* € [-21.6,21.8].

Even after converting these limits into a4, as given in Eq. (2.9) and (2.10), the results are not
directly comparable to ATLAS limits, as different unitarization schemes are applied in both analyses.
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4.2 Theory Predictions

In this thesis, the W*W=jj-Ew production cross section is measured in a fiducial region defined in
Table 4.4. Exactly two same-sign leptons are required, where lepton refers to electrons or muons not
originating in 7-lepton decays. These are dressed with photons lying inside a cone of AR;,, < 0.1
along the lepton axis, i. e. the momentum of these photons is added to the lepton momentum.
In order to stay as close to the signal region definition (see Table 7.2) as possible, both leptons
are required to have a transverse momentum larger than 27 GeV, lie inside |n| = 2.5 and have an
invariant mass exceeding 20 GeV. Jets are reconstructed using anti-kr clustering with a radius
parameter of AR = 0.4. Only events containing at least two particle jets within |n| = 4.5 are
accepted. The leading and subleading jet transverse momenta must be greater than 65 GeV and
35 GeV, respectively. A rapidity gap between these tagging jets of at least 2.0, as well as an invariant
mass larger than 500 GeV are required. Furthermore, the selection is restricted to events with high
missing transverse momentum by enforcing the sum of the two leading neutrino momenta, > p4,
to surpass 30 GeV. For a motivation of these requirements see Section 7.1. In order to reproduce
the object isolation requirements given in Table 5.1 as well as the overlap removal (OLR) described
in Section 5.5, all leptons and jets must be separated by at least AR = 0.3.

Object Criterion Value
Electrons/  Niep =2
Muons D1 > 27 GeV

I <25

same-charge

Myy > 20 GeV
Neutrinos > pf. > 30 GeV
Jets Njet > 2

i > 65 (35) GeV

7] < 4.5

|AY; > 2.0

mjj > 500 GeV
OLR ARl,l > 0.3

ARy ; > 0.3

Table 4.4: Summary of selection requirements defining the fiducial phase space used for measuring
the WEWjj-Ew cross section [97].

The SHERPA program configured with the NNPDF3.0NNLO set of proton parton distribution func-
tions (PDF) [98] is used to generate the nominal signal sample. Detailed comparisons of the pre-
dictions of MADGRAPHS5_AMCQ@QNLO (MG_AMC) and POWHEGBOX generators with PYTHIA 8
(PY8) [76] parton shower are presented in Reference [99], which is extending the work presented in
Reference [100]. A generally good agreement between MG__AMC+PY8 and POWHEGBOX+PY8
is found. The differences of both generators compared to SHERPA can become large. There is
a known problem [101] in the way color flow between incoming and outgoing partons is treated
within SHERPA. This problem is known to cause a lower total cross section and a slightly steeper
m;; spectrum.

SHERPA is used to generate the nominal signal sample, as it models up to three jets in the matrix
element, while the MG__ AMC+PYS8 includes simply LO predictions. Additionally, an inaccurate
modeling of the third jet in MG__AMC in combination with the PyTHIA 8 shower is reported in
Reference [99]. Furthermore, tri-boson contributions are not included in the POWHEGBOX+PY8
sample. An exemplary Feynmen diagram for resonant tri-boson production is shown in Figure 6.4
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(a). It is shown that these contributions have a comparably small impact at leading order in the
fiducial region [100]. However, a larger impact up to 20 % is observed at NLO QCD. Furthermore,
the POWHEGBOX+PY8 sample is generated with a fixed scale set to the mass of the W*-boson.
The impact of this scale choice is studied [97]. It can be seen that a fixed scale at my can lead
to an overestimation of the hard tail in the mj; distribution. Therefore, SHERPA rather than
POWHEGBOX is used as the nominal event generator.

The simulated events are generated in the total phase space, and the definition of which is listed in

Table 4.5. The predicted cross section Ug‘feo in the fiducial region is calculated from the total cross

tot

section oy, as
O = Otheo + A, with (4.1)
Nsq
A = . 4.2
Ntot ( )

Here, the fiducial acceptance A is calculated as the ratio of the number of events in the total and
fiducial phase spaces, denoted as Niot and Ngq, respectively. The total and fiducial cross sections,
as wells as acceptance factors are reported in Reference [97]. The total cross section generated by
SHERPA is (40.81 4 0.05) fb. An acceptance of (4.93 4 0.02) - 10~2 is calculated, yielding a fiducial
cross section of (2.01 £ 0.02) fb. All given uncertainties are purely statistical.

4.2.1 Signal Theory Uncertainties

The procedure to derive theory uncertainties is detailed in Reference [97], and summarized in
Section 8.2. Uncertainties related to the choice of the strong coupling ag, the values of the renor-
malization and factorization scales pr and up, the set of parton distribution functions (PDF), as
well as the parton showering are calculated. These sources of uncertainties are treated as separate, a
priori uncorrelated nuisance parameters in the statistical analysis. All uncertainties are evaluated in
bins of m;, as this distribution is used in the profile likelihood fit. The total theoretical uncertainty
on the fiducial cross section is calculated as the squared sum of the individual components.

The ag, scale and PDF uncertainties are available on reconstruction level, while parton shower
uncertainties on the signal prediction are calculated on particle level. Therefore, the varied my;
distribution derived by varying the parton shower scheme is folded to reconstruction level using the
method described in Section 4.5.

The treatment of signal theory uncertainties in the statistical analysis and cross section measurement
is non-trivial, and it is worth to consider the impact theory uncertainties have on the predicted

number of signal events on particle and reconstruction level. These are denoted as ./\/fsfiig,l and Nssig,

respectively. On particle level, N9 can be calculated from the luminosity £, and the total predicted

sig
3 tot
cross section oy, as

'/\/'sf-llfgi =L O—Eﬁgo ’ Aa (43)

Object Criterion Value
Electrons Mee > 0.1 GeV
Electrons
Muons, Taus Pr > 5 Gev
Jets Niet =2

D >15GeV

Er >0

Table 4.5: Definition of the total phase space used in the generation of simulated events. Jets are
reconstructed using the anti-kp algorithm with a radius parameters of AR < 0.4.
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where A is the acceptance as defined in Equation (4.2). Similarly, when regarding a differential
distribution on particle level, the number of events ./\/'Sf?gZ in bin ¢ can be calculated using the
acceptance A; in the respective bin. The number of events in a reconstruction-level bin j can than

be calculated from the differential distribution on particle level as

Nssi?,j - chi /\/sfllgz (4.4)
i

Here, Cj; is the total efficiency correction factor introduced during the folding, described in Sec-

tion 4.5. Equation (4.4) is a simplified version of Equation (4.11).

Each variation of theory uncertainties, represented by nuisance parameters @0, results in a vari-
ation of the total acceptance A(Oipeo), but also the differential acceptance A;(Oineo), as well as the
efficiency correction Cj;(Btheo). As Cji(Oiheo) is purely related to the reconstruction level event yield,
these effects cannot be assigned to particle level qualities like the predicted fiducial cross section.
However, the effect of theory uncertainties on the acceptance has to be splitted and appropriately
assigned to particle and reconstruction level.

Variations of A result in varied predicted fiducial cross section, while variations of 4; can cause
shape differences in the differential cross section. In order to separate the normalization effects from
the shape effects, A;(@¢neo) is normalized with A(O¢peo). Thus, Equation (4.3) is used to substitute
./\/;,fiigi in Equation (4.4), and a neutral factor of 1 = % [97] is introduced. The predicted number of
signal events in reconstruction-level bin j can then be written as

Ai
Nssigjj(etheO) = A-L- chi(atheO) ) O-Eﬁfeo ’ j(atheO)- (4~5)

Hence, only the shape effect of % and the full effect of C;; are considered on reconstruction level;
while the total effect of the normalization is assigned to the fiducial cross section [97]

O-El?eo(atheo) = U‘Eﬁgo ) A(Otheo)'
The final uncertainties included in the statistical analysis range between 1 % and 10 %, where the

largest variations are due to the parton shower uncertainty. A detailed overview of the effects of
signal theory nuisance parameters is given in Section 8.2.

4.3 Interference between EW and QCD Diagrams

As O(a8,) and O(at, a?) diagrams have the same initial and final state, there is an interference
between both types, which is of order O(a2,as). The contributions of the respective diagrams
to the total cross section are evaluated in Reference [100]. The corresponding mj; and |AYj;|
distributions are shown in Figure 4.3. The peak in the Ew m,; distribution at around 80 GeV is

caused by tri-boson diagrams where the tagging jets are actually W*-boson decay products.

It can be seen, that the interference has a comparably small effect, especially in the VBs-like region
with |AY};| > 2 and m;; > 500 GeV. It is therefore not included as a separate contribution into the
statistical analysis, but treated as systematic uncertainty on the signal m;; distribution.

The procedure applied to determine the shape of this systematic uncertainty is described in detail
in Reference [102]. The interference, as well as Ew and QCD contributions are generated separately
using the MG__ AMC+PY8 generator in the fiducial phase space defined for this analysis. The
definition of the fiducial volume is listed in Table 4.4. Relative contributions to the total cross section
are comparable to the fractions reported in Reference [100]. The relative interference contribution
amounts to approximately 6 %.
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Figure 4.3: m;; (a) and |AYj;| (b) distributions for Ew (red, dotted), QCD (orange, dashed) and
interference (black, solid) contributions to the process pp — utretvjj. Additionally, the sum of
all contributions (blue) is shown. Figures taken from Ref. [100].

The interference and Ew mj; distributions generated with MG__AMC+PY8 are folded to recon-
struction level as discussed in Section 4.5. In order to mitigate possible shape differences in the
predictions from MG__AMC+PY8 and SHERPA, which is used for the modeling of the nominal
signal in this analysis, the relative difference between the interference and the MG_AMC+PY8
WEW=jj-Ew prediction is calculated in bins of mjj. This relative uncertainty is then applied
to the SHERPA signal m;; distribution. However, as no uncertainty on the overall effect of the
interference is available, the varied m;; distributions of the SHERPA signal sample are normalized
to the fiducial cross section on particle level. The final variations therefore include shape as well as
residual normalization effects. As the interference is expected to be independent on lepton flavor
or charge, the same uncertainty is applied in all lepton channels. The impact of the variation on
the profile likelihood fit is further discussed in Section 8.2.

4.4 Next-to-leading Order EW Corrections

Full next-to-leading order corrections of the orders O(aS,as), O(ad,a?), and O(ad,al), as well
as O(al,) to the WEW*;j-Ew process are calculated in Reference [103]. It has been shown that
the O(al,) corrections are dominating. Therefore, only these will be taken into account in this

analysis.

To estimate the effect of the next-to-leading order corrections on the signal distribution in this
analysis, the authors of Reference [103] provided O(a[,) corrections at particle level in a phase
space which is, except for a lower jet momentum constraint of 30 GeV and the missing requirement
on the invariant mass of leading and subleading jet, identical with the fiducial region of this analysis,
as listed in Table 4.4.

The leading (LoO) and next-to-leading order (NLO) differential cross sections doEg,NLO / dmj; on
particle level are provided in 325 bins with a width of 40 GeV in a range from mj; = 0GeV up
to mj; = 13000 GeV. The binning of both distributions is adapted to the chosen binning for the
profile likelihood fit (see Section 9.1.4), and the distributions are folded to reconstruction level as
discussed in Section 4.5. The differential Lo and NLO cross sections over mj; on reconstruction
level are shown in Figure 4.4. In the lower panel, the ratio between both distributions, i. e. the NLO
Ew corrections are shown. Rather than applying the relative corrections as a bin-wise k-factor,
they are included as systematic uncertainties on the signal distribution. This more conservative
approach is chosen as EwW corrections are not yet available in Monte Carlo event generators, and
the systematic uncertainties on the corrections are unknown.

The procedure to include Ew corrections as systematics in the fit is similar to the treatment of
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the interference discussed above. The relative corrections to the leading order distribution are
calculated, and applied to the SHERPA signal sample on particle level. The variation is normalized
to the nominal fiducial cross section and symmetrized; such that the full shape effect is considered
as uncertainty in the fit. The distributions are then folded to reconstruction level, which introduces
a small normalization effect. The final systematic uncertainty applied to the signal sample is further
discussed in Section 8.2.

The normalization effect of the EwW corrections, i. e. the NLO k-factor is calculated as

olid
ko= Sk = 0.842. (4.6)
Lo

NLO Ew corrections include, amongst other corrections, the real emissions of a photon. In addition,
the SHERPA parton shower includes resummed QED radiation of final state particles. Therefore a
double counting of the first photon emission from the parton shower and the NLO Ew correction
coming from real photon emission is introduced. The effect of this has been studied in Reference [97]
by generating a W*W*jj-Ew sample with the same settings as the nominal signal sample, but
excluding final state QED radiation in the parton shower. The difference between the nominal and
the modified sample was found to be within the statistical uncertainties, and the double counting
is therefore neglected.
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Figure 4.4: Comparison NLO (red) and Lo (blue) differential cross sections for W*W=*jj-Ew
production, folded to reconstruction level. Statistical uncertainties are also shown. The lower
panel contains the electroweak corrections to the leading-order cross section.
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4.5 Folding From Particle to Reconstruction Level

As discussed above, some theory uncertainties are only available on particle level, i. e. do not
include detector effects. This is applicable to W*W = jj-Ew next-to-leading order Ew corrections,
the uncertainty converting the interference between Ew and Qcp WEW* diagrams as well as
W*W*jj-Ew and QcD parton shower systematics. In these cases, a folding procedure is used to
add detector effects to the m;; distribution. In the following, the procedure will be summarized. A
schematic view of the folding procedure is shown in Figure 4.5. A detailed description is given in
Reference [97].

Starting from the set T' of all events in the fiducial region, the number of events in bin ¢ of the
mj; distribution on particle level is denoted as Nt ;. In analogy, the set R of events in the signal
region on reconstruction level is characterized by the number of events Ng ; in bin j. Ng; can be
estimated from Bayes’ theorem

- _ i P(BIT) - Nr
! > P(T3|Ry)

Ngr (4.7)
Here P(R;|T;) is the probability for an event to migrate from particle level bin ¢ to reconstruction
level bin j, given it is present in both sets T" and R. P(R;|T;) is normalized such that

ZP(RJ‘Tz) =1, (4.8)
J

holds for all bins i. This means, that acceptance effects are not included in P(R;|T;). In order to
account for events that pass the fiducial selection, but fail the signal selection on reconstruction
level, an efficiency correction is introduced, and used to correct Nr;,

> N(R;NT;)

Ceffi -
’ Nr;

. (4.9)

The denominator Y_; P(T;|R;) in Eq. (4.7) corresponds to the conditional probability for an event
that is in R to be found in any particle level bin ¢. This encodes the correction necessary to account
for different phase space definitions on particle and reconstruction level, called fiducial correction
Ctid g,
S N(T,NR;
Cray = Y PRy = =IO (4.10)

) R7]

1
Inserting the efficiency and fiducial corrections into the Bayes’ theorem Eq. (4.7), the prescription
for calculating the number of events in reconstruction level bin j becomes

1
Cha,j

Ng; = > P(Rj|T3) - Cetti - Nri (4.11)

The probability P(R;|T;) is calculated using particle level and reconstruction level information from
the nominal signal sample. A two-dimensional distribution of particle versus reconstruction level
invariant tagging jet mass m;; is generated, and normalized such that Eq. (4.8) holds. The resulting
response matrix is shown in Figure 4.6(a). Additionally, the efficiency and fiducial corrections are
shown in Figure 4.6(b) with their respective statistical uncertainties.
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Figure 4.5: Representation of the folding procedure. The set of events in the fiducial region T is
corrected by the fiducial correction Cgq. Additionally, events on reconstruction level are corrected
using the efficiency correction Ceg. These corrections are necessary due to different selection
efficiencies in the fiducial and signal regions. Figure adapted from Ref. [104].
< 3000 T g [T
3 Vs =13 TeV 5 1 Vs=13TeV ---Fiducial Correction —
= P(RIT) o H — Efficiency Correction 4
g 2500 i S + % Stat. Uncert. g
¢ 0.8 e
3 2000 L ! 1
o L o ]
S Lo ]
= 0.6 —
& 1500 Fo :
1000 ]
TSR SN R ol Lo b b e Ly
500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 3000
Reconstruction Level my [GeV] m; [GeV]
(a) P(R;|T%) (b) Correction Factors

Figure 4.6: Response matrix P(R;|T;) (a) as well as efficiency (solid, red) and fiducial correction
(dashed, blue) used in the folding procedure. Figure adapted from Ref. [97].
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The selection criteria applied on reconstructed objects, such as electrons, muons and jets, are a
crucial part of the analysis, as these have a major impact on the final sensitivity. The following
chapter summarizes the object selection, More detail can be taken from Reference [105].

ATLAS combined performance (CP) groups provide reconstruction and identification tools for final
state particles in proton-proton collisions. These were used in this analysis to select the vertices,
electrons, muons, missing transverse energy, jets. Furthermore it is necessary to identify jets origi-
nating in b-quarks, called b-jets. A summary of the selection requirements applied to these is given
in Table 5.1, which is based on Reference [105].

Electrons Baseline Analysis Level Anti-ID
iyl < 2.47 ee channel: < 1.37
other channels: < 2.47 and |n| ¢ [1.37,1.52]

D1 > 6 GeV > 27 GeV > 20 GeV
1)) Loose+BLayer Tight Medium and !Tight*
Isolation - Gradient IGradient®
Author - =1 -
|20 sind| < 0.5mm v v
‘dO/Ud()’ <5 v v
Muons
1] <27 <25
D1 > 6 GeV > 27 GeV > 15 GeV
Quality Loose Medium Medium
Isolation - Gradient IGradient®
|20 sind)| < 0.5mm v v
‘do/a’dO’ <10 <3 >3*
Jets
Py > 25 GeV, [n] <24 pI'® > 65(35) GeV -

> 30 GeV, |n| < 4.5
I <45 v -
b-tag eff. - 85 % _
JVT - if ph. € (25 GeV,60 GeV) -

Table 5.1: Summary of object selection criteria at various points in the analysis. Requirements
marked with * are connected by a logical OR; in order for an object to pass the anti-ID selection
level, only one of these requirements has to be passed. Baseline-level objects are used for overlap
removal. The final analysis is done with analysis-level objects. Anti-ID-level objects are used to
estimate the non-prompt background contribution. Information taken from Reference [105].
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5.1 Vertex Requirements and Pile-Up Reweighting

As mentioned in Section 3.1 the average number of interactions per bunch crossing was 13.7 and
24.9 during data taking in 2015 and 2016, respectively [58]. It is therefore necessary to define which
of the interaction vertices in an event is considered the primary vertex. The reconstruction of all
other objects in an event is then performed with respect to that vertex. The primary vertex is
chosen as the vertex having the highest squared sum of transverse momentum of associated tracks,
where at least two tracks are required [106].

Objects from other vertices affect the measurement of objects associated to the primary vertex.
Remnants of other vertices are called pile-up. The amount of pile-up in an event is measured using
the number of interactions per bunch crossing, denoted as p. In observed data, p is calculated using
the instantaneous luminosity per bunch Lyuneh, the proton-proton inelastic scattering cross section
Oinel, and the LHC revolution frequency f, [58]

u o= Lunch Oinel ‘ (5'1)
fr

Monte-Carlo simulation also includes these pile-up contributions, and integer values of u are as-

sumed. The assumed or measured value of u does not necessarily agree with the average number of

reconstructed vertices per event (Nyiy). It is observed that the slope of the (Nyix) vs. p distribution

differs between observed and simulated data.

A pile-up profile is calculated as the binned, differential distribution of the integrated luminosity
L and sum of all generator weights IV over pu, for observed and simulated data, respectively. The
observed pile-up profile during 2015 and 2016 data taking is shown in Figure 5.1. As can be seen,
and is expected, the pile-up profile varies with different beam and detector conditions. Therefore,
simulated events are also separated in groups with similar conditions, called MC run-numbers.
Nevertheless, the simulated pile-up profile does not match the observed one exactly and has to be
corrected accordingly.

A procedure called pile-up reweighting is used to correct both, the (Nyi) vs. p distribution as well
as the pile-up profile. It is described in Reference [107]. At first, the slope of the (Nyix) vs.
distribution is corrected. To achieve this, the p value in data is scaled by a factor of 1.0/1.09 [108].
The scale factor is applied to observed rather than simulated data, since p values in simulated data
are always integers, and therefore scaling by a real number is not defined.
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Figure 5.1: Measured pile-up profile for complete 2015 and 2016 dataset, taken from Ref. [58].
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The pile-up weight w,, is calculated on an event-to-event basis, depending on the corresponding s
bin ¢ and MC run-number A from
La: /Na:\"1
Wpy = — < A”) , (5.2)

L N

where L 4 ; and N4 ; refer to the integrated luminosity and summed generator weight for events with
MC run-number A in pile-up bin . As a result, the pile-up profile of simulated data is weighted to
match the observed one. Events in observed data with a pgata value not reproduced in simulated
data are called unrepresented data. These events are reassigned to the uyc bin that is represented
in simulated data and closest to the actual value of pgata in data. Thus, simulated events in that
bin will receive a higher pile-up weight.

5.2 Treatment of Leptons

Three different selection levels are defined for leptons in the analysis. Events entering the signal
region and control regions used in the statistical evaluation are selected using leptons on analysis
level, while the estimation of non-prompt background is based on anti-ID leptons. The loosest set
of requirements that are shared between the analysis-level and anti-ID selections is used to define a
baseline level. Objects on baseline level are used for overlap removal, as outlined in Section 5.5 and
for vetoing leptons, as described in Section 7.1. Additionally to the selection requirements described
below, on all levels at least one lepton has to match a triggered object, to ensure that one of the
signal leptons fired the trigger. A summary of all selection levels is given in Table 5.1.

5.2.1 Lepton Isolation

Lepton candidates are reconstructed using calorimeter, tracking, and in case of muons, spectrometer
information. Subsequently, identification algorithms are applied to select prompt leptons and the
isolation of each lepton candidate is required. The isolation of objects in the detector can be
calculated either using energy deposition in the calorimeter or tracks in the Inner Detector. In both
methods, the amount of energy found in the region surrounding the lepton is taken as a measure
for the lepton isolation; the higher the close-by energy deposits, the less likely it is for the lepton
to be well isolated.

Calorimeter isolation is based on the lepton’s topological calorimeter cluster, which consists of all
calorimeter cells with energy responses higher than a pre-defined threshold. The barycenter of the
lepton cluster is used to define the lepton axis. The energy of all clusters in a cone with a radius
of AR = 0.2 around the lepton axis is summed. The actual lepton energy has to be subtracted,
and a leakage correction (correct for lepton energy that leaked into the isolation cone) as well as
correction for pile-up energy deposition has to be applied. A more detailed description is given in
Reference [109].

A second method, called track isolation, used to measure the isolation of a lepton candidate consists
of summing up the transverse momenta of all tracks that lie in a cone around the lepton, and
subtracting the lepton transverse momentum. For muons, the transverse momentum is taken as
the momentum of the muon track. This procedure is not applicable to electrons, as these have
a higher probability to create bremsstrahlung which can in turn convert and create secondary
electrons. Therefore, the prompt electron transverse momentum is determined by dressing the
primary electron track with the transverse momenta of all tracks that can be extrapolated into a
cone of AR = 0.1 around the electron calorimeter cluster.

The cone radius that is used to collect all surrounding tracks is dependent on the lepton track
momentum:

10 GeV
AR = min | —————, ARmax | -
R min (pT[GeV]’ Rma: )
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The maximum cone radius is given as A Ryax which is taken as 0.2 for electrons and 0.3 for muons.
A more detailed description can be found in Reference [109].

A set of different isolation working points are defined. The Gradient working point which is used for
analysis-level electrons and muons in this analysis is optimized to have a high background rejection
at low p while providing a high signal efficiency for high p; tracks. The isolation efficiency eis, is
therefore dependent on the lepton p, and given as eiso = (0.1143 - p[GeV] + 92.14) % [110].

5.2.2 Track Impact Parameters

In order to reject non-prompt leptons originating in secondary vertices or leptons from pile-up events,
track impact parameters are calculated for each lepton candidate with respect to the primary vertex.

The distance of a track to the primary vertex is evaluated in the transverse and longitudinal direc-
tion. First, the track’s point of closest approach (pca) to the z-axis is determined in the transverse
(x —y) plane, spanned by the unit vectors €, and €,. The transverse impact parameter dy is defined
as the distance of the pca to the z-axis in the transverse plane, as shown in Figure 5.2(a). The
z-coordinate of the pca is called longitudinal impact parameter, zp. The projection of the track
on the z — r plane is shown in Figure 5.2(b). The vector 7 is a linear combination of €, and €,
perpendicular to the z-axis. As can be seen in Figure 5.2(b), 2o is not necessarily transverse to
the tangential track direction in pca. Therefore, requirements on the longitudinal distance to the
primary vertex are generally set on |29 sin(f)], i. e. the component transverse to the track.

5.2.3 Electron Calibration

Electrons are calibrated in order to correct for energy lost in passive material in front of the electro-
magnetic calorimeter, leakage out of the reconstructed electromagnetic cluster and energy deposited
beyond the electromagnetic calorimeter. The calibration procedure applied is explained in Refer-
ence [112]. As it is very similar to the one used in Run 1, more details can be found in Reference
[113]. A brief summary of the process is given in the following. A flowchart visualizing the process
is shown in Figure 5.3.

The procedure is applied in measured and simulated data. In simulated data (step 1), a boosted
decision tree is trained ! in order to provide an accurate estimate of the true electron or photon
energy from measured quantities, using truth information. This is done in bins of E and 7 and
separately for electrons, as well as converted and unconverted photons.

The electromagnetic calorimeter is segmented longitudinally in multiple layers. The first and second
calorimeter layers are inter-calibrated (step 2). This is necessary in order to adjust the energy
response for observed data to the simulation. Using Z — pu decays, the most probable value of
the deposited particle energy (FE) ) is calculated for the first and second layer, in observed and
simulated data. This procedure is applied in bins of 7. The resulting scale factor, a5, is calculated
as

<E1/2>data

(B jo)MC '

/2 =

In the barrel, (F; /2>data is on average 3 % lower than (F; /2>MC, where as in the endcap the mean
value of a5 is approximately 1. The values of ay/, were determined in Run 1 and are reused in
Run 2.

In step 3, the calibration trained in step 1 is applied to reconstructed cluster energies from measured
and simulated data.

L Amongst others, the total shower energy, as well as the ratio of energy deposited in 1°* to 2" calorimeter layer
E1/FE5, and the pseudo rapidity of the cluster barycenter are used as input variables in the training of MC-based
calibration procedure.
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(a) Three-dimensional visualization of impact parameters

track

track

|20 sin(0)

(b) Projection onto z — r plane

Figure 5.2: Ilustration of the transverse (a) and longitudinal (b) impact parameters. The unit
vectors €y, €y, €, form the basis of the Cartesian coordinate system, as described in Section 3.2.
The point of closest approach of the track to the z-axis (beam line) is labeled pca. The track
momentum P’ in the pca is shown in green. The transverse momentum pr is the projection of p’
onto the x—y plane. The impact parameters used in the analysis, dy and |z sin(0)|, are highlighted
in orange. Figure adapted from Ref. [111].
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Figure 5.3: Illustration of calibration procedure applied to electrons, adapted from Ref. [113].
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A set of corrections is applied to data (step 4), to mitigate the effect of variations not included in
detector simulation. Thus, corrections need to be applied to account for calorimeter cells having
a high-voltage value lower than the nominal value because of short circuits. In these sectors, the
energy response differs from the nominal one. Clusters in the affected regions are corrected to
restore uniformity of the response over ¢. In the object selection, electron candidates are removed,
if their cluster includes a bad cell. Additionally, the high-voltage values in the pre-sampler had to
be lowered from the nominal value of 2000 V throughout Run 1 in order to counteract increasing
noise due to higher instantaneous luminosity. It is currently run at a high-voltage value of 1200 V.
The pre-sampler energy response has therefore to be reweighted to the nominal expectation. Fur-
thermore, energy loss between barrel calorimeter modules needs to be considered. Due to gravity,
the gaps between barrel modules have increased since the construction of the ATLAS detector. The
calorimeter response has to be corrected accordingly. At last, the response of the electromagnetic
calorimeter, although it is shown to be gain-independent in general, is observed to to vary with the
selected gain' in small 1 regions. The response in these areas is appropriately corrected.

Then, the overall energy response in measured data is calibrated to the simulated response using
Z — ee events, based on the position of the Z-peak. The deviation of the energy response in
measured data from the simulated value is quantified as

pdata — pMC (1 4 o)), (5.3)

per n bin i. Considering only first-order terms and assuming that the angle between the electrons
produced in the Z decay is known, this equation can be translated to invariant masses m;; as follows

miate = mMC (1 + ay)), (5.4)
where i and j denote the n bins of the electron pair used to calculate the invariant mass. The scale
factor cy; can be approximated by (a; + «;)/2. The true value of the invariant mass is assumed

to be mMC. The likelihood of the measured value of md2 to be in agreement with the true value

ij ij
depends on the parameters a; and «;, and is denoted as Lij(m%atﬂai,aj). Lij(mgata

i o, o) s
defined as convolution of a Breit-Wigner function and a Gaussian. The Breit—Wigner]distribution
models the shape of the resonance, while the Gaussian is used to describe the energy uncertainty due
to imperfect detector resolution. The parameters o; and «; can be determined using a maximum-
likelihood procedure (step 5). The likelihood Lj;; (m?fta’k o, ) is evaluated for each event £ and

combined into a total likelihood. The resulting set of «; is shown in Figure 5.4 (a).

The relative energy resolution, i. e. the width of the Z-peak in simulation is corrected (step 6) to
match the measured resolution using

(F) = (), = o

where the operator @ represents the quadratic summation of the respective quantities. The width
of the measured and simulated distributions o(E)*MC are determined simultaneously with the
«; j parameters in the likelihood fit. The constant smearing term ¢} is then calculated per 1 bin 4
according to Eq. (5.5). The derived set of ¢} values are shown in Figure 5.4 (b).

Systematic uncertainties include contributions from the uncertainty of the pre-sampler calibration,
uniformity corrections (step 4), mis-modeling of the IBL material distribution in simulation, event
selection of Z — ee events used for the data-driven calibration procedure as well as methodology
and closure of this procedure (step 5), and from pile-up and calorimeter temperature variations
between 2015 and 2016 data taking.

1Signal can be read as low, medium or high gain.
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Figure 5.4: Energy scale factor « (a) and constant term ¢’ used for smearing the energy resolution
in simulation (b) are presented as a function of pseudo-rapidity 7. In the top plots, the total
uncertainty is shown (blue), while in the bottom plots, the statistical uncertainties are also given
(gray). Figure taken from Ref. [112].

5.2.4 Electron Reconstruction and Selection

Electron as well as photon reconstruction is seeded in a cluster in the electromagnetic calorimeter.
The cluster is then matched to tracks in the Inner Detector, and classified as electron candidate
(Author = 1), photon candidate (Author = 4) or both (Author = 16). Only electrons which are
classified as Author = 1 are accepted at analysis level [114].

Electron candidates are calibrated as discussed in Section 5.2.3. Baseline electrons are required to
have a transverse momentum of at least 6 GeV, while the transverse momentum of anti-ID- and
analysis-level electrons is required to be at least 20 GeV and 27 GeV, respectively. The geometric
acceptance is constrained by detector layout. Reconstruction of central electrons depends on track-
ing information, therefore only object || < 2.47 are accepted!. Since baseline objects are used for
overlap removal (see Section 5.5), electrons in the transition region between the tracker barrel and
end-caps with |n| € [1.37,1.52] are included. These objects are, however, rejected at analysis and
anti-ID level. Additionally, on both levels, the geometric acceptance of the ee channel is reduced
to barrel tracks with |n| < 1.37, as the charge mis-ID rate notably increases for end-cap tracks. All
electrons have to meet impact parameter requirements of |zp sinf| < 0.5mm and |dy/og4,| < 5.

In order to select prompt electrons, an identification algorithm is applied to electron candidates. The
identification algorithm is based on a set of variables sensitive to the shape of the electromagnetic
shower, the Inner Detector track quality and the accuracy with which a track can be matched to
an electromagnetic cluster. These variables are combined in a likelihood template. Details on the
variables and the identification procedure are given in Reference [114]. Three different identification
working points, Loose, Medium and Tight are defined. The electron reconstruction and identification
efficiencies in Z — ee events are shown in Figure 5.5 for all working points. Baseline electrons are
required to pass the Loose working point and have at least one IBL hit. On analysis level, electrons
are required to satisfy the Tight selection and Gradient isolation (see Section 5.2.1). This criterion
is inverted for anti-ID electrons, which are required to pass the Medium identification but fail either
Tight identification or Gradient isolation.

!Forward electrons, which lie beyond |n| = 2.47 are not used in this analysis. Their reconstruction and calibration
is purely based on calorimeter information, which introduces comparably large systematic uncertainties. These cannot
be compensated by the gain in statistical power.
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Figure 5.5: Electron reconstruction and identification efficiencies in observed (full) and simulated
(open) Z — ee events as a function of pseudo-rapidity, for electrons with E; > 4.5GeV and
different identification working points. The total statistical and systematic uncertainty is given.
Figure taken from Ref. [115].

5.2.5 Muon Calibration

As described in the Section 5.2.6, the momentum of combined muons is measured separately in the
Inner Detector and the muon spectrometer (MS). The measured quantities are denoted as pITD and
p¥s, respectively. In the calibration procedure, the transverse momenta pITD and pl\f/ls of muons in
simulated events are corrected separately. The method is explained in Reference [116] and is shortly
summarized hereafter.

ID,MS 1D,MS ID,MS .

Scale corrections s and resolution smearing parameters Ar are applied to pp in bins of
pseudo-rapidity n and azimuth ¢. The bins are chosen in a way to create regions of similar detector
performance and equipment. For the MS, two sets of scale corrections are derived. sg/IS accounts
for the energy loss of a muon while proceeding from the primary vertex to the MS. It is assumed
that no energy is lost between the primary vertex and the Inner Detector, and s is therefore set

to zero. The inaccuracy in the modeling of the magnetic field and the detector (Inner Detector or

MS) dimensions perpendicular to it are represented in sllD’MS. The scaled transverse momentum
pssaled is then written as
psTcaled,ID _ p!FD (1 + SIlD)7 (56)
psTca1ed,Ms = NS (1 + sMS) 4 sMS, (5.7)

The scaled momentum is subsequently smeared to match the resolution in data. This is achieved
. . 1D,MS ID,MS .
using two smearing parameters, Ar; " and Ary . These are used to correct for multiple
scattering and unsimulated magnetic field inhomogeneities as well as resolution effects caused by
the spatial resolution and residual mis-alignment of the detectors. The corrected momentum is

given as
CorD pscaled,Det
or,Det T
p b f— 3 5'8
T 1 + g1 ArPet + gy ApDet plet (58)

where Det either refers to the Inner Detector or MS and g;2 are random numbers following a
standard Gaussian distribution.
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Scale and resolution parameters are determined in simulated J/¥ — pp and Z — pp events, select-
ing events with an invariant mass near the respective resonance'. A template fit of the resonance is
performed in each (7, ¢) bin. The resulting parameters sllD’MS and AT{D’MS are of the order of 1073,
The values of AriP and Ard™S range from (0.05 4 0.01 to 0.34 + 0.08) TeV—! and (0.080 4 0.006 to

0.162 4 0.007) TeV !, respectively. s} varies between (—26 + 7) MeV and (—3 + 12) MeV.

The final combined corrected momentum pgor’comb is calculated as the weighted sum of pgor’ID and

pgor’MS. The weights remain unchanged with respect to the weights used to calculated the initial,

uncorrected pﬁ?mb.

Systematic uncertainties assigned to the calibration results take into account uncertainties from the
definition of the invariant mass window for Z — uu events, the parametrization of the background in
the fit of J/W events, and variations in the fit strategy for determining the scale factors. Systematic
uncertainties for Ar%/ls are taken from separate alignment studies performed during dedicated runs.

5.2.6 Muon Reconstruction and Selection

In general, muons traverse the ATLAS detector, creating a track in the Inner Detector, depositing a
small part of their energy in the calorimeters and are finally measured precisely in the MS. Muon
reconstruction is seeded in the MS. Muon tracks are built by combining hits in different parts and
layers of the MS. Based on that track, different muon objects can be reconstructed. Details on
muon reconstruction are given in Reference [116].

Combined (CB) muons are reconstructed, by matching a MS track to an inner detector track. The
combined transverse momentum is taken as a weighted sum of the Inner Detector and MS track
momenta. In the case of extrapolated (ME) muons, the MS track is not matched to an Inner Detector
track, but extrapolated to the nominal interaction point. These muons are included in the baseline
definition, as they enlarge the geometric acceptance to |n| = 2.7, and are used in the overlap removal
procedure. The region of |n| < 0.1, the MS is only partially instrumented as cabeling and service
access is needed for the Inner Detector and calorimeters. In this region, segment-tagged (ST) and
calorimeter-tagged (CT) muons are also used. ST muons are reconstructed if the extrapolated Inner
Detector track matches at least one track segment in the MS. A muon is reconstructed as CT muon
if the extrapolated Inner Detector track can be matched to an energy deposit in the calorimeters
that is consistent with a minimum-ionizing particle. ST and CT muons are included on baseline
level, as they are useful in the overlap removal. On analysis and anti-ID level, combined muons up
to |n| = 2.5 are used. Impact parameters are required to pass |zp sinf| < 0.5 mm (all levels) and
|do/od,| < 10 (3) on baseline and analysis level, respectively.

Muons are calibrated as described in Section 5.2.5, and are required to have a transverse momentum
of at least 6 GeV and 27 GeV at baseline and analysis/anti-ID level, respectively.

Muon identification is optimized to reduce contributions from background like pion and kaon decays.
The charge and momentum measurement significance in Inner Detector and MS, the fit quality of the
combined muon track and the difference in the Inner Detector and MS momentum measurements
are used as identification variables. Further information on the identification can be found in
Reference [116]. Four muon reconstruction quality working points are provided, Loose, Medium,
Tight and High-p;. The Loose working point is identical to the Medium one for CB and ME
muons, however, CT and ST muons are included in the region of |n| < 0.1. In this analysis, Loose
muons are selected on baseline level. Analysis-level and anti-ID muons are to pass Medium quality
requirements. Reconstruction efficiencies for Loose and Medium muons are shown in Figure 5.6.
Gradient isolation is required on analysis level in order to suppress muons from heavy meson decays.
Anti-ID muons are required to either fail Gradient isolation or have a transverse impact parameter
significance of |dy/o4,| > 3.

In J/U — pp (Z — pu) events with an invariant mass from 2.65GeV to 3.6 GeV (76 GeV to 106 GeV) are
selected.
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Figure 5.6: Muon reconstruction efficiency for the Loose and Medium working points as a function
of pseudo-rapidity n. Efficiencies are measured in Z — ppu events for muons with pp > 10 GeV. In
the ratio plot, the statistical and total uncertainties are given. Figure taken from [116].

5.3 Treatment of Jets

The jet reconstruction starts with the collection of topological clusters of calorimeter cells. The
necessary signal-to-noise ratio is defined taking into account pile-up contributions as explained
below. Topological clusters exceeding a transverse momentum of 7 GeV are reconstructed as anti-
kr jets [117] with a radius parameter of R = 0.4 [118]. In the course of this section, a short
description of the treatment of pile-up, the jet energy scale and resolution correction as well as the
identification of b-jets is given. Finally, the jet selection applied in this analysis is summarized.

5.3.1 Jet Reconstruction and Pile-Up Rejection

Pile-up, i. e. energy deposits coming from vertices other than the primary vertex in the current
(in-time pile-up) or other LHC bunch crossing (out-of-time pile-up) can impact the energy and
momentum measurement of objects from the hard scattering process. As the amount of hadronic
activity is generally high, jet reconstruction is particularly susceptible to pile-up.

In order to reduce its impact on jet measurements, subtraction techniques are applied. These are
designed to reject energy deposits that cannot be associated to the primary vertex. Moreover, jets
originating in pile-up are identified and suppressed using central and forward jet verter tagging
(Jvt, fJvT) [119, 120]. Regarding pile-up subtraction and JvT, the Run 1 approaches are used by
analyses relying purely on 2015 and 2016 data. These are explained in Reference [121], summarized
in the following.

Pile-up reduction is already applied during jet clustering. When building topological clusters from
calorimeter cells, only cells surpassing a certain signal-to-noise ratio are accepted. The noise in-
troduced by pile-up is estimated from simulation and added to the electronic noise, thus reducing
the number of cells included in jet clusters but also impeding the creation of jet clusters seeded
in pile-up energy deposits. As mentioned above, anti-kt jets are reconstructed based on these jet
clusters.

Pile-up subtraction, i. e. the correction of the reconstructed pifft, is the first step in jet energy scale
(JES) correction. It therefore has high impact on the JES systematic uncertainties. The momentum
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correction is applied as .
pET = pp - O, (5.9)

where the offset correction 0¥t is calculated as the product of the the pile-up pr density p and the
jet area A'°t [122, 123]. For each event, p is estimated from the set of all kt jets [124] with index i
as ‘
et
p = median Te,ln . (5.10)
(]

After this event-by-event subtraction, a small pile-up dependence persists. In general, this applies
to cells with a high signal-to-noise ratio in the center of hard jets, where the clustering algorithm
is not susceptible to additional energy deposits from pile-up. Furthermore, jets in the forward
regions with |n| > 2.5 are less pile-up robust, as the coarser calorimeter segmentation increases the
probability to include pile-up contributions. This is partially remedied by subtracting a residual
correction (%" ({1}, Nyix,5)), which is taken from simulation and averaged over all events. Based
on Eq. (5.9), the final pile-up corrected jet momentum is then given by

P — ;Ft — px A (O (1), Nype)- (5.11)

Following the soft pile-up correction discussed above, pile-up jets can still be reconstructed as a
consequence of an actual hard pile-up process or the superposition of several soft contributions.
Two separate tools are used to identify pile-up jets in the central and forward region. In the central
region, which is covered by the Inner Detector, the identification relies on a multivariate combination
of several, pile-up sensitive tracking variables. The jet verter fraction (JVF) is calculated per jet,
using the transverse track momenta of tracks k£ belonging to the specific jet. For each jet, the scalar
sum of all track momenta Ypi* associated to the primary vertex Vp is calculated as 3" pfrrk’k(%).
Further, the scalar sum of all track momenta associated to additional (pile-up) vertices ng is given
by > 120 pfrrk’l(Vn), where n and [ are counting all reconstructed vertices and tracks, respectively.
The JVF is then defined as [119]

)y trk

Pt

JVF = ———————.
Ep%‘k 4 pE‘U

(5.12)
However, ng increases proportionally with the number of reconstructed vertices per event, which
is growing with increasing luminosity. Therefore, a correction term is introduced by normalizing
ng with a constant ¢ and the number of pile-up tracks per event Ntlzg . The corrected JVvF, denoted

as corrJVF is then written as
» trk
Pt

corrJvr = 5T (5.13)
Pt
c NEE

Tplrk +

Another variable used for JVT is the ratio of Yp{k and the fully calibrated jet momentum pjTet,

called RPT .

There is a high separation power between real and pile-up jets in the two-dimensional (RPT , COITJVF)
plane. This is exploited by calculating a two-dimensional likelihood for a jet to originate in the
primary vertex, based on a k-nearest neighbor algorithm [125]. The resulting JvT score ranges from
0 for pile-up like jets to 1 for hard-scatter-like jet!. The JVT selection efficiency is approximately
92 % for hard-scattering jets with plft > 20 GeV at the recommended working point. The efficiency
distribution as function of pjft is shown in Figure 5.7(a).

The central JVT procedure is not applicable in the forward region due to the lack of tracking
information. Instead, the fJvT exploits transverse momentum conservation, under the assumption
that the production cross section of high-py neutrinos is small compared to the multi-jet cross
section. The total transverse momentum of tracks and jets in the central region associated to vertices

LA value of —1 is assigned to central jets without any tracking information.
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Figure 5.7: (a) JvT selection efficiency of jets originating in the primary vertex, measured in
Z — pp + j events for the recommended working point [126] and (b) fJvT selection efficiency of
jets originating in the primary vertex, measured in Z + jets events. The recommended working
point of fJvT < 0.5 is used in the analysis [120].

other than the primary vertex is calculated. Consequently, the missing transverse momentum <p%“fs>

is calculated per vertex V; as

s mi 1 . o]

<PTI§ISS> = 73 k- Z thrk + ZPTJet 3 (5.14)
tracil;s jets
eV eV

where the constant k is compensating the momenta from neutral particles, which are included in the
total transverse jet, but not the track momentum. For each forward jet with transverse momentum
ﬁ;wﬂet, the fJvT; score can be calculated per vertex i, and its final fJvT score is defined as the

maximum over all vertices:

> miss\  — fw—jet
fJvr(fw-jet) = max (fJvT; (fw-jet)) = max <pTV_‘fivj:;2 . (5.15)
Pt

The selection efficiency for hard-scattering jets from the primary vertex is shown in Figure 5.7(b).
The recommended working point of fJvT < 0.5 is used in this analysis.

5.3.2 Jet Calibration

The four-momentum of uncalibrated, reconstructed jets is given at the electromagnetic scale, and
with respect to the center of the detector. At first, its direction is corrected to point to the
primary vertex, leaving the energy unchanged [118]. Then, the event-by-event and residual pile-up
correction are applied as discussed above. The complete calibration approach including systematic
uncertainties is given in Reference [118] and will be outlined below.

The absolute jet energy scale (JES) calibration is derived from simulation, following the Run 1
approach [127, 128]. It is calculated in bins of 7 and used to correct the reconstructed four-
momentum to the energy scale at particle level. This leaves the JES response R almost independent
on the jet transverse momentum and pseudo-rapidity. R is defined as

Ereco

R = Etruth’

(5.16)
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where E™ denotes the reconstructed, pile-up corrected jet energy, and E"™*! represents the jet
energy on truth level.

After the absolute calibration, the JES response is still dependent on the jet shower shape. The
shower shape is influenced by the particle and flavor content. Leakage out of the hadronic calorime-
ter can occur for high-p; jets. In this case, the shower would extend into the muon spectrometer
(MS), which is often referred to as punch-through. The global sequential calibration consists of inde-
pendent four-momentum corrections applied to a set of shower shape observables. The corrections
are derived in bins of jet p and E for observables referring to calorimeter or track properties and
the MS, respectively.

The final step in JES calibration is the in-situ calibration, applied to remove residual difference
in the JES responses of measured and simulated data. These can, amongst others, be caused by
imperfections in the simulation of pile-up, hadronization and the detector material distribution.
The in-situ calibration is derived by comparing jets to well-measured reference objects. The in-
situ energy response Rinsitu is defined in observed data and simulation as averaged ratio of jet pp
over reference object pp. Four different inter-calibration schemes are defined in order to generate
a large kinematic and geometric coverage. The corresponding in-situ responses are measured by
comparing 1. forward jets (0.8 < || < 4.5) to central jets (|n| < 0.8), and central jets to 2. Z-boson,
3. photon (both within |n| < 0.8), and 4. multi-jet systems (|n| < 0.8). For each inter-calibration
scheme j, the response is measured in observed data and simulation, and denoted as Rldf ts?tju and
R%\fg{gu, respectively. The ratio ¢; = R?: g?t’fl / Ri\r/fgﬂu is calculated per inter-calibration scheme and
statistically combined to a final value c¢. After inverting c, the calibration is applied to observed
data, and ranging between 4 % and 2 % for low- and high-p jets, respectively.

Systematic uncertainties are related to pile-up correction, flavor composition, punch-through jets,
and all inter-calibration schemes. An additional uncertainty is assigned to the effect of varying
the jet energy resolution (JER) on the calibration results. The JER is defined as the width of the
jet response distribution as given in Eq. (5.16). JER values in simulation are smeared, and all
calibration results are re-derived. The difference to the nominal result is taken as a systematic
uncertainty [129].

5.3.3 ldentification of b-Jets

The identification of b-jets, i. e. jets stemming from b-quarks is crucial for reducing the background
from tt decays and hadronically decaying W*-bosons. The algorithm used in this analysis is ex-
plained in Reference [130]. The identification relies on decay properties of hadrons containing
b-quarks. In contrast to jets from light quarks like u, d and s, heavy jets are more likely to be
collimated, with high p; and a reconstructable secondary vertex. The secondary vertex marks the
point where the b-hadron decayed into a W*-boson and lighter quarks. In case the W*-boson
decays leptonically, it may be possible to reconstruct the lepton outside of, but close to the jet.
Thus, muons produced in b-hadron decays have a large contribution to the non-prompt background
in this analysis.

Various methods have been used in the past to identify b-jets. These were based on the transverse
and longitudinal impact parameter distributions (IP2D, IP3D), trying to reconstruct the secondary
vertex (SVv) or reconstructing the heavy quark trajectory between the primary and secondary vertex
(JetFitter). An overview of these algorithms is given in Reference [130].

The current algorithm combines the output of IP2D, IP3D, Sv and JetFitter as well as the
jet pseudo-rapidity and transverse momentum using a boosted decision tree (BDT). During the
training, b-jets from tt decays are considered as signal. The background is taken as a mixture of
c- and light-flavor jets. A set of three different BDTs are provided by the Cp group, where the
c-jet fraction in the background composition is varied between 15 % and 0 %. Increasing the c-jet
fraction has a positive effect on the separation power between c- and b-jets, at the expense of a
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reduced light-flavor jet rejection. The recommended BDT has a c¢- to light-flavor jet ratio of 7 : 93,
which yields the best balance of high light-flavor and c-quark rejection.

In Figure 5.8, the rejection rate for light-flavor and c-jets over the b-jet identification efficiency is
shown. In this analysis, b-jets are identified with an efficiency of 85 %, corresponding to a rejection
factor! of 33 and 3.1 for light-flavor and c-jets, respectively. In the analysis selection, events are
vetoed if they contain an identified b-jet. Several b-tagging working points have been tested, and
the relatively loose working point of 85 % is chosen to ensure a precise estimate of the non-prompt
background [131].

5.3.4 Jet Selection

The allowed geometrical region for jets covers the whole detector volume up to |n| = 4.5. Central
jets inside |n| = 2.4 are accepted down to a transverse momentum of pp = 25 GeV. To reduce pile-
up jets, the lower p requirement is raised to 30 GeV for forward jets above |n| = 2.4. Jets passing
these selection criteria are defined as baseline jets, used for overlap removal. On analysis-level, a
minimum transverse momentum of 65 GeV and 35 GeV is required for the leading and subleading jet,
respectively. Furthermore, the JvT and fJVT selection is applied to jets with transverse momentum
between 25 GeV and 60 GeV as explained in Section 5.3.1.
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Figure 5.8: Rejection versus b-jet identification efficiency for light-flavor (a) and c-jets (b) as a
comparison between different BDT training options, measured in ¢t events. MV2c20 (2015 config)
refers the to 2015 version of a BDT with a c-jet fraction of 20 % included in the background
estimate. In addition to other improvements, background composition in the 2016 configuration
was changed to include 0 %, 7 % and 15 % of c-jets, named MV2c00, MV2¢10 and MV2¢20
respectively. Figure taken from Ref. [130].

IThe rejection factor is calculated as the ratio of the number of rejected over falsely accepted background objects
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5.4 Missing Transverse Momentum Reconstruction

The reconstruction procedure and its performance is discussed in Reference [132], and summarized
below. In general, the missing transverse energy and momentum, Ell?iss and E%liss, consists of two
components. One refers to to the hard objects in the scattering process (i. e. all objects needed in
the analysis) and the soft-event (which are charged tracks associated to the primary vertex, but not

to any aforementioned analysis object).

Some particles produced in hard scattering processes can leave the detector without depositing
any energy. This is true for Standard Model neutrinos, but also for other proposed, more exotic
particles. The presence of these particles in an event can only be registered by summing all measured
transverse momenta. As the beam is highly collimated in (z,y) direction before the collision,
momentum conservation dictates that the sum of all momenta in the transverse plane has to be
zero. Therefore, if the vectorial sum is not zero, another, invisible particle has to have carried
the remaining momentum out of the detector in the opposite direction of the remaining transverse
momentum. This missing transverse momentum E%‘iss is defined as

E’%niss _ Z ﬁT,i _ Z ﬁT,j? (517)
i€{hard objects} je{soft objects}

from which the missing transverse energy EXS can be calculated as the absolute value

: o . ) 2
E%nss — ‘E’%HISS‘ — \/(E:Icmss)2 + (Ezr/nlss) . (518)

The azimuthal angle ¢™% associated to the missing transverse momentum can be calculated as

miss

PSS = arctan( = ) (5.19)

miss
Ey

As all detector components are included in the calculation of E%iss, resolution effect have an im-
portant role in the process. It is observed that E%iss is finite, even in simulated processes where
E%liss is expected to be zero. Therefore, the scalar sum of transverse momenta, > Fr, in the event
is calculated as an additional quantity, and used to judge the activity in the event. It is given as

SEp = > prg + > pry (5.20)
i€{hard objects} jE€{soft objects}

Which types of objects are considered as hard object in Eq. (5.17) and (5.20) is dependent on
analysis requirements. In this analysis, all objects reconstructed as electrons, jets or muons are
included in the BT calculation.

In order to avoid double-counting of energy deposits, the signal ambiguity resolution algorithm
assures, that all objects contributing to E%HSS and X E are reconstructed from mutually exclusive
detector signals. This is done by assigning a priority to each type of object, and adding the respective
objects to the EIT]rliSS calculation accordingly. In general, electrons are treated with highest priority,
followed by photons, hadronically decaying tau-leptons, and jets. In case a lower ranked object
contains detector signals already contained in an accepted object with higher priority, the lower
ranked object is rejected. Remaining energy deposits not associated to any accepted hard object
are added to the soft contribution. Muons are added last, and in case of isolated muons, no overlap
with any other object is expected. In case of non-isolated muons, a muon-jet overlap removal
is performed. As the EX calculation depends on the calibration of all objects, only calibrated

electrons, muons and jets passing the baseline selection criteria are used in the E%iss calculation.
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Taking into account the step-wise procedure of adding hard objects mentioned above, Eq. (5.17)
can be written more explicitly, for the simplified case of this analysis, as

D i D DN D DI D DN D DI i (5.21)

selected accepted accepted unused
electrons muons jets tracks
hard term soft term
_ — hard = soft
= — DT - pr - (5.22)

It is also possible to include contributions from neutral particles in the soft term by considering
calorimeter clusters without associated Inner Detector tracks. This, however, introduces a pile-up
dependence resulting in a decreasing resolution with increasing number of reconstructed vertices in
the event [132]. Hence, the recommended track-based soft term is used in this analysis.

Systematic scale and resolution uncertainties on the EIT]rliSS reconstruction are derived. As the sys-

tematic uncertainties on the hard objects are included separately in the analysis, only the the scale
and resolution uncertainties on the soft component have to be evaluated. The soft component ﬁTSOft

can be written as the sum of the components parallel and perpendicular to the hard component

ﬁFOft _ ﬁTs?Hft + ﬁTS?Jf_t (5.23)

The absolute values of ]5'150“& and ﬁrfojc_t are denoted as P and P, respectively. In order to estimate

the systematic uncertainties, ﬁTSOft is treated as a function of ﬁThard. The average value (77”), as well

as the variances (P|)? and (P)? are calculated in bins of p**4. The offset between (P)), (P)?,
and (P )? values measured in different simulated samples and observed data is fitted and taken as
systematic uncertainty.

5.5 Overlap Removal

After applying the baseline selection to all objects, it is necessary to check for duplicates as it
is possible for one physical object in the event to be reconstructed as two different objects by
reconstruction algorithms. The general procedure is defined in Reference [133], details on the
specific requirements are given in Reference [134]. Different sets of conditions are defined for the
lepton-lepton and lepton-jet overlap removal. According to the recommendations, the lepton-jet
overlap removal is applied after the lepton-lepton overlap removal.

Lepton-lepton overlap removal: There are different possibilities for two overlapping leptons. One
scenario ist that two electrons overlap when the reconstructed objects have an overlapping EM
cluster or share an Inner Detector track. In that case, the higher p; electron is kept.

Electrons and muons overlap when they share an Inner Detector track. This can be caused by muon
radiating a high-energy bremsstrahlung photon. In such a case the muon is kept, unless it has not
been tagged as a muon in the muon chambers.

Lepton-jet overlap removal: If a jet overlaps with a lepton candidate with ARy ; < 0.2, the jet
is removed, unless it is a heavy-flavor jet. If the ARy ; between the lepton and the jets is between
0.2 and 0.4, the lepton is removed.

For muons, it is additionally checked if the muon is associated to the jet as a ghost particle. This
procedure is proposed in Reference [123] and compared to the established method of matching a
lepton to a jet based on their spatial separation using ARy ; in Reference [135]. Whenever a jet
contains a ghost-associated muon and has less than three tracks the jet is removed.
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The overlap removal procedure for anti-ID leptons is slightly different. In that case, leptons within
0.2 < AR;; < 0.4 of a jet are kept while the jet is removed. Consequently, the lepton axis, i. e.
its pp vector, is slightly tilted with respect to the jet axis. Therefore, an isolation cone which is
arranged concentrically around the muon does not capture all of the underlying jet momentum.
This can lead to problems in the estimation of the non-prompt background and has to be accounted
for.






6 Background Estimation

In the following sections, the estimation of the most important background processes is discussed.
In general, background contributions to W*W=jj-Ew production can be split into events with
exactly two same-charge leptons, more than two true leptons, and events with falsely reconstructed
lepton.

The largest background is caused by events with falsely reconstructed leptons. These events can
contain either two opposite-charge leptons, where the charge of one lepton is mis-reconstructed or
they contain only one true lepton, and the second lepton is a falsely reconstructed jet. As the
underlying detector effects are not accurately modeled, these background contributions are hard to
estimate using simulation. They are therefore evaluated using data-driven techniques, which are
discussed in Sections 6.2.1 and 6.2.2 for non-prompt and charge mis-ID backgrounds, respectively.
Processes entering the signal region by mis-reconstruction of a photon are not included in the
non-prompt estimation and are taken from simulation.

The most important background contributions to events with more than two true leptons is caused
by W*Z and ZZ production in association with two jets, where the bosons decay leptonically. If the
additional leptons are forward, i. e. escape the tracker volume, or hadronically decaying 7-leptons,
they do not pass the lepton selection criteria. Events with three or four true leptons can thus be
accepted in the signal region.

Events with ezactly two same-charge leptons from WEW=;j-QcD or tri-boson production are irre-
ducible by object selections. These can only be suppressed by choosing a VBs-like phase space, by
for instance requiring high invariant mass m;; and a large rapidity difference |AYj;| of the tagging
jets.

6.1 Simulated Backgrounds

Well modeled backgrounds like W*Z and W*W*;;j-Qcbp production, as well as comparatively
small backgrounds such as V', tri-boson, ZZ, and single-top production are taken from simulation.

The electroweak and strong W*Z production is studied in the W*Z control region, as described
in Section 7.2.1. Feynman diagrams are analogous to the signal diagrams shown in Figure 4.1 and
4.2. The event yields in this region are included in the profile likelihood fit. Thus, the shape of
the W*Z m;; distribution in the signal region is taken from simulation, while the normalization
can be measured using observed data in the W*Z control region and included in the measurement
of the signal strength. Details on this procedure are given in Section 9.2. Theory uncertainties on
the simulation related to the choice of the renormalization and factorization scales, as well as the
strong coupling ag are taken into account in addition to modeling uncertainties of the proton PDF
and the parton shower. Details on these uncertainties is given in Section 8.2.

In case a photon is mis-reconstructed as an electron, events from W~ and Z~ production in asso-
ciation with two jets (V7jj) can enter the signal region. A subset of possible Feynman diagrams
contributing to this background is shown in Figure 6.1. The photon can either be created as part of
the hard scattering, or as initial as well as final state radiation. Diagrams including triple vertices,
like Figure 6.1 (a) are only possible for W+ final states, as the photon does not couple to Z-bosons.
Depending on the momentum of the photon created in diagram (b) of Figure 6.1, the interaction is
classified as hard scattering or initial state radiation. The modeling of V~ production is studied in
a dedicated V' control region, as described in Section 7.2.3.
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The production cross section for electroweak ZZ production with leptonically decaying Z-bosons is
small in comparison to the W*W=*jj-Ew cross section [81]. The contribution to the signal region
is further suppressed because two leptons have to escape reconstruction. As that background is
almost negligible in the signal region (see Table 7.3), no dedicated control region is defined. An
uncertainty of 20 % is assigned to the cross section. This value is taken from the uncertainty derived
in the 8 TeV ATLAS analysis [136], as listed in Section 4.1.1.

Another source of background events is single-top production. Possible Feynman diagrams are
shown in Figure 6.2. In all following considerations, the single-top background will be merged with
tt production in association with a W+, Z or off-shell photon ~*, and denoted as top background.
Typical Feynman diagrams for these processes are shown in Figure 6.3.

Irreducible background contributions from W*W¥*;j-QcbD and tri-boson production are estimated
using the SHERPA program. Tri-boson contributions are included in the signal sample. While the
tagging jets in WTW*;5-QcD events are, at leading order, due to partons of the colliding protons
(see Figure 4.2), tri-boson contributions can enter the signal region if one of the three W*-bosons
decays hadronically, and thus produces a ¢*v¢Tvjj signature. A set of Feynman diagrams is shown
in Figure 6.4. The invariant mass of the two jets in a tri-boson event with a hadronically decaying
W*-boson is expected to be close to the W*-mass. Therefore, tri-boson contributions to the signal
region with m;; larger than 500 GeV are kinematically suppressed and very small. As in the case
of ZZ production, no separate control region is defined.

6.2 Data-Driven Backgrounds

For background processes that can not be taken from MC simulation with sufficient accuracy, data-
driven techniques are used in order to determine the contribution of those backgrounds in the signal
and control regions. These techniques will briefly be summarized in the following sections.

6.2.1 Estimation of Non-Prompt Background

In the signal region, the second largest (see Table 7.3) background contribution are non-prompt
events, with one real lepton and a jet that has been mis-reconstructed as a lepton. These events
mainly originate in W*+jets, tt, single-top, and QCD multi-jet production.

As the contribution from this background highly depends on the detector modeling, it is usually
not well described in simulated events. Therefore, a data-driven technique is used to estimate it.
The probability for a jet to be mis-reconstructed as a lepton, called non-prompt correction factor f,
is measured in a di-jet region. In order to estimate the number of non-prompt events in the signal
region and low-m;; control region, the non-prompt correction factor is applied to events passing
the corresponding event selections, where the acceptance requirements for one of the leptons are
relaxed from analysis- to anti-ID-level (see Table 5.1).

The procedure to measure and apply non-prompt correction factors is described in Reference [137]
and will be briefly summarized hereafter.

6.2.1.1 Measurement of Non-Prompt Correction Factors

Non-prompt correction factors are measured in a di-jet region. The definition of the di-jet region
is summarized in Table 6.1. Events with exactly one analysis- or anti-ID-level lepton are selected.
Anti-ID leptons are defined in a way to primarily correspond to real jets which have been mis-
reconstructed as leptons, by relaxing the object’s identification and more importantly the isolation
requirements. It is likely for the lepton axis to point in a slightly different direction than the
underlying jet, such that some of the true jet momentum is outside of the lepton calorimeter
cluster, and therefore not included in the lepton momentum. Thus, the anti-ID lepton p is only
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Figure 6.1: Exemplary Feynman diagrams for Vv production with leptonically decaying gauge
bosons V. Photons can be created as part of the hard process (a,b) or as initial and final state
radiation (ISR, FSR), as shown in (b) and (c), respectively.
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Figure 6.2: Feynman diagrams for single-top production. Analogous diagrams exist where all
quarks are replaced by their anti-particles.
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Figure 6.3: Representative Feynman diagrams for ¢ production in association with a gauge boson
V', which can be either a W, Z or v*.
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Figure 6.4: Exemplary Feynman diagrams of resonant tri-boson production, where the initial-
state quarks ¢; and ¢, can be of different flavor.
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part of the full underlying jet transverse momentum. It is desirable to select underlying jets covering
the same p range as prompt leptons in the signal region. Therefore, the p threshold of anti-ID
leptons is lowered from 27 GeV to 15 GeV and 20 GeV for muons and electrons, respectively. The pp
requirement for analysis-level leptons in the di-jet region has to be adjusted accordingly. However,
for a precise estimate of the non-prompt background, the momentum distribution of the anti-ID
lepton should be similar to the underlying jet’s momentum distribution. In order to recover most
of the underlying jet’s momentum, the energy in the isolation cone, p7°"¢ around the anti-ID lepton
is added to the anti-ID lepton p. Momentum distributions used for calculating the non-prompt

correction factor are shown in Figure 6.5.

Before selecting events specific to di-jet production, a preselection consisting of event and object
cleaning steps as well as trigger requirements is applied. The preselection is common to all event
selection chains and detailed in Chapter 7, Table 7.1. The nominal trigger chains are adapted
to match the lowered lepton py threshold!. Trigger pre-scales are corrected for by assigning an
additional event weight. Furthermore, events are required to have at least one jet. All jets have
to satisfy baseline selection criteria and pass JvT or fJVT requirements. Since a large fraction of
non-prompt leptons come from heavy-flavor decays, the leading jet is required to be tagged as a
b-jet. The lepton and tagging jet are required to be back-to-back with |A¢; ;| > 2.8. Events from
W*+jet production are suppressed by requesting that the scalar sum of the transverse mass of the
lepton mt,; and the missing transverse energy Effniss is smaller than 50 GeV. The event selection
defining the di-jet region is summarized in Table 6.1.

In the di-jet region, the non-prompt correction factor is calculated from the number of analysis-
and anti-ID-level leptons, under the assumption that analysis-level leptons are always true leptons
and anti-ID leptons are always mis-reconstructed jets. Contributions from prompt backgrounds
with real anti-ID leptons, like W*Z, ZZ, Vjets, tt, and single-top are subtracted. The non-prompt
correction factor is measured separately for electrons and muons. For muons, it is calculated in bins
1 of lepton transverse momentum, and defined as

N. .
f,u,i _ < ana, i(p) , (6.1)
anti-ID, i(p+p$"°)

where Nyutip, i(pptpSene) and Nyp,, i(py) denote the number of anti-ID- and analysis-level leptons,
respectively. For analysis-level leptons, the distributions is binned according to the pure trans-
verse momentum pp, while the corrected lepton momentum pp + p7"¢ is used for anti-ID leptons.
For electrons, a two-dimensional non-prompt correction factor is measured in two lepton |n| bins
(In] < 1.37 and 1.37 < |n| < 2.5) as a function of the pure and corrected transverse momentum for
analysis- and anti-ID-level electrons, respectively. Electron non-prompt correction factors f.; are
defined analogous to Eq. (6.1), where 4 is counting all (||, pp + p$"¢) bins. In Figure 6.6, a com-
parison of muon and electron non-prompt correction factors is shown. The largest non-prompt

correction factor is measured for end-cap electrons.

6.2.1.2 Systematic Uncertainties

Systematic uncertainties on non-prompt correction factors come from different aspects of the mea-
surement procedure. Effects related to the di-jet event selection, prompt lepton subtraction, the jet
flavor composition and some residual dependence on the underlying jet py are taken into account.
All uncertainties are estimated in the same binning used to calculate the non-prompt correction
factors. In Table 6.2, an overview of the relative statistical and systematic uncertainties in the
non-prompt correction factors for central and end-cap electrons, as well as muons is given. For each
source of uncertainty, the minimal and maximal value over all p 4+ p$"® bins are given.

1Trigger chains for electrons: HLT_e12_lhvloose_nodO_L1EM10VH and HLT_e40_lhvloose_nod0O
Trigger chains for muons: HLT_mul4 and HLT_mu50. All triggers, except for HLT_mu50 are pre-scaled.
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Figure 6.5: py (left) and pp + p

from Ref. [137].

(right) distributions in the di-jet region for analysis and
anti-ID-level leptons, respectively. The distributions are shown separately for electrons (top) and
muons (bottom). Observed data in the di-jet region are represented by black points. Non-Prompt
background is estimated by subtracting the prompt simulated background (filled histograms) from
observed events, and depicted by blue points. Statistical uncertainties are shown. Figures taken

Criterion

Value

Preselection

Table 7.1 with adapted trigger chains

=1

>1

> 2.8
< 50 GeV

Table 6.1: Event selection criteria defining the di-jet region, used to derive the non-prompt

correction factor.
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Figure 6.6: Non-prompt correction factors for muons (blue), central (red) and end-cap electrons
(green), including statistical uncertainties. Based on Ref. [137].

The impact of the di-jet event selection on the final non-prompt correction factor is evaluated by
varying the jet pp, mr + EXss and |A¢y ;| requirements. In most bins, these variations only have a
small effect that is of the order of the statistical uncertainty on the nominal non-prompt correction
factor.

The modeling of backgrounds used for the prompt lepton subtraction is checked in a separate
validation region. The validation region is defined to be relatively pure in W¥*+jets production, as
this is the dominant background in the di-jet region. This W*+jets validation region is defined
similarly to the di-jet region (see Table 6.1) by requiring a lepton momentum of at least 35 GeV and
inverting the mr; + E%liss criterion to mt; + Efrniss > 60 GeV. In this region, observed data and
simulation agree within approximately 10 %. The modeling uncertainty is assumed to be similar for
all simulated backgrounds. Consequently, the non-prompt correction factors are re-derived where
the MC backgrounds are scaled up and down by 10 %.

Since a b-jet is required in the di-jet region, the non-prompt correction factors are mainly modeling
heavy flavor jets. Separate studies [105] have shown that, in contrast to the region where the non-
prompt correction factors are applied, the di-jet region is dominated by light jets. To estimate the
impact of kinematical differences between light and heavy flavor jets, non-prompt correction factors
are re-derived without the b-jet requirement. The difference is assigned as systematic uncertainty
to the non-prompt correction factor.

Even after correcting the anti-ID lepton pp with pP"¢, the transverse momentum distribution of the

underlying jet cannot be exactly reproduced. To estimate the residual dependence on the underlying
jet pp, the tag jet pp distribution in the di-jet sample is re-weighted to the true underlying jet
pr distribution in the region where the non-prompt correction factors are applied. Non-prompt
correction factors are re-calculated after applying this event weight in the di-jet region. The largest
contribution to the total systematic uncertainty comes from the jet py re-weighting and the flavor
composition.
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Uncertainty Muons [%)] Electrons [%]
In| < 1.37 In| > 1.37
Statistical 1.1- 344 6.3- 304 94- 254
s wp < 0.1-241.7 0.4- 42.6 0.8- 19.8
mr o+ By down < 0.1- 29.4 0.6- 23.7 1.6 - 34.0
A wp < 0.1- 60.0 0.4- 22.6 2.4 - 49.1
Ly down < 0.1- 134 <0.1- 187 1.6- 16.0
uwp < 0.1- 400 06- 5.7 0.6- 2.2
Prompt subt. 4 < 0.1~ 40.0 04- 54 04- 22
jet < 01- 3.0 <01- 43 < 01- 74
Flavor comp. 10.4 - 90.9 7.1-189.2 7.8 -154.5
pr! re-weighting 4.2 - 307.9 2.1- 774  162- 78.0

Table 6.2: Overview of relative statistical and systematic uncertainties (in [%]) on muon and
electron non-prompt correction factors. Uncertainties are calculated per p 4 p"° bin. Minimum

and maximum values over the whole p; + p7"° range are given in the table. For asymmetric

uncertainties, the up and down variations are listed separately. Based on Ref. [105].

6.2.1.3 Application of Non-Prompt Correction Factors

In order to estimate the non-prompt background yield in the signal (Sr) and low-m; control regions
(CR), events are selected in the anti-ID signal region and low-m;; control region. These regions are
defined by the same event selections are the nominal signal region and low-m;; control region (see
Table 7.2, and Section 7.2.2, respectively), except that one of the leptons is required to pass the
anti-ID-level rather than the analysis-level object selection.

Events in the anti-ID signal and low-m;; control regions are weighted with the non-prompt cor-
rection factor corresponding to the anti-ID lepton’s type, pp + p$"¢, and |n| in case of electrons.
Uncertainties on the electron and muon non-prompt correction factors listed in Table 6.2 are prop-
agated to the event yields in both regions. For each lepton flavor, the variations are grouped into
two nuisance parameters, statistical and systematic. Electron nuisance parameters are applied to
the non-prompt estimate in the ee and eu/pe channels. Analogously, nuisance parameters covering

the muon non-prompt correction factor variations are applied in the eu/ue and pp channels.

The resulting shape variations are shown in Figure 6.7, in bins from 200 GeV to 3000 GeV. The
lowest bin from 200 GeV to 500 GeV corresponds to the low-mj; control region. The signal region
consists of bins above 500 GeV. The shown statistical uncertainties correspond to the statistical
uncertainties in the anti-ID signal and low-m;; control regions, where the non-prompt correction
factors are applied.
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Figure 6.7: Non-prompt background estimate for different lepton charge and flavor channels. The
shape variations corresponding to electron and muon non-prompt correction factor systematics are
shown. The bin from 200 GeV to 500 GeV corresponds to the low-m;; control region.
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6.2.2 Estimation of Charge Mis-ID Background

Charge mis-ID background arises due to imperfections in the charge reconstruction of leptons. This
can happen for instance when a lepton emits bremsstrahlung and the bremsstrahlung photon decays
into an electron-positron pair. It is then possible for the track reconstruction algorithm to wrongly
assemble the initial lepton track to the track of a photon decay product with the opposite charge.
In that case, the curvature of the track will be opposite to that of the initial particle, leading to the
wrong reconstructed charge. This is schematically shown in Figure 6.8.

As the cross section for bremsstrahlung is proportional to # [138] where m is the mass of the

lepton, electrons are much more likely to be affected by it than muons. Additionally, charge mis-ID
can occur if the track curvature in the Inner Detector is wrongly estimated. This mainly arises for
high-p; leptons, where the tracks are only slightly bent or in situations, where the occupancy of the
ATLAS Inner Detector is very high. However, this problem impacts electron reconstruction more
acutely than muon reconstruction, as the Muon Spectrometer provides an independent measurement
of muon track curvatures. As a result of the reduced bremsstrahlung cross-section and higher
precision of the charge measurement, the fraction of muons that undergo charge mis-1D is assumed
to be negligibly small [139]. Therefore, charge mis-ID rates are derived for electrons only.

Events that can result in charge mis-ID background predominantly originate from Z — ee, Drell-
Yan, tt, and WEWT processes. Even though the charge mis-ID probability for a single electron is
reasonably small, the high production cross-section of the backgrounds in question in combination
with the very small signal cross-section makes for a non-negligible contribution to the event count
in the signal region. In order to estimate this contribution, a correction factor is applied to observed
data passing all signal region requirements (see Table 7.2) with an inverted charge cut. This region
is called opposite-charge signal region in the following.

In order to determine that correction factor, first the probability, i. e. charge mis-ID rate, for
an electron to undergo charge mis-identification is measured in observed and simulated data. The
correction factor is then calculated using these rates. This procedure is explained in Reference [131],
and is summarized in the following.

6.2.2.1 Deriving Charge Mis-ID Rates

Charge mis-ID rates are derived in three steps. When analyzing observed data, it is impossible
to know, whether the charge of a specific electron is correctly reconstructed. Therefore, only the
probability that the charge for one out of two leptons is mis-reconstructed is measurable. The
probability to measure a same-charge (sc) event from a pair of opposite-charge (oc) electrons is
given by

Psc = (1 - <gi)gj + (1 - Ej)5i7 (62)
e+
e e
>
b
Z rem
g

Figure 6.8: Schematic view of a charged electron track in the detector. The electron emits
bremsstrahlung vprem, which creates an electron-positron pair. The track reconstruction algorithm
wrongly assembles the initial electron track to the track of the positron (orange dashed line),
yielding the wrong reconstructed charge.
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where ¢; ; are the probabilities for each of the electrons to undergo charge mis-reconstruction.
When considering in interaction, where a number of opposite-charge lepton pairs, v, is produced,
the expected number of same-charge lepton pairs vs. due to charge mis-ID is given as vgc = Voc - Psc-

In order to estimate ps. with high statistical accuracy, the region of 75 GeV < my, < 105GeV in
invariant electron mass is selected in observed data and dedicated simulated samples of Z — ee
events. This corresponds to the Z-resonance, and is therefore highly populated. v4. as a function
of ps and thereby ¢;; is then determined by a maximum-likelihood estimation of the number of
observed of same-charge events Ny, assuming a Poisson distribution:

VNSC

Pois (Ngc|vse) = Pois (Necleiyj) = ]\STC‘ e’se. (6.3)
SC+

The optimization is done in five and six bins of electron transverse momentum and pseudo-rapidity,
respectively!.

Once e(pr, |n|) are known in data (€4ata) and simulated events (epc), scale factors for correctly and
wrongly measured electrons can be calculated. These are denoted as frignt and fyrong respectively.

€data

fwrong = ) (6.4)
EMC
1-— Edata
joht = ——————. 6.5
frlght 1— MO ( )

Just as €, these scale factors are a function of p and |n|. The resulting nominal values and
systematic uncertainties are shown in Figure 6.9. Scale factors for correctly measured electrons are
very close to one, while factors for mis-reconstructed electrons have can an effect up to 40 %. In
order to correct the mis-modeling of charge mis-ID in simulated events, simulated Z — ee events
are corrected such that the charge mis-ID rate matches the one observed in data. This is achieved
by applying fright and fwrong to the electron objects, depending on the their truth information
and reconstructed charge. The precise charge mis-ID rate eyyy for the W*W# selection is then

calculated as
wrong-charge electrons
EWW = . (6.6)
all prompt electrons

Here, the number of wrong-charge electrons is determined by the number of simulated Z — ee
events in the nominal signal region, whereas the total number of prompt electrons is taken as the
number of Z — ee events a region identical to the signal region except that no charge requirement
is enforced. In this context, well isolated electrons and parent electrons of bremsstrahlung photons
are considered as prompt electrons. The complete electron object selection is given in Table 5.1.
Charge mis-ID rates ey are shown in Figure 6.10 as a function of p and |n|. The measured rates
are below 10 % for all electrons.

As these rates are to be applied per electron, the total weight fios for an event with two electrons
can be calculated as © @ @ )
foot = (1 —ewwleww + (1 = ew)eww (6.7)
tot (1- L) )(1 NC)) )+E(1) RO '
Ww ww WW-Ww
Equation (6.7) yields the probability of observing two same-charge leptons from a pair of opposite-

charge leptons. Either the leading (5%/)1/1/) or subleading (8%,%/)‘/‘/) electron’s charge is mis-reconstructed.

In ep/pe channels, this expression is simplified, as 5%,‘%[, is assumed to be 0. The weight is applied
to observed data in the opposite-charge signal region, to determine the contribution of same-charge
events in the signal region.

Lpr bins boundaries are 20 GeV, 27 GeV, 60 GeV, 90 GeV, 130 GeV and 1000 GeV.
|| bin boundaries are 0.0, 0.6, 1.1, 1.37, 1.52, 1.7, 2.3 and 2.5 where the region 1.37 < || < 1.52 is excluded.
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Figure 6.9: Scale factors to be applied to electrons with wrongly (a) and correctly (b) recon-
structed charges. Figures taken from Reference [131].
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Figure 6.10: Charge mis-identification rates ey as a function of the electron |n| (a) and pr (b),
retrieved on Z — ee MC after applying the scale factors [131].

6.2.2.2 Energy Correction

On average, electrons which underwent charge mis-ID have a lower transverse momentum than elec-
trons with a correctly reconstructed charge. This is because electrons with a wrongly reconstructed
charge have most probably emitted bremsstrahlung along their way through the detector, leading
to energy deposition outside of the electromagnetic calorimeter cluster. This effect can be seen
in the spectrum of invariant electron mass near the Z-resonance shown in Figure 6.11(a). In this
figure, invariant electron masses are compared for opposite- and same-charge data and Drell-Yan
simulation, as well as the data-driven charge mis-ID estimate. This comparison is performed in an
inclusive region, where no myy and jet requirements are enforced.

In can be seen that the Z-peak in same-charge simulation and data is shifted to lower energies with
respect to opposite-charge events. In order to account for this energy loss, the original electron

orig . .
transverse momentum pp & in a same-charge event is corrected by a factor of 1 /o as

orig

P = P+ dE. (6.8)

The term dF is used for Gaussian smearing of the original electron momentum to correctly represent
the reduced energy resolution due to bremsstrahlung. dFE is determined in pseudo-experiments
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Figure 6.11: Effect of electron energy correction. Figures taken from Reference [131].

using a Gaussian p.d.f. with an expectation value of zero, and a width ¢. This width and the
correction factor a are determined using truth information from Z — ee simulated data. The
correction factor a is based on energy response pif®/ pﬁfuth, and models the shift of the reconstructed

pr° and truth level ptT“‘th distributions for correctly and wrongly reconstructed electrons,

reco T right
[
@ =l (6.9)

)
reco :| wrong

[
E |:p%“th

where FE {%} is the expectation value of the I% distribution, as defined in Eq. (2.20).
T T

The width of the Gaussian used to smear the original lepton momentum is calculated using the

square root of the variance, o (;ﬁuth) of this distribution, as defined in Eq. (2.21)1,
T

wrong reco \ Tight
_ [P P
c =0 < truth -0 truth : (610)

bt bt

Both quantities, o and ¢, are derived differentially in bins of electron |n|. The resulting distributions
for are shown in Figure 6.12. It can be seen that « is very close to, but always larger than one,
because the reconstructed momentum is closer to the truth level momentum in the case of correctly
reconstructed charges than for wrongly reconstructed charges. Additionally it is observed that the
width c is very close to zero.

In Figure 6.11(a) the charge mis-ID estimate including energy correction is shown by the orange
line, with an inclusive selection. It can be seen that the energy correction improves the modeling
of energy loss. In the inclusive signal region without jet and mys requirements, good agreement is
observed between charge mis-ID estimate and same-charge data as shown in Figure 6.11(b).

! The integral in this definition has to be replaced by a sum over all bins in the pp histogram.
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Figure 6.12: Correction factors accounting for differences in the energy reconstruction of electrons
with correctly and incorrectly reconstructed charge. Instead of the residual energy scale correction
a, a — 1 is shown as a dashed blue line. The residual constant term c is shown in red. Figure
adapted from [131].

6.2.2.3 Systematic Uncertainties

The charge mis-ID estimate is highly dependent on the value of the scale factors used to weight the
charge mis-ID efficiency in simulation to the value measured in data, as well as the energy correction
described in the previous section. To account for this, two sources of systematic uncertainties are
considered:

Scale factor variations: The systematic uncertainties of the scale factors fyrong and frignt are
determined following the recommendations [140], details on the procedure are given in Ref-
erence [131]. The total systematic uncertainty is calculated as the squared sum of a set of
four variations. The following sources of uncertainty are calculated taking into account: 1. a
variation of the my, window considered in the maximum-likelihood estimate, 2. the effect of
background subtraction in the chosen my, window, 3. the result of a closure test on simulated
data, where scale factors are determined on simulated data using truth information, and 4. the
effect of requiring a di-lepton rather than a single-lepton trigger.

Energy correction: The full effect of the energy correction is taken as systematic uncertainty.

Both sources of uncertainty are treated as separate nuisance parameters in the fit, which are a priori
uncorrelated. The nominal charge mis-ID estimate as well as the 1-o variations of the nuisance
parameters are shown differentially in Figure 6.13.

6.2.2.4 Charge Mis-ID Estimate in ID-AntilD Region

As explained in Section 6.2.1 the non-prompt background contributions to the signal and low-m;
control regions are determined from the corresponding anti-ID regions using a data-driven technique.
Prompt backgrounds, taken from simulation, as well as data-driven charge mis-ID contribution are
subtracted. The calculation of the charge mis-ID estimate in the anti-ID signal and low-m; control
region, i. e. on anti-ID electrons is explained in this section. A dedicated charge mis-ID estimate with
a loosened object selection is necessary, as the nominal estimate only takes into account analysis-
level electrons. This is not exact in the region, where the non-prompt background is calculated,
and one of the leptons is required to be an anti-ID lepton.

In order to estimate the charge mis-ID contribution in the anti-ID region, a tag-and-probe method is
applied to Z — ee events in the same-charge and opposite-charge signal region with a loosened object
selection for the anti-ID electron. Nominal (analysis-level) and anti-ID-level electron selections are
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and et /utet (d) channels in bins of the invariant mass of the tagging jet, m;;. The lowest bin
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events with m;; > 500 GeV.
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selected as summarized in Table 5.1. Additionally, a mys requirement of |mz — my| < 15GeV is
applied, to ensure a high purity of Z — ee events. The analysis-level electron is considered as the
tag lepton, while the anti-ID electron is probed.

The charge mis-ID rate is then determined analogous to Equation (6.6), where the number of
electrons with mis-identified charge is taken as the number of same-charge probe electrons. This
is done under the assumption that the anti-ID probe electron is always the lepton with wrongly
reconstructed charge. This assumption is validated by deriving the charge mis-ID rates for simulated
events in two separate approaches. At first, the electron with the wrongly reconstructed charge is
determined using truth information. The resulting charge mis-ID rates are compared to the rates
generated under the assumption that the anti-ID electron has always undergone charge mis-ID (see
appendix, Figure A.2).

The final rates for anti-ID electrons are then determined on observed data (see Figure 6.14). As in
the nominal procedure discussed above, event weights are calculated according to Equation (6.7)
in the opposite-charge region, as defined above. The nominal rate and the anti-ID rate are used
for the tag and probe electron, respectively. The purity in prompt leptons of the opposite-charge
region is tested by introducing a truth level requirement to reject non-prompt electrons. The effect
of this additional requirement is shown to be negligible. Some kinematic distributions with and
without truth requirement are shown in the appendix, Figure A.3.

The event weights are applied to data in the opposite-charge anti-ID region, in order to estimate the
charge mis-ID estimate in the anti-ID region. This contribution is used in the prompt subtraction
of the non-prompt estimate, as explained in Section 6.2.1.

This anti-ID charge mis-ID procedure is controlled in a separate anti-ID validation region. A short
summary of this region, as well as kinematic distributions is given in Appendix A.1. The overall
event yield for data and the charge mis-ID estimate in the validation region is shown in Table 6.3.
A disagreement of 10 % is observed, which is assigned as a systematic uncertainty.
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Figure 6.14: Charge mis-ID rates for anti-ID electrons retrieved on data Z — e*e™ events as a
function of || (a) and py (b). Figure taken from Reference [131].

Charge Mis-ID  Other prompt Data Data/Predicted
Yield 820.58 5.28 740 0.90

Table 6.3: Event yields for separate charge mis-ID, prompt and data in the ID-AntiID region [131].






7 Event Selection in Signal and Control Regions

The event selection steps used to define the signal as well as a set of two control regions and several
validation regions is explained in the course of this chapter. Detailed descriptions are given in
Reference [105].

Before splitting events into separate regions, a common preselection is applied. It is summarized in
Table 7.1. For observed data, only events are accepted that were recorded during a luminosity block
where the detector was fully functional. These blocks are listed in the good run list [141]. Moreover,
during the event cleaning step, all events are rejected if they are affected by a problematic calorimeter
(LAr or Tile) or ST cell. Incomplete events are also rejected. During high luminosity runs in 2015
and 2016 data-taking, saturation problems occurred in the inner wheel of the EMEC [142]. Affected
events are vetoed.

Electrons and jets are rejected if they fail to pass object quality requirements defined by the re-
spective Cp groups [143, 144]. Additionally, only events with at least one reconstructed primary
vertex are selected. In all regions, events have to fire at least one single-lepton trigger'. A lepton
trigger matching is done in most regions, ensuring that either the leading or subleading lepton where
triggered upon.

A common characteristic of all event selection chains is the application of efficiency corrections to
simulated data. For each selection tool, like identification or isolation algorithms, these factors
are derived in the CP groups to account for different selection efficiencies in measured data and
simulation. Efficiency correction factors are applied to electrons and muons to correct isolation
and identification or quality determination, respectively. An additional scale factor is applied to
leptons after matching them to a triggered object. Furthermore, electrons are corrected for different
charge mis-ID rates in data and simulation, as described in Section 6.2.2. Analysis level jets are
corrected using JvT and fJvT scale factors. In regions where a b-veto is performed, mis-tagging
correction factors are applied to all accepted jets. Finally, simulated events are weighted with their
corresponding generator and pile-up weight.

Criterion Comment

Good Run List  Rejecting luminosity blocks where detector was not fully
functional [141]

Event Cleaning  Reject events with problematic LAr, Tile or SCT hits, and
incomplete events

Object Cleaning Reject objects not passing object quality requirements

Noytx > 1 Select events with at least one reconstructed primary ver-
tex
Triggers Single-lepton trigger!

Table 7.1: Summary of preselection applied to all events.

! Trigger chains used for 2015 data: HLT_e24_lhmedium_L1EM20VH, HLT_e60_lhmedium, HLT_e120_lhloose for
electrons a and HLT_mu20_iloose_L1MU15, HLT _mu50 for muons.
Trigger chains used for 2016 data for electrons: HLT_e26_lhtight_nodO_ivarloose, HLT_e140_lhloose_nodO,
HLT_e60_lhmedium_nodO and for muons: HLT_mu26_ivarmedium, HLT_mu50.
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7.1 Definition of the Signal Region

The selection of the signal region is designed to yield a maximal sensitivity. For some selection
requirements, such as EX and the b-tagging working point, relatively loose values are chosen in
order to reduce the impact of statistical fluctuations in the non-prompt background estimate [131].
The final selection requirements are summarized in Table 7.2. Six orthogonal channels defined by
lepton flavor and charge ete™, e~e™, et u™ /ute, e = /u"e”, uTpt, and p~p~ are analyzed.

After applying the preselection defined above, events with exactly two same-sign, analysis-level
leptons are selected. In addition, events with more than two baseline-level leptons are rejected in
order to reduce background from W*Z and ZZ processes. The number of analysis- and baseline-
level leptons is denoted as NjF* and Nl‘go, respectively. A summary of the corresponding object

definitions is given in Table 5.1.

The two accepted signal leptons are required to have an invariant mass my, of at least 20 GeV
to reduce the modeling uncertainty of low-mass Drell-Yan processes [105]. Events from Z — ee
processes can enter the signal region if the charge of one of the electrons is mis-reconstructed. To
suppress the background contribution of such events, events with an invariant mass close the the
Z-resonance are rejected in the ee channels using |me. — myz| > 15GeV. As two neutrinos are
produced in the signal process, a missing transverse momentum of EIS > 30GeV is required.
Thus the impact of charge mis-ID background is further reduced. The E%HSS cut is the final step in
the definition of the inclusive signal region.

Events with less than two jets are vetoed to select vector boson (VBS) scattering processes. Jets
are sorted according to their transverse momentum. The leading and subleading jets are called
tagging jets. Another background process with a high production cross section compared to VBS is
tt production. These events can enter the signal region in two ways. Leptonically decaying t-quarks
can be selected as signal leptons through charge mis-ID and the b-quarks can be mis-identified as
leptons, as well. The latter option would, however, be classified as non-prompt background. In
order to reduce these effects, events containing any b-jets are rejected. To enhance the sensitivity to
VBS, an high invariant mass m;; of the tagging jets and a large rapidity gap |AYj;| between them
is required.

Requirements on the leading and subleading jet py, the subleading lepton pp, EX' and |AYj,| as
well as the b-tagging working point are optimized by emulating the profile likelihood fit [131]. The
optimization was done in three bins of mjjl and all six channels.

Event yields for the signal and background processes as well as observed data in the signal region are
presented in Table 7.3 with statistical uncertainties. Uncertainties for the data-driven charge mis-
ID and non-prompt backgrounds correspond to the statistical uncertainties in the opposite-charge
and anti-ID signal regions, respectively. Event yields are split into six lepton charge and flavor
channels. Additionally, the total yield over all channels is given in the ££¢* column. A breakdown
of uncertainties into statistical, theory and other systematic sources is given in Appendix C.4,
Table C.11. The m;; distribution for all processes and observed data in the combined ¢*¢* channel
is shown in Figure 7.1.

7.2 Control Regions

Control regions are regions orthogonal to the signal region which are also included in the profile
likelihood fit. In this analysis, two control regions are used to determine the normalization of
W#Z background from data and constrain non-prompt systematic uncertainties. These are called
W*Z and low-m;; control region, respectively. The phase space definitions as well as pre-fit m;
distributions are presented in this section. The fitting strategy for including these two control
regions is optimized in Section 9.1.

!The m;; bins border where chosen as 200 GeV, 500 GeV and 800 GeV.
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Criterion Value Comment

Preselection see Table 7.1

Ny =2 uscilng analysis-level leptons

t _ . .

NI‘E’}’;O =2 3™ lepton veto using baseline leptons

Charge same-charge

Myy > 20 GeV

|Mee —myz| > 15GeV only in ee channel

BT > 30GeV inclusive signal region

ot >2 using analysis-level jets

Np_jet =0 b-jet veto

mjj Z 500 GGV

|AY;] > 2

Table 7.2: Summary of selection requirements defining the signal region

etet e"e” etpt/utet  epT/ue” ptpt o o

WEW=jj EW 3.80+<0.01 149+ <0.01 1649+ <0.01 645+ <0.01 9.14+<0.01 3.504<0.01  40.88+ <0.01
W=z 1.64+ 015 1.14+ 010 12.084+ 047 781+ 040 481+ 024 3.19+ 022 3067+ 0.72
Non Prompt 408+ 175 2314+ 147 935+ 262 634+ 238 057+ 013 067+ 0.17 2332+ 4.23
Charge Mis-ID 1.33+ 008 1.17+ 008 348+ 031 295+ 0.26 - - 8.93+ 0.42
WEW+jj QCD 0.38+ 0.02 0.16+ 0.01 3.02+ 0.06 121+ 0.04 180+ 0.04 0.76+ 0.03 734+ 0.09
ZZ, tri-boson, top  0.17+ 0.03 0.14+ 003 090+ 008 060+ 007 036+ 004 019+ 0.03 236+ 0.13
Vy 0414+ 017 0.62+ 022 265+ 075 080+ 0.26 <0.01 <0.01 447+ 0.84
Data 2015/16 10 4 44 28 25 11 122

Table 7.3: Event yields in the signal region with statistical uncertainties. In addition to all six
lepton charge and flavor channels, yields in the combined ¢*¢* channel are shown.
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Figure 7.1: Distribution of the invariant mass of the two tagging jets, m;;, in the combined (E0*
channel in the signal region. The uncertainties on the m;; distribution for signal and background
processes includes the complete set of statistical and systematic uncertainties. In the ratio plot,
the systematic uncertainties (orange) and statistical uncertainties (blue) are shown separately.
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7.2.1 W*Z Control Region

The W*Z control region is used in order to determine the normalization of the electroweak and
strong W*Z production cross section.

The selection is based on the inclusive signal region, except for the same-charge requirement and
the 3™ lepton veto. Since leptonic W*Z production results in three leptons, the 3'¢ lepton veto is
replaced by requiring a third analysis-level lepton, with a lower p of 15GeV. For reconstructing
the Z-boson, two of the three selected leptons must have the opposite charge and same flavor (OCSF
pair). The contribution from Z-+jets and V'~ production is reduced by requiring an invariant three-
lepton mass myge larger than mz + 15 GeV.

Events with an m;; of at least 200 GeV are accepted. The requirements on the number of jets, and
|AY;| are identical to the signal region definition. The selection is summarized in Table 7.4.

As the production of W*Z events is symmetric in lepton charge and flavors, the complexity of the
statistical analysis can be reduced by not splitting this region into lepton channels. In order to
verify this assumption, the W+ Z normalization is measured in the combined and lepton flavor split
channels. Results of this study are presented in Section 9.1.2.

Pre-fit m;; distributions in this, and the low-m;; control region are presented in Figure 7.2. To
allow for an easier comparison, the W*Z yields are scaled with a factor of 0.1. Furthermore, event
yields for the signal and background processes are listed in Table 7.5. Purely statistical uncertainties
are given. No data-driven background estimates are available in this region. Therefore the charge
mis-ID and non-prompt contributions are estimated from W*W=*, tf, and Z/W*+jets simulation.

Criterion Value/ Comment

Inclusive SR see Table 7.2

1 additional lepton using analysis-level leptons with p > 15 GeV

OCSF pair

Mypp my + 15 GeV
N >2

Nb—jet =0

mjj Z 200 GGV
[AY;] > 2

Table 7.4: Selection requirements used to define the W*Z control region [105].

(E0E(F
W*W+jj EW < 0.01
w*Zz 172.45 +1.42
tt, Z/W*+jets 6.82+1.73
Ww 0.0240.01
Z 7, tri-boson, top  21.55+0.37
Conversion 2.68 £0.60
WEW+jj QCD —~
Data 2015/16 201

Table 7.5: Event yields in the £*¢*¢F channel of the W* Z control region including statistical un-
certainties. No data-driven background estimates are available in this region. Therefore the charge
mis-ID and non-prompt contributions are estimated from WW, tt, and Z/W*4jets simulation.
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7.2.2 Low-m;; Control Region

Up to the b-jet veto, the low-m,; control region is defined by the same set of requirements used to
the define the signal region, listed in Table 7.2. Orthogonality is ensured by selecting events with
200GeV < my; < 500GeV. As in the signal region, the rapidity gap between the tagging jets is
required to be |AYj;| > 2. Analogous to the signal region, events are split into lepton charge and
flavor channels.

In Figure 7.2, pre-fit number of events in this control region are shown. The non-prompt background
makes up for a large fraction of events. It can therefore be used to constrain the systematic
uncertainties attributed to that background. In combination with the W*Z control region, it is
also possible to constrain theory uncertainties describing the W*Z production. Detailed event
yields including statistical uncertainties for all channels as well as the combined ¢*¢* channels are
listed in Table 7.6.
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Figure 7.2: Pre-fit number of event in the W Z control region and the ete™, e"e™, et ut /utet,
e p~/ume, ptpt and p~p~ channels in the low myj; control region. In the ratio plot, the
systematic uncertainties (orange) and statistical uncertainties (blue) are shown. Event yields in
the W*Z control region are scaled by a factor of 0.1. Poisson uncertainties on the observed data

are shown.
etet e"e” etpt/utet  emp/umen ptpt o el
WEWj EW 0.64+<0.01 047+<0.01 297+<0.01 1.99+<0.0l 1.83+<0.0l 1.114+<0.01 9.01+<0.01
Wtz L77+ 018 1.37+ 013 1207+ 052 9.02+ 046 504+ 022 346+ 0.19 3272+ 0.78
Non-Prompt 071+ 0.64 437+ 177 1278+ 2.80 8.62+ 224 243+ 071 1.18+ 0.18 30.08+ 4.12
Charge Mis-ID 170+ 008 177+ 009 400+ 027 356+ 0.25 - 1103+ 0.38

WEW+j; QCD 024+ 0.02 015+ 0.01 199+ 0.04 115+ 0.03 1.16+ 0.03 064+ 0.03 532+ 0.07
ZZ, tri-boson, top 0.28+ 0.04 0.16+ 0.03 120+ 0.09 077+ 0.08 0.63+ 0.06 0.37+ 0.04 340+ 0.15
Vo 0.18+ 0.05 026+ 0.15 028+ 0.07 220+ 048 - - 293+ 0.51

Data 2015/16 5 3 39 38 10 6 101

Table 7.6: Event yields in the low-m;; control region with statistical uncertainties.



82 7 Event Selection in Signal and Control Regions

7.2.3 V~ Control Region

The V+ control region is used to study the modeling of photon conversion in V' processes. Even
though W#+ production is more important in the signal region, the control region is enriched with
simulated Z~ events because photon conversion can be more easily studied in this final state. Under
the assumption that the photon conversion probability is similar in both processes, the normalization
correction is calculated based on Zv production but applied to W*~ events as well. A potential
overlap between Z+jets and Z~ samples is removed before calculating the normalization correction.

Based on the preselection (cf. Table 7.1), events with two opposite-charge, analysis-level muons and
one analysis-level electron are selected. The lower p requirement for the leading and subleading
muon is adjusted to 27GeV and 20 GeV, respectively. The region close to the Z-resonance is
selected using 75 GeV < mypy < 100 GeV. Events containing neutrinos are rejected by requiring
]ErT]rliss < 30 GeV. The selection criteria are summarized in Table 7.7.

The V'~ control region is relatively pure, small contributions from V'V and top production are
observed. The event yields and distribution of the invariant di-muon mass are shown in Table 7.8
and Figure 7.3, respectively. And overall scale factor cy, was calculated as

c NData - NOther
Vy = VvV -
Nny + NZjets

The scale factor was found to be 1.77 4+ 0.36, including statistical uncertainties. This factor is used
to scale Zv and W+ m; distributions when building the fitting template and the Asimov data set in
the statistical analysis. The full effect of the normalization is covered with a systematic uncertainty
in the profile likelihood fit.

(7.1)

Criterion Value

Preselection see Table 7.1

Overlap removal Z-+jets / Z~

Npm (N2 (1)

Mypp 75 GeV < mype < 100 GeV
E%‘iss < 30 GeV

Table 7.7: Selection requirements defining the V'~ CR, information taken from Ref. [145].

T

E 18*'\fs'='13[T'ev,'3'5.6[fb"" T o e
- B Wogamma [ Z+gamma
A 16F Hvi'v channel O W"W* EWKET W'W*acD
%) [ WietsMC [l Drell-Yan
'qc'; 141 Oz | wz .
> m|ww [~
w 12 top 3
10F {# ]
Process Event Yield ]
Zy 24.60 £ 3.32 ]
Z+jets 3.02+1.54 =
O =
Other Backgrounds  8.15+0.60 = =
Data 57 3 =
20° 4060 80 100 120
m, [GeV]
Table 7.8: Event yields in the Vy Figure 7.3: Invariant di-muon mass dis-
CR, including statistical uncer- tribution in the V~ CR, including statisti-
tainties. Taken from Ref. [145]. cal uncertainties. Figure taken from Ref.

[145].



8 Systematic Uncertainties

In this section, all relevant systematic and theory uncertainties occurring in the analysis are sum-
marized. Theory uncertainties cover the effect variations in the generation of simulated samples
have on the total or differential cross section. Systematic uncertainties are associated to the mea-
surement of all analysis objects and cover all inaccuracies that impact the event yields in the fitting
regions, and the bins of the fitting distribution. Here, they are split into experimental and data-
driven uncertainties, as well as systematics accounting for statistical fluctuations in the background
contributions and the uncertainty on the luminosity measurement.

Experimental uncertainties are attributed to all simulated backgrounds and account for detector,
reconstruction and identification imperfections. Data-driven uncertainties are derived for the non-
prompt and charge mis-ID background estimates by evaluating the impact experimental uncertain-
ties have on the respective data-driven method.

In the statistical analysis, each source of uncertainty is represented by a single nuisance parameter
0, acting on various signal and background contributions. Therefore, correlations between different
contributions to the signal and control regions are considered. Even though the same nuisance
parameter is applied to different contributions, the impact, i. e. the 1 ¢ upper and lower uncertainty,
is evaluated separately for each background and signal contribution. For experimental, luminosity
and theory uncertainties, nuisance parameters have a Gaussian constraint. Details on the integration
of nuisance parameters into the likelihood function are given in Section 2.2.3. Background precision
nuisance parameters are constrained with a Poissonian density function, and correspond to the
y-parameters in Eq. (2.37).

For systematic and theory nuisance parameters 6, the interval [§ — A#, 6 + A] spans the range of
nuisance parameter values corresponding to variations in the associated samples within the previ-
ously derived 1 o uncertainty band. As 6 is used to scale the event yield of a contribution according
to the calculated uncertainties, the exact numerical values of —A6f and Af may be different for each
nuisance parameter, and even for different contributions affected by the same nuisance parameter.
Therefore, in the likelihood function Eq. (2.37), uncertainties are represented by the parameter a,
which is defined as the pull of 6 [146]

0—0
N (8.1)

Here 6’ and A’ denote the true value and true 1 o uncertainty band of the parameter 6. The pull
« has the advantage of being defined in the same range for all systematic and theory uncertainties
and all contributions. Hereafter, the term nuisance parameter always refers to a rather than 6.

The nominal parameter value of « is zero, which corresponds to the nominal estimate of all affected
contributions. Nuisance parameter values of +1 and —1 correspond to the 1 ¢ upper and lower
uncertainties, respectively. Hence, the initial uncertainty on a nuisance parameter is £1. Before
the fit, all nuisance parameters are set to their nominal values, i. e. all nuisance parameters a are
constrained by a standard Gaussian probability density. During the fit, nuisance parameters can be
pulled from the nominal value, which is associated to a pull of the event yield for the corresponding
contributions. The post-fit nuisance parameter value & is the best estimator of the true value o/,
i. e. & is the value that maximizes the likelihood for a given dataset. Additionally, the width of
the Gaussian p.d.f. may be changed. Hence, the post-fit value of A& can be different from 1.
Nuisance parameters with Ad& larger and smaller than one are called under- and over-constrained,
respectively.
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The fitting strategy is discussed in Chapter 9. The profile likelihood fit is performed using the
differential distribution of the invariant mass of the leading and subleading jets in the signal region,
as well as W*Z and low-m; control region. The signal region is split into four m;; bins. Depend-
ing on the uncertainty type, uncertainties are either treated as overall normalization uncertainties
or shape uncertainties. Normalization uncertainties have the same effect in all bins of a region.
Shape uncertainties, on the other hand, evaluate the impact of systematic uncertainties separately
in each bin of the fitting distribution, to account for possible shape effects. In general, shape uncer-
tainties include variations in shape as well as in normalization. As the W*Z and low-m; control
regions consist only of one bin in m;, all uncertainties are effectively treated as pure normalization
uncertainties.

In the following, all nuisance parameters entering the profile likelihood fit will be briefly discussed.
An complete overview of the relative impact of all nuisance parameters on the signal and background
estimates in all different lepton charge and flavor channels and regions is given in Appendix B.3.
For some nuisance parameters, like the nuisance parameters accounting for the jet energy scale res-
olution uncertainty or the parton shower uncertainty, only one variation can be derived. However,
the parton density functions of the nuisance parameters in the profile likelihood fit are built for
nuisance parameters which have an up and down variation, i. e. parameters that can take positive
and negative values. Using only one variation in the fit could potentially result in underestimated
uncertainties on these nuisance parameters. Therefore, the effect of systematic uncertainties with
only one variation is symmetrized, to yield two-sided nuisance parameters. This treatment is more
conservative than the approach used in the analysis presented by the ATLAS collaboration in Ref-
erence [11].

8.1 Experimental Uncertainties

As mentioned above, experimental uncertainties are linked to the reconstruction and identification
procedure of all objects needed in the analysis. These are mainly electrons, muons, jets and missing
transverse energy. Additional experimental uncertainties are assigned to selection steps, like the
rejection of b-jets (flavor tagging) and the pile-up reweighting procedure. The reconstruction and
identification algorithms are discussed in detail in Chapter 5.

An overview of all considered experimental uncertainties and the corresponding number of nuisance
parameters in each category is given in Table 8.1. The corresponding data processing steps are
detailed in the references listed in the table. In total, a set of 99 experimental nuisance parameters
is used. The complete list of nuisance parameters is given in Appendix B.1. Almost all uncertainties
listed in Table 8.1 are treated as shape uncertainties. The only exception is the modeling of V+y
conversions, which is described by a pure normalization uncertainty. This uncertainty amounts to
43 % and is based on a scale factor derived in the Vv control region as discussed in Section 7.2.3.

A set of four nuisance parameters is introduced to parametrize the uncertainty on the non-prompt
background. In order to decorrelate the uncertainty on non-prompt electrons and muons, separate
statistical and systematic nuisance parameters are used for each lepton flavor. These uncertainties
are described in Section 6.2.1.2. Total event yields in all channels in the signal and low-m; control
region are shown in Table 8.2. In addition to the nominal event yields, the impact of the nuisance
parameters is given. For the systematic uncertainties, up and down variations are listed separately.
Statistical uncertainties in Table 8.2 correspond to the statistical uncertainties in the anti-ID signal
and low-m; control regions®, where the non-prompt correction factors are applied.

For the charge mis-ID estimate, the effect of the energy correction and the charge mis-ID correction
factor are considered as systematic uncertainties, resulting in two nuisance parameters. The method
to derive these uncertainties is detailed in Section 6.2.2.3, where comparison plots of the nominal

LFor a definition of these regions see Section 6.2.1.
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Uncertainty Source Ny  Description Reference
Data-Driven 6
Non-Prompt 4 Nuisance parameters for statistical and systematic Sec. 6.2.1
variation in e and p non-prompt estimate

Charge Mis-ID 2 Energy correction and charge mis-ID correction Sec. 6.2.2
scale factor uncertainties

Electrons 40

e/~ Resolution 1 Uncertainty on the smearing of the energy resolu-
tlor.l . . Sec. 5.2.3

e/ Scale 5  Nuisance parameters for e/ calibration procedure

Electron Identification Eff. 31  Consists of a set of 15 correlated and 16 uncorre-
lated nuisance parameters

Electron Other Eff. 3 Parameters for reconstruction, isolation, and trig-
ger efficiencies

Muons 13

Muon Calibration 3 Two parameters are accounting for smearing of the Eq. (5.8)
Inner Detector and muon spectrometer p,, one pa-
rameter is assigned to the p| scaling

Muon Isolation Efficiency 2 Statistical and systematic uncertainty

Muon Selection Efficiency 6  Statistical and systematic uncertainty on, includ-
ing low-p muons and efficiency correction on the
track-to-vertex association

Muon Trigger Efficiency 2 Statistical and systematic uncertainty

Jets 18

Jet In-Situ Calibration 8 A reduced set, to cover uncertainties on the jet Sec. 5.3.2
in-situ calibration

Jet 1 Intercalibration 3 Uncertainties on non-closure of intercalibration

Jet Flavor and Topology 5  Uncertainties on jet response and composition for
quark or gluon initiated jets, b-jets, as well as
punch-through and high-p. jets

Jet Energy Resolution 1 Parametrizes the effect a p smearing has on the
jet calibration

Jet JvT Efficiency 1 Nuisance parameter for JVT and fJvT selection ef-
ficiencies

Flavor Tagging 13

Flavor Tagging Efficiency 11  Three parameters for b-tag and c-tag, respectively, Sec. 5.3.3
and five parameters on light quark tagging

Flavor Tagging Extrapolation Eff. 2 Accounting for uncertainties on the extrapolation
to high-p and c-jets

Pile-up )

Jet Pile-up p correction 4 Nuisance parameters are associated to p, A, (u) Eq. (5.11)
and Nyix

Pile-up Scale Factor 1 Uncertainty on scale factor applied to data Sec. 5.1

Other 4

Emiss Soft Term 3 Accounting for the scale and resolution uncertainty  Sec. 5.4
on the soft contribution

V'~ Conversion Model 1 Determined in V'~ control region Sec. 7.2.3

Table 8.1: Overview of experimental uncertainties. In each uncertainty category, the number of
contributing nuisance parameters Ny is given. Where applicable, a reference to the description of

the systematic uncertainties is given.
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and varied charge mis-ID distribution are shown in Figure 6.13. A comparison of total event yields
is given in Table 8.3. For the energy correction uncertainty, only one variation exists. However, the
effect is symmetrized in the statistical analysis.

Furthermore, experimental uncertainties on electrons, muons, jets and E7"* are given in Table 8.1.

The calibration and reconstruction of these objects is detailed in Sections 5.2, 5.3, and 5.4, respec-
tively. The experimental nuisance parameters showing the highest pulls after the various fits in the
statistical analysis are

e Vv Conversion Model,

e Jet n Intercalibration Non-Closure,

Jet Flavor Composition,

Jet Energy Resolution,
e Jet Pile-up Ny Offset, pp Term, p Topology, and
e Pile-up Reweighting Data Scale Factor.

In Figure 8.1 and 8.2, the impact of these jet and pile-up nuisance parameters on the total simulated
prediction is shown in the low-m;; control and signal regions. Data-driven non-prompt and charge
mis-ID estimates are not included. The nominal distribution is shown as a solid black line, while
colored lines represent the different nuisance parameters. Up and down variations for a specific
nuisance parameter are drawn in the same color and different line styles. Moreover, the statistical
uncertainty on the nominal prediction is shown.

It can be seen from Figure 8.1 that the jet energy resolution nuisance parameter corresponds to only
one variation. In the fit, the effect of this variation is symmetrized. The effect of the jet nuisance
parameters is less than 10 % in most bins. The jet energy resolution and flavor composition are the
leading uncertainties. As can be seen in Figure 8.2, the data scale factor has the highest impact
across the pile-up nuisance parameters.

In the fits to observed data, the muon calibration nuisance parameters related to the muon py
measurement in the Inner Detector and the Muon Spectrometer, as well as the py scaling are
under-constrained. Event yields in the signal region, as well as the low-m;; and W=*Z control
regions are given in Tables 8.4. For each of the afore mentioned nuisance parameters, the yield
impact per channel is shown. It can be seen that the effect of these nuisance parameters has the
same sign for the up and down variation in most channels. Thus, the nominal yield is not included in
the error band spanned by both variations. Therefore, the uncertainties on the nuisance parameters
are increased in the fit to also cover the nominal value.
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etet

+

e"e” efut/utet eTpT/uTem  ptp T
Signal Region Yields
Nominal, Statistical Unc. 4.08 £ 1.77 231 +£1.47 935 +262 6.34+238 0.57+0.14 0.67 %+ 0.17
. up - - +5.78 +4.27 —0.05 +0.20
Muon Systematics 4 - - —0.69 —0.46 —0.01 —0.10
] . oup +0.63 +0.40 +0.45 +0.74 - -
Electron Systematics ~2.12 ~1.23 —4.14 217 - -
Muon Statistics - - +0.45 +0.32 +0.05 +0.11
Electron Statistics +0.61 +0.34 +0.95 +0.73 - -
Low-m; Control Region Yields
Nominal, Statistical Unc. 0.71 £ 0.68 4.37 &+ 2.00 12.77 £2.93 8.62 + 234 243 +£0.72 1.18 +0.20
o up - - +5.90 +0.16 +3.34 +0.21
Muon Systematics 4 - - —0.71 —0.13 —0.43 —0.08
) . up —0.05 +0.73 +2.13 +2.28 - -
Electron Systematics +0.30 —92.54 —4.36 —3.67 - -
Muon Statistics — — +0.49 +0.14 +0.36 +0.14
Electron Statistics +0.15 40.61 +1.67 +1.56 - -

Table 8.2: Event yields for non-prompt background in the signal region and low-m;; control
region, including statistical and systematic uncertainties.

Channel e e ete™ e /ume” etut/utet I
Signal Region Yields

Nominal, Statistical Unc.  1.17 + 0.08 1.33 + 0.08 2.95 + 0.26 3.48 + 0.31  8.93 + 0.42

Energy Correction 40.02 +0.05 40.19 +0.21 10.47
up 10.09 +0.12 10.09 40.10 10.41

Charge Corr. SF (00 —0.10 —0.10 —0.06 0.00 —0.26

Low-m;; Control Region Yields

Nominal, Statistical Unc.  1.77 + 0.09 1.70 + 0.09 3.56 + 0.26 4.00 + 0.30 11.03 + 0.42

Energy Correction 40.02 +0.13 40.40 +0.31 +0.86
up 10.10 +0.13 40.10 10.11 10.43

Charge Corr. SF (0 —0.19 —0.09 —0.07 —0.10 —0.45

Table 8.3: Event yields for charge mis-ID background in the signal region and low-m;; control
region, including statistical and systematic uncertainties.
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Figure 8.1: Total simulated prediction for different lepton charge and flavor channels. In each
bin, the event yield corresponds to the sum of the ZZ, V~, tri-boson, top, W*Z, W*W=;-
Qcp, and WTW*jj-Ew estimates. The nominal prediction (solid, black), as well as the shape
variations of the jet energy resolution (green), flavor composition (red) and 7 intercalibration (blue)
nuisance parameters are shown. Up and down variations are represented by dashed and dotted
lines, respectively. Statistical uncertainties on the nominal prediction are depicted by the hatched,
gray error band. The bin from 200 GeV to 500 GeV corresponds to the low-m;; control region.
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Figure 8.2: Total simulated prediction for different lepton charge and flavor channels. In each bin,
the event yield corresponds to the sum of the ZZ, V~, tri-boson, top, W*Z, W*W*;j-Qcb, and
WEW*5j-EW estimates. The nominal prediction (solid, black), as well as the shape variations
of the pile-up data scale factor (orange), p topology (green), p term (red) and Ny offset (blue)
nuisance parameters are shown. Up and down variations are represented by dashed and dotted
lines, respectively. Statistical uncertainties on the nominal prediction are depicted by the hatched,
gray error band. The bin from 200 GeV to 500 GeV corresponds to the low-m,; control region.
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Channel etut/utet e p/uTe” upt wop (EOE(F
Signal Region
Nominal, Statistical Unc. 35.72 +£ 090 17.64 + 0.50 16.80 + 0.28 8.09 + 0.24
Seale up +0.01 —0.05 —0.06 —0.05
down +0.03 —0.04 —0.03 —0.04
up +0.02 —0.05 —0.05 —0.06
Inner Detector py down  —0.01 —0.04 ~0.06 ~0.05
up +0.01 < 0.01 —0.06 —0.04
Muon Spectrometer pr g 0 Lo.04 —0.08 —0.07 —0.04
Low-m,; Control Region W+*Z Cr
Nominal, Statistical Unc. 20.11 £ 0.58 15.45 + 0.75 9.37 £0.30 6.08 £ 0.22 116.71 £ 1.92
Scale up —0.05 +0.16 —0.05 —0.04 —4.61
down —0.02 +0.18 —0.05 —0.04 —4.50
Inner Detector up —0.02 +0.17 —0.06 —0.04 —4.55
pr down —0.03 +0.16 —0.05 —0.05 —4.66
up —0.03 +0.17 —0.05 —0.03 —4.59
Muon Spectrometer pp 3 —0.03 +0.20 —0.07 —0.04 —4.58

Table 8.4: Event yields for the sum of all simulated signal and background predictions in the
signal, as well as low-m;; and W#*Z control regions. Only lepton channels involving muons are
shown. Statistical and well as systematic uncertainties due to a subset of muon-related systematic
uncertainties are shown.

8.2 Theory Uncertainties

Nuisance parameters covering the systematic uncertainty on the generated cross section are assigned
to all simulated background and signal contributions. For all simulated backgrounds, except for
the W*Z and W*W+;j-Qcp production, normalization uncertainties are applied. Uncertainties
of 20 % are assigned to the ZZ, W+, and Z~ predictions. For tri-boson and top production, an
uncertainty of 30 % is assumed. These values are based on the uncertainties reported in the 8 TeV
ATLAS analysis [89].

In contrast, the theory uncertainties on the signal prediction as well as the W*W*;j-Qcbp and
W*Z backgrounds are calculated as shape uncertainties. Contributions related to the choice of the
strong coupling as, the values of the renormalization and factorization scales pur and pp, the set of
proton parton distribution functions (PDF), as well as the parton showering are derived separately.

The impact of a specific choice of the pr and pp values is evaluated by varying pupr and pp indepen-
dently up and down by a factor of two. Scenarios where ugr and pp are varied in opposite directions
are not included, yielding a total of seven variations. The symmetrized envelope of these variations
is taken as final scale uncertainty.

Uncertainties on the PDF set are evaluated using internal PDF variations provided within the
NNPDF3.0NNLO PDF set. Additionally, the impact of external variations using the CT14 NNLO [147]
and MMHT2014 [148] PDF sets are studied. The total PDF uncertainty is taken as the envelope of
all variations. The nominal value of ay is set to the Z-boson mass. ag uncertainties are estimated by
varying the nominal value and re-weighting the events accordingly. Scale, PDF and g uncertainties
are available on reconstruction level.

Parton shower uncertainties for the W*W=jj-Ew and W*W+j-QcbD samples are assessed using
different shower settings available in SHERPA. The merging scale Ayg, the hadronization scale
as well as the shower recoil scheme are varied. The total uncertainty is taken as the envelope of
the individual variations. These variations are only available on particle level; and are folded to
reconstruction level using the method described in Section 4.5.
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The W Z parton shower uncertainties are estimated on reconstruction level using a POwHEGBOX
sample that has been interfaced to the showering algorithms of PYTHIA 8 [76] and HERWIG 7 [77,
78]. The relative difference between these two samples is applied as a relative uncertainty to the
nominal W*Z SHERPA sample.

In Tables 8.5 and 8.6, nominal event yields with statistical, as well as systematic uncertainties due
to theory variations are shown in the signal and low-m;; control region for the WEW=*45-Qcp
and W*Z estimate, respectively. Additionally, varied mj; distributions in the signal and low-m;
control regions are shown in Figure 8.3 (a) and (b). For both samples, the scale uncertainty is
dominating. The effect of theory uncertainties on the W=*Z estimate in the W*Z control region is
listed in Table 8.7. No events from the W*W*;j-Qcp and WEW = jj-Ew samples are accepted in
the W*Z control region. Therefore, the calculation of theory uncertainties on these samples is not
possible in this control region.

Special consideration has to be given to the final theory uncertainties on the signal prediction.
Each nuisance parameter affects the overall normalization, as well as the m;; shape of the signal
distribution. The normalization effect of these uncertainties on particle level is assigned to the
predicted fiducial signal cross section. It is therefore necessary to separate the normalization effect
on particle level from shape effects in order to avoid double-counting. As discussed in Section 4.2.1,
signal theory uncertainties are normalized on particle level to the nominal fiducial cross section, such
that the remaining uncertainties only include shape effects as well as small normalization effects due
to different selection efficiencies on particle and reconstruction level. Hence, the theory uncertainties
on the signal distribution are smaller than the uncertainties on the W*Z and W*W%;j-Qcp
estimate.

In addition to the ag, PDF, scale, and parton shower variations, uncertainties accounting for the
interference between WW*jj-Ew and WHW*j-QcD as well as next-to-leading order electroweak
corrections are taken into account on the signal sample. These variations are discussed in Sections
4.3 and 4.4, respectively. In Table 8.8, the nominal W*W=jj-Ew event yields including statistical
and theory uncertainties are given in the signal and low-m;; control region. In agreement with the
observations on the W*Z and W*W;j-QcD background estimates, the parton shower systematic
is the dominant uncertainty.

In Figure 8.4, the nominal and varied signal m;; distributions in the signal and low-m; control
region are shown. The effects of the nuisance parameters range between 1 % and 9 % for different
m;; bins. The largest uncertainties are observed in the low-m;; control region and at high-m;;
values larger than 1500 GeV. This, as well as the comparably small systematic uncertainties on the
central m;j; bin from 1000 GeV to 1500 GeV, is a side-effect of the normalization on particle level.
The largest shape variation is observed for the NLO Ew corrections and interference systematics.
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Channel e e e” etut/utet e pu/uTe [TadTas wop el

WEW=*4j-Qcp Yields — Signal Region

Nominal, Statistical Unc. 0.38 £0.02 0.16 &£ 0.01 3.02 £0.06 1.21 +0.04 1.80 £0.04 0.76 & 0.03 7.34 + 0.09

Seale Variations P +0.15 +0.06 +1.15 +0.46 +0.68 +0.29 +2.78
down —0.09 —0.04 —0.74 —0.30 —0.44 —0.19 —1.80
PorF up +0.01 <0.01 +0.09 +0.04 +0.06 +0.02 +0.23
down —0.01 <0.01 —0.08 —0.03 —0.05 —0.02 —0.19
g up +0.01 <0.01 +0.06 +0.02 +0.04 +0.02 +0.15
down —0.01 <0.01 —0.06 —0.03 —0.04 —0.02 —0.15
Parton Shower +0.05 +0.02 +0.37 +0.15 +0.22 +0.09 +0.90

WEW+35-Qep Yields — Low-m; Control Region

Nominal, Statistical Unc. 0.24 + 0.02 0.15 £ 0.01 1.99 +0.05 1.154+0.03 1.16 £ 0.03 0.64 + 0.03 5.32 + 0.08

Scale Variations P +0.08 +0.05 +0.63 +0.37 +0.37 +0.20 +1.70
down —0.05 —0.03 —0.43 —0.25 —0.25 —0.14 —1.14
Por up +0.01 <0.01 +0.06 +0.03 +0.03 +0.02 +0.15
down <0.01 <0.01 —0.03 —0.02 —0.02 —0.01 —0.07
ag up <0.01 <0.01 +0.04 +0.02 +0.02 +0.01 +0.11
down —0.01 <0.01 —0.04 —0.03 —0.03 —0.01 —0.12
Parton Shower +0.01 +0.01 +0.07 +0.04 +0.04 +0.02 +0.20

Table 8.5: Nominal event yields and statistical uncertainties for the W=W=;j-Qcb background
in the signal and low-m; control regions. The effect of theory variations is also given.

Channel etet e"e” etut/utet e pu/uTe” T [T EE

W*Z Yields — Signal Region

Nominal, Statistical Unc. 1.87 +£0.14 1.31 £ 0.10 13.81 £0.46 893 £0.40 5.50 4+ 0.24 3.64 £ 0.22 35.06 £ 0.72

Scale Variations P +0.52 +0.36 +3.81 +2.46 +1.52 +1.01 +9.68
down —0.35 —0.24 —2.55 —1.65 —1.02 —0.67 —6.48

Por up +0.04 +0.03 -+0.30 +0.19 +0.12 -+0.08 +0.76
down —0.03 —0.02 —0.21 —0.14 —0.08 —0.06 —0.53

o up +0.01 +0.01 +0.07 +0.04 +0.03 +0.02 +0.18
s down —0.01 —0.01 —0.07 —0.04 —0.03 —0.02 —0.17
Parton Shower +0.32 +0.23 +2.39 +1.55 +0.95 +0.63 +6.07

W*Z Yields Low-m,; Control Region

Nominal, Statistical Unc. 2.02 £ 0.23 1.57 &£ 0.14 13.79 £ 0.57 10.31 £ 0.54 5.76 = 0.27 3.95 £ 0.21 37.40 £ 0.90

Scale Variations P +0.56 +0.43 +3.82 +2.86 +1.60 +1.10 +10.36
down —0.38 —0.30 —2.63 —1.96 —1.10 —0.75 —7.12
Por up +0.05 +0.04 +0.31 +0.23 +0.13 +0.09 +0.84
down —0.02 —0.02 —0.16 —0.12 —0.07 —0.05 —0.43
ag up -+0.03 +0.02 +0.18 +0.13 +0.07 -+0.05 +0.48
down —0.03 —0.02 —0.18 —0.13 —0.07 —0.05 —0.48
Parton Shower +0.29 +0.23 +1.98 +1.48 +0.83 +0.57 +5.36

Table 8.6: Nominal event yields and statistical uncertainties for the W*Z background in the
signal and low-m;; control regions. The effect of theory variations is also given.
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Channel E0E

Nominal, Statistical Unc. 197.09 4+ 1.42

.. up +54.03

Scale Variations down 3713

up +3.89

PoF down —92.62

o up +1.35

o down —1.46

Parton Shower +49.10

Table 8.7: Nominal event yields and statistical uncertainties for the W*Z background in the
W#*Z control region. The effect of theory variations is also given.

Channel etet e"e etpt/utet e p/uTe” urpt o 1+
W*W=5j-Ew Yields — Signal Region

Nominal, Statistical Unc. 3.80 £ 0.08 1.49+0.05 16.49 £0.17 6.45£0.11 9.14 £0.13 3.50 £ 0.07 40.88 £ 0.27
Seale Variations up +0.03 +0.01 +0.15 +0.06 +0.08 +0.03 +0.37
Hations down  —0.03 ~0.01 ~0.13 ~0.05 ~0.07 ~0.03 —0.33
Por up <0.01 <0.01 10.01 <0.01 10.01 <0.01 +0.03
down  <0.01 <0.01 ~0.02 0.01 —0.01 <0.01 ~0.05
e up <0.01 <0.01 —0.01 <0.01 <0.01 <0.01 —0.02
s down  <0.01 <0.01 +0.01 <0.01 +0.01 <0.01 +0.03
Parton Shower +0.20 +0.08 10.89 +0.35 10.49 10.19 12.19
‘ up ~0.03 —0.01 —0.14 ~0.06 ~0.08 ~0.03 ~0.35
Ew-Qop Interference 4 " o0y 10.01 +0.16 +0.06 +0.09 +0.03 10.40
B Corrections up —0.05 —0.02 —0.20 —0.08 —0.11 —0.04 —0.51
down  +0.05 +0.02 +0.20 +0.08 +0.11 +0.04 +0.51

W*W#+;j-Ew Yields — Low-m;; Control Region

Nominal, Statistical Unc. 0.64 £ 0.03 047 +0.04 297 +0.07 1.99+0.06 1.82=+0.09 1.11+0.04 9.0l +0.15
Seale Variations up ~0.03 ~0.02 ~0.12 ~0.08 ~0.08 ~0.05 ~0.38
Hations down  +0.02 10.02 1011 +0.07 +0.07 10.04 +0.33
Por up <0.01 <0.01 —0.01 <0.01 <0.01 <0.01 —0.02
down  <0.01 <0.01 +0.02 40.01 10.01 10.01 +0.05
e up <0.01 <0.01 +0.01 <0.01 <0.01 <0.01 +0.02
s down  <0.01 <0.01 ~0.01 ~0.01 ~0.01 <0.01 ~0.02
Parton Shower ~0.08 ~0.06 ~0.36 —0.24 —0.22 ~0.13 ~1.09
up +0.05 +0.03 10.22 10.14 10.13 +0.08 +0.65
Ew-Qop Interference 30 05 —0.04 —0.25 ~0.16 ~0.15 ~0.09 —0.74
B Corections up +0.05 +0.04 +0.23 +0.15 +0.14 +0.09 +0.69
orrections down  —0.05 —0.04 ~0.23 ~0.15 ~0.14 ~0.09 ~0.69

Table 8.8: Nominal event yields and statistical uncertainties for the W*W=;j-Ew signal predic-

tion in the signal and low-m;; control regions. The effect of theory variations is also given.
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Figure 8.3: m;; distributions of the W*Z (a) and W*W=*53-Qcp (b) background contributions
in the combined lepton channel in the signal and low-m;; control region. Shape variations corre-
sponding to parton shower (orange), ay (green), PDF (red), and scale nuisance parameters (blue)
are shown. Up and down variations for a specific nuisance parameter are drawn as dotted and
dashed lines, respectively. The bin from 200 GeV to 500 GeV corresponds to the low-m;; control
region.
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Figure 8.4: m;; distributions of the WEW=*jj-Ew signal prediction and different sources of
systematic uncertainties in the combined lepton channel in the signal and low-m,; control region.
In (a), shape variations corresponding to parton shower (orange), ay (green), PDF (red), and scale
nuisance parameters (blue) are shown. Shape uncertainties due to interference between Ew and
QcD production (blue) as well as Ew next-to-leading order corrections (red) are presented in (b).
Up and down variations for a specific nuisance parameter are drawn as dotted and dashed lines,
respectively. The bin from 200 GeV to 500 GeV corresponds to the low-m;; control region.
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8.3 Luminosity Uncertainty

For all simulated contributions where the normalization is not determined from data, i. e. WEW=*jj-
Ew, WEW*5j-Qcp, ZZ, Vv, top, tri-boson, as well as V+jets, WEWT and tt production, an
additional nuisance parameter is assigned to the event yield. This nuisance parameter accounts for
the normalization uncertainty on the luminosity measurement, and is constrained by a Gaussian
density.

The methodology of the luminosity measurement is detailed in Reference [149]. The instantaneous
luminosity is determined using the interaction rate per bunch crossing p, as described in Eq. (5.1).
The visible interaction rate pyis can be measured with dedicated forward detectors like LucCID-2
[150], and is the product of the detector efficiency ¢ and the total interaction rate u. The cor-
responding visible inelastic cross section oy is calculated as € - ojue1, using the cross section for
inelastic proton-proton scattering oinel. If oyis is known, the instantaneous luminosity per bunch,
Ly, is given as

cy = Mt (8.2)

Ovis

where f. denotes the LHC revolution frequency. As oine is a well-known quantity, this means that
the detector efficiency € has to be precisely known in order to calculate Lp.

To determine ¢ for the LUCID-2 detector, the beam widths 3, , along the z- and y-axes are measured
during van-der-Meer (vdM) scans [151]. Using the number of protons n; 2 in the colliding bunches,
the bunch luminosity can then be calculated from

n1 ng fr

Ly, = 20 8.3
T 3,3, (83)

As van-der-Meer scans are done under low-luminosity beam-conditions, and repeated only in large
time intervals, extrapolation uncertainties to high-luminosity situations as well as long-term drift
corrections are introduced. In addition, systematic uncertainties for the vdM calibration method
and beam-induced backgrounds in the measurement of the instantaneous luminosity are taken into
account [149]. The total uncertainty on the integrated luminosity of the combined 2015 and 2016
dataset amounts to 2.1 %.

8.4 Statistical Uncertainties on Simulated Backgrounds

As briefly discussed in Section 2.2.3, the statistical uncertainty on the simulated predictions is
described using one nuisance parameter per m;; bin, region and channel [50]. In each bin, the
relative total statistical uncertainty is constructed from the statistical uncertainties of all simulated
contributions!.

The caveat in this procedure is the treatment of statistical uncertainties on the signal prediction.
Generally, the statistical uncertainty on the signal prediction is lower than the uncertainties on the
simulated backgrounds, as a very large number of signal events has been generated. Therefore,
the total relative uncertainty on the prediction in each bin is reduced when the signal sample is
included in the calculation; an effect that becomes especially important in bins with a high signal-
to-background ratio. This can result in an increase of the expected significance, which then depends
on the statistical precision of the signal sample. This increase is found to be of the order of a few
percent in this analysis. In order to give a conservative significance estimate, which is independent
of the signal precision, the signal statistical uncertainty is not included in the fit%.

In the HISTFACTORY package, samples to use for the calculation of the relative total statistical uncertainty are
flagged using the ActivateStatError property. Data-driven background estimates are excluded from the calculation
by setting ActivateStatError to False.

2The ActivateStatError flag is set to False for the signal sample as well.
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The relative statistical uncertainties on the total simulated background included in the fit are
given in Table 8.9. The size of these uncertainties varies between approximately 1 % in the W*Z
control region to 60 % in the e”e™ channel of the signal region. In the signal and low-m;; control
region, the uncertainty decreases with increasing number of muons in the event. Additionally, it is
observed that the uncertainty in the £~¢~ channel is slightly larger than in the corresponding £ /"
channel. As the uncertainty on the non-prompt background is dominating, this can be explained
by reconsidering the event yields for the non-prompt backgrounds before the fit. Event yields with
total uncertainties are listed Table 9.9, while yields with purely statistical uncertainties are given
in Table 8.2. In Appendix C.2, the bin-wise yields in the signal region are reported. It can be seen
that the fraction of non-prompt events is lower for channels involving muons, but also the statistical
uncertainty on the non-prompt prediction in the muon channels is reduced. This leads to an overall
smaller relative statistical uncertainty.

Lower Bin Boundary Statistical Uncertainty [%]
[GeV] e e etet e p/pme etut/utet pTpm optpt 0EOELT
Signal Region

500 +22.81 £33.47 +18.02 +13.97 +8.44 +5.73
700 +42.52  +40.38 +27.02 +16.17 +10.29 +8.22

1000 +59.94 +11.40 +21.38 +18.41 +18.43 +8.16

1500 +52.63 +24.20 +34.45 +30.15 +14.63 +8.06

Low-m;; Control Region W*Z Cr

200 +21.98 +13.77 +9.30 +8.87 +4.65 +8.08 +1.15

Table 8.9: Bin-wise relative statistical uncertainties on the total simulated background estimate
in the signal and low-m;; control regions. For each bin, the lower bin boundary is given. In all
regions, the maximal m;; value is set to 3000 GeV. Events with an m;; value larger than that are
included in the last bin.
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The statistical analysis in this thesis is implemented using the HistFactory framework [50]. The
likelihood template used in the optimization is described in Section 2.2.3. The signal strength
parameter p, which has been introduced in Eq. (2.35), is used to scale the signal expectation to
the value providing best agreement with the observed data. Therefore, it can also be written as

/J — O—meas’ (91)
OSM

where ogy is the WEW*jj-Ew cross section predicted by the SM, and opmeas corresponds to cross
section providing the best agreement with the observed data set. Hence, the measured fiducial cross
section can be inferred using the measured signal strength.

The signal strength is measured by simultaneously fitting the signal region in combination with the
low-m; and W#*Z control regions. The signal and low-m; control regions are separated by lepton
charge and flavor into six channels. As the W*Z background is not dependent on lepton flavor or
charge, events in the W*Z control region are not split into channels. The m; distribution used
in the statistical analysis is split in four bins in the signal region. Therefore, a total of 31 different
categories are included in the fit!.

An overview of all process categories included in the different regions in the profile likelihood fit
is given in Table 9.1. In the following, background contributions given in figures and tables are
grouped according to these categories. The data-driven estimate of charge mis-ID and non-prompt
backgrounds is only derived for the signal and low-m;; control regions. Therefore, simulated events
for W+ /Z+jets, tt, WEWT, as well as ZZ production are used in the background estimate of the
W#*Z control region. A summary of the included nuisance parameters is given in Chapter 8.

Category/Process SR Low-m;; Cr W+*Z Cr
WEW+jj-Ew v v v
WEW+5j-Qcp v v v
wW*Zz v v v
Other Prompt  Top v v v

Tri-Boson v v v

77 v v v
Conversion Vy v v v
Charge Mis-ID  Data-Driven Charge Mis-ID v v

Z+jets v

WEWT v
Non-Prompt Data-Driven Non-Prompt v v

tt v

W*+jets v

Table 9.1: Summary of all processes used in the signal and control regions in the statistical
analysis.

!The W*Z control region builds one fitting category, the low-m,; control region consists of six categories. Addi-
tionally, there are 4 - 6 categories in the signal region.
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In Section 9.1, pre-conditional studies are described. This includes studies determining the binning
and channel splitting in the signal and control regions. As several control regions are used in this
analysis, special consideration has to go into the calculation of the expected significance. This
is discussed, along with the documentation of expected results in Section 9.2. After finalizing
the analysis strategy the signal region is unblinded, and the observed results are documented in
Section 9.3. Finally, the expected and observed values of the signal strength are used to calculate
the expected and observed fiducial cross sections. This is detailed further in Section 9.4.

9.1 Preparatory Studies

This section summarizes all preparatory studies necessary to determine the optimal configuration
of the profile likelihood fit. In Section 9.1.1, the implementation of the statistical analysis is tested,
using the event yields previously reported by the ATLAS collaboration. The binning and channel
splitting of the W Z control region is discussed in Section 9.1.2. In order to increase the performance
of the fit in the studies to determine the optimal binning in the signal region, a pruning of nuisance
parameters is used. This procedure is described in Section 9.1.3. The final results are, however,
based on the full fit without any nuisance parameter pruning. The binning in the signal region is
investigated, as presented in Section 9.1.4.

9.1.1 Cross-Check using Previous ATLAS Results

In order to provide an independent cross-check for the current implementation of the statistical
analysis, previous results reported by the ATLAS collaboration [89] are re-interpreted. A summary
of these results is given in Section 4.1.1. An expected and observed significance of 2.3 ¢ and 3.6 ¢
was announced, respectively.

In analogy to the method used in Reference [89], a one-bin profile likelihood fit is performed. Events
are categorized into three lepton flavor channels, namely ee, ep/pe and pu. The event yields and
systematic uncertainties listed in Table 4.2 and 4.3 are used. The background is grouped according
to the rows presented in Table 4.2. Therefore the following background categories are included in
the fit:

o WEW*jj-Qep,

Prompt, corresponding to W*Z, ttV, and ZZ,

e Wy,

Charge Mis-1D, and
e Non-Prompt.

For each row in Table 4.3 and each sample, a nuisance parameter is defined. Nuisance parameters
corresponding to detector systematics, i. e. luminosity, trigger, lepton, jet, ErTniss, and b-tagging
uncertainties, are correlated between all samples. In Table 4.3, systematic uncertainties for all
background samples are given with respect to the total background yield. Therefore, the values have

to be re-calculated per sample, such that the nuisance parameters can be configured accordingly.

Neglecting all uncertainties, the purely statistical expected and observed significances amount to
2.9 ¢ and 4.3 o, respectively. Including the complete set of uncertainties, expected and observed
significances of 2.3 ¢ and 3.5 o are calculated. The evolution of the figure of merit depending on
the included sources of systematic uncertainty in shown in Table 9.2. The distribution of pulls on
nuisance parameters after the fit to observed data is shown in Figure 9.1.



9.1 Preparatory Studies 99

Comparing these results to the values reported for the ATLAS 8 TeV analysis, small differences are
observed. However, an exact reproduction of the 8 TeV results is impossible. Some background
contributions, like W*Z, ttV and ZZ are merged into a single background “Prompt” category, but
were previously treated separately in the fit to account for different theory uncertainties. Addition-
ally, only a summary of all systematic uncertainties for all background contributions is available.
In this test it has been assumed, that all detector systematics are equally distributed across back-
ground contributions. Due to these approximations, small deviations from the numbers reported
in [89] are expected.

9.1.2 Optimizing the WZ Control Region

This section describes the setup to include the W*Z control region into the full profile likelihood
fit. Rather than taking into account a differential distribution over m;; only the number of events
in the W*Z CR is considered. One reason for this lies in the invariant mass distribution of the
tagging jets, which has different shapes in the control region and signal region.

A comparison of the m;; distribution in the signal and W*Z control regions is shown in Figure 9.2.
Both m; distributions are normalized to unit area. It is observed that the m;; spectrum in the
signal region is slightly steeper than in the W*Z control region. As the W*Z control region has a
requirement for three leptons (definition see Table 7.4), it is very likely for the tagging jets to come
from the partons that radiated the W= or Z boson. This yields a very high purity in W*Z events.
In the signal region however, it is more likely to mis-reconstruct hadronically decaying 7-leptons or
leptons outside the tracker acceptance as jets. As these mis-reconstructed jets are expected to have
lower transverse momentum, it is anticipated for the m;; distribution in the W=*Z control region
to be harder than in the signal region.

In order to test the assumption that the W*Z normalization is independent on lepton flavor,
different fit configurations are tested. The W*Z prediction in the W*Z control region is fitted,
i. e. the W*Z production is taken as signal while all other simulated processes, including W*W = -
Ew production, are considered as backgrounds. Accordingly, the W*Z strength pyz measures the
W¥ Z normalization. The fit is done once with combining all lepton flavors into one channel, denoted
as (T(*(F channel. A second combination is tested, where leptons are split by lepton flavor into
eel, ppl, and eul channels. Both fit configurations are run with the Asimov and observed datasets.
The complete set of nuisance parameters is taken into account.

The figure of merit in this test is the calculated value of uw 7z and its statistical (Agat), theory
(Atheo), and systematic uncertainties (Agys). These values are summarized in Table 9.3. It is
observed that theory uncertainties are as large as 46 % and 27 % in the up and down variation,
respectively. This is due to the W*Z theory uncertainties, most notably the shower and scale
variation uncertainties. The W*Z yields as well as theory uncertainties in the W*Z control region
are listed in Table 8.6. The impact of the parton shower is approximately 25 %, scale variations
uncertainties amount to + 30 % and - 20 %.

No significant difference is observed between the one-channel and three-channel fit results. A slight
constraint on the up-variation of systematic uncertainties is observed in the three-channel fit to
observed data. However, in the final setup, pz is measured in a combined fit of the W*Z and
low-m;; control region (see Section 9.2.1), where similar systematic uncertainties are observed.
In order to use the simplest configuration, the combined ¢*¢*¢¥ channel is used for the final
fit. Nuisance parameter pulls after the fit to observed data in the ¢F¢*¢¥ channel are shown in
Figure 9.3. No significant constraint or pull on the nuisance parameters is observed. As only one bin
and one channel is fitted, the difference between prediction and observation is completely absorbed
into the post-fit value of uy 7.
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Figure 9.1: Nuisance parameter pulls for parameters with Gaussian constraint after the fit to
observed data.

Source Included Uncertainties Full Result
Bkg. Statistics v v @V v v
Theory - v Y v v
Charge Mis-ID  — - v v v
Non-Prompt - - - v v
Detector - - - - v
Expected [o] 29 2.8 28 2.7 2.3
Observed [o] 43 43 42 4.1 3.5

Table 9.2: Evolution of the significance when including different systematic sources. All sources
marked with a v'are included in the fit. Nuisance parameter representing the statistical uncertainty
of the simulated samples are always included, but have a negligible effect.

9.1.3 Pruning of Nuisance Parameters

Running the full fit including the signal, low-m;;, and W#Z control region is very time-consuming.
Therefore a pruning method was implemented to reduce the number of nuisance parameters without
affecting the final fit result. This pruning is applied in additional studies, to increase the computing
performance. The results presented in Sections 9.2, 9.3, and 9.4 are generated using the complete
set of systematic uncertainties.

The pruning is applied to all shape nuisance parameters with Gaussian constraints, i. e. overall
normalization uncertainties and background precision bin-by-bin scale factors are not affected. The
decision to include a nuisance parameter in the fit is based on the nominal, pre-fit estimate N; of the
affected contribution in a certain bin 4, and the pre-fit 1-o variation S;. An impact threshold ¢ as
well as a percentage of bins pp, in which the threshold has to be exceeded are tunable parameters.
All nuisance parameters in a channel and region that do not exceed

|N; — Si

> 9.2
o (0.2

in at least py, percent of all bins are rejected.

A comparison of the expected significance, as well as the post-fit value and total uncertainty of
the signal strength piexp is shown in Table 9.4 for different choices of the pruning parameters.
Moreover, the time needed to run each fit is given with respect to the computing time needed
for the full, unpruned fit. Note that this study is performed with one bin m;; distributions in
the control regions, and four bins in the signal region. Therefore, requiring a variation in at least
20 % of the bins in each region corresponds to a variation in at least one bin in the signal region.
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Figure 9.2: Comparison of W+Z m;; distributions in the signal region and the W+Z control
region above m;; = 500 GeV. The distributions are taken from the combined (E0E(F and (F0E
channel in the W*Z control and signal regions, respectively. Both histograms are normalized to
unit area. The shape of the m;; distributions differs between both regions as different production
processes are involved, respectively.

Data type Channel Hwz Agtat Atheo Agys
Asimoy e AT AL 1.00 +0.08 —0.08 +047 —0.27 +0.13 —0.04
eel, pul, el 1.00  +0.08 —0.08 4047 —0.27 +0.14 —0.03
e ATA 0.88 +0.07 —0.07 +0.41 —0.24 +0.12 —0.03
Observed

eel, pul, enl 0.88  +0.07 —0.07 +041 —-0.24 +40.08 —0.04

Table 9.3: Comparison of py 7 for different channel combinations used in the fit of the W*Z
control region. The best fit value of puy z is given, as well as the statistical (Agtat), theory (Atheo),
and other systematic uncertainties (Agys).

The purely statistical significance, i. e. the significance derived with purely statistical uncertainties,
not including additional nuisance parameters, is 5.01 0. The smaller the thresholds t and py, are
chosen, the more nuisance parameters are included. The significance decreases from the purely
statistical significance to the value of the full fit, which is 4.59 ¢. It is seen that this decrease is not
monotonous. There is for instance a slight increase in significance when changing the settings from
(t=10 %, p,b =20 %) to (t =1 %, pp, =40 %). This can be due to correlations between nuisance
parameters, which are neglected with tighter pruning settings.

From Table 9.4 it can be seen that even for very tight pruning settings like (¢ = 40 %, p, = 20 %)
the expected significance is relatively close to the full significance. A summary of all nuisance
parameters used in that fit is given in Table 9.5. Here, nuisance parameters are grouped according
to the categories defined in Section 8, Table 8.1.

It is observed that the settings (t = 0.1 %, p, = 20 %) and (¢t = 0.01 %, pp, = 20 %) yield identical
results which deviate from the full significance only in the fourth digit. Therefore, the following
studies to optimize the signal region are completed by setting ¢ = 0.1 % and p, = 20 %. In this
configuration, 92 of a total of 112 shape nuisance parameters are included in the fit. A detailed
overview of nuisance parameter usage is shown in Appendix C.1.
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Figure 9.3: Nuisance parameter pulls for parameters with Gaussian constraint after the W*Z
control region fit to observed data in the £*¢*¢¥ channel. Only the 15 nuisance parameters showing
the highest pulls or constraints are displayed.

Settings Exp. Sig. Hexp Time
L% pol%] [0] K
40 20 4.636  1.00 4+0.27 —0.25 0.6
20 40 4.650  1.00 4+0.27 —0.25 0.7
10 20 4569  1.00 4+0.27 —0.25 1.6
1 40 4586  1.00 4+0.29 —0.26 4.6
0.1 20 4584  1.01 +0.29 —0.27  23.0
0.01 20 4584  1.01 +0.29 —0.27  31.8
No Pruning 4.588  1.01 4+0.28 —0.27 100

Only Statistics 5.014 1.00 +0.25 —0.24 0.5

Table 9.4: Comparison of fit results for different pruning parameters. Additionally, the results of
the full fit (No Pruning) and the purely statistical fit (Only Statistics) are given. The post-fit value
and total uncertainty on the signal strength pieyp is listed, as well as the expected significance. To
illustrate the change in computing intensity, the time needed to run the pruned fit is given relative
to the run time of the full fit.

9.1.4 Optimizing the Signal Region

In order to maximize the expected significance, the binning of the m;; distribution in the signal
and low-m;; control regions is optimized. The binning is constructed in a way to avoid bins with
zero background events, as this would cause problems in the profile likelihood method.

The procedure starts from the input histograms, which have a fine m;; binning with equidistant,
12.5 GeV wide bins. These histograms contain weighted events and cover a range from 200 GeV to
500 GeV and 500 GeV to 3000 GeV in low-m;; control and signal region, respectively. In the signal
region, events with m;; larger than 3000 GeV are included in the last bin. In each region, the final
binning is generated by merging bins until two criteria are fulfilled:

1. Each bin contains at least a specified number of signal Ng and background events Ng,
2. and the relative statistical uncertainty® in each bin is smaller than a certain ANg, and ANg.

The conditions on Ng and ANg are evaluated using the sum of all background contributions. It
is therefore still possible for small background categories to have some empty bins. In these cases,
the statistical error in the respective bins is set to 1.

!For simulated contributions, this corresponds to the precision of the simulated prediction. For data-driven charge
mis-ID and non-prompt estimates, the statistical uncertainty is calculated from the amount of data available in the
regions where the respective correction factors are applied.



9.1 Preparatory Studies 103

Sample Jets Pile up Flavor Tagging Non-Prompt Theory
Signal Region
w*Zz 1/18 - - - -
Vo 3/18 - - - -
Z7 3/18 - - - -
Non-Prompt - - - 2/4 -
Top 3/18 1/5 2/14 - -
Triboson 3/18  3/5 - - -
WEW+jj-Qep - - - 1/4
W#*Z Control Region
Ve 2/18 - - - -
Z7 - 1/5 - - -
Non-Prompt - - - 1/4 -
Low-mj; Control Region

Z7 1/18 - - - -
WEW+jj-Ew - 1/5 - - -

Table 9.5: Overview of nuisance parameter groups included in the pruned fit with ¢ = 40 %
and pp, = 20 %. In total, 19 different nuisance parameters are accepted. Categories where no
shape nuisance parameters are accepted for the respective sample/region combination are marked
with “~”. Nuisance parameters are collected into groups according to the definitions in given in
Table 8.1.

The final binning in the signal region is derived by requiring at least two signal events and one
background event in each bin, with a statistical uncertainty of ANg = 10 %, and AN = 25 %,
respectively. These settings result in four m;; bins.

As discussed in the previous section, a pruning of t = 0.1 % and p,, = 20 % is applied to the list of
all shape nuisance parameters, before evaluating the significance for this binning. The W*Z and
low-m; control region are included in the fit. The lower bin boundary in both regions is set to
200 GeV. The bin boundaries in the signal region as well as the resulting expected significances for
the pruned and purely statistical fit are listed in Table 9.6.

In order to improve readability, the bin boundaries generated by the algorithm are rounded to the
nearest hundred; with the exception of the last bin, where the lower boundary is set to 1500 GeV
rather 1400 GeV to gain a slightly higher significance. The rounded boundaries as well as the
corresponding fit results are given in Table 9.6 as well. The rounding, however, has a negligible
effect on the significance. The pre-fit m;; distributions for the combined ¢*¢* channel in the signal
region, using the final binning are shown in Figure 9.4. It can be seen that the signal-to-background
ratio increases with m;; in the chosen binning. Tables containing pre-fit event yields per bin for
all samples and channels in the signal and control regions are listed in Appendix C.2. It is not
beneficial to split the signal region into more than four bins, as even with this binning, there are
some empty bins for the smaller backgrounds, such as V+, and tri-boson production but also the
non-prompt estimate in the u™pu™* channel.

The impact of a finer binning in the low-m;; control region is tested as well, where the final binning
of four bins is used for the signal region. The settings used to derive the signal region binning yield
one bin in the control region, which is due to the relatively high requirement on Ng. Therefore, the
control region binning is generated using Ng = N = 1 and ANggy = 10 % (25 %). The derived
binning and the corresponding fit result are given in Table 9.6. Increasing the number of bins in the
low-m; control region only has a small effect on the pruned significance. Additionally, the statistical
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uncertainty on non-prompt background estimate especially in the ee channels is larger than 50 %
already (cf. Table C.7) with a combined bin from 200 GeV to 500 GeV. As this background is one
of the main backgrounds in this analysis, only one bin in the low-m;; control region is used for the
production of the final results presented in the following sections.

The lower boundary of the low-m;; control region is chosen in a way to reduce the s-channel tri-
boson contributions to electroweak WEW* production. In addition to the already tested value of
200 GeV, a lower bin boundary of 250 GeV is assessed. The result is listed in Table 9.6. It can be
seen that this change has no effect on the purely statistical significance, as it is mainly sensitive to
the signal to background ratio in the high-m;; bins. Only a minor impact on the pruned significance
is observed. In order to not limit the constraining power of the final fit it is chosen to keep as much
background statistics as possible. A lower m;; value of 200 GeV is chosen.

RS E — T
45k V5=13Tev, 361 fo) MWW EW  mEW'W'j OCD
i Non-Prompt Conversion
M Charge Mis-ID Wz
Other Prompt < Tot. Uncert.

F F channel

Events / Bin

] NS S T T T N S TSSO S ST W WY
goo 1000 1500 2000 2500 3000
m; [GeV]

Figure 9.4: Pre-fit m;; distributions in the combined (*¢* channel in the signal region. Total
systematic and statistical uncertainties are shown. Background contributions are grouped into
categories as listed in Table 9.1.

Optimized Bin Boundaries Significance [o]
Region Pruned Stat.
SR 500.0 675.0 987.5 1412.5 3000.0 4.57 5.37
500 700 1000 1500 3000 4.58 5.38

Low-m.. CR 200.0 375.0 500.0 4.60 9.39
2 250 500 4.57 5.39

Table 9.6: Overview of fit results using different bin boundaries in the signal and low-m; control
regions. In the signal region optimization, one bin from 200 GeV to 500 GeV is used in the low-m;;
control region. When studying the low-m;; CR binning, the final signal region binning is applied.
Events with m; larger than 3000 GeV are included in the last bin.
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9.2 Results using Asimov Dataset

In this section, results of the statistical analysis using the Asimov dataset are presented. During
measurements of the W*Z electroweak production [83], the W= Z-Ew strength pw z_gw, as well as
the background normalization for W*Z-Qcb production, juyy z—qcp are measured. The observed

values amount to 1.777049 and 0.56 4 0.16, respectively [83], suggesting that the electroweak and

Qcb W*Z production cross section in the VBS phase space is not well modeled. Consequently, in
this analysis a separate measurement of the combined electroweak and QcbD W*Z cross section is
performed in the W*Z control region. In this measurement, observed data in both control regions
is used. However, the measured W*Z strength sy has then to be included in the calculation of

the expected results, in order for them to be comparable to observed ones.

9.2.1 Methodology of Expected Significance Extraction

The W*Z normalization factor up 7 is introduced into the fitting template in order to scale the
simulated W*Z prediction to match the observation. The measurement of ;7 is mainly dependent
on the data observation in the W*Z control region. However, the expected significance is usually
derived purely based on Asimov data. In order to benefit from the upz measurement in the
calculation of the expected results, first a combined fit of the W*Z and low-m; control regions is
completed using observed data. In this fit, W*Z production is considered as signal and the W+Z
strength gz is measured. In case the W*Z production cross section is not accurately modeled in
the simulated background estimate, the measured py 7 takes a value different from 1.

Subsequently, pwz is used as an unconstrained normalization factor in the combined fit of both
control regions and the signal region. Before this final fit, py 7z is set to the value determined in the
control region fit, and thus the W*Z background in the fitting template as well the construction
of the Asimov dataset is scaled with this measured value. Consequently, the background estimate
in all regions is affected which impacts the expected significance. Including uwz as a non-fixed
rather than a constant normalization factor allows for identical fitting procedures in the case of
Asimov and observed datasets. However, the observed data in the signal region may also impact
the measurement of uyp 7z, such that the post-fit value after the fit to observed data can differ
from the value after the fit to Asimov data. In any case, for the fit to observed data, the post-fit
value is independent of the pre-fit one, as the normalization factor follows a box probability density
distribution.

The results of the control region fit to observed data are presented in this section. The main
difference with respect to the results presented in Section 9.1.2 is that the low-m;; control region is
also included here. Pre- and post-fit event yields in the control regions are shown in Figures 9.5(a)
and 9.5(b). Additionally, post-fit event yields and their total uncertainties! in both control regions
are listed in Table 9.7. It can be seen that the observed number of events exceeds the prediction
in the etut/ptet and more notably the e~ /u~e™ channel of the low-mj; control region. In
all other channels as well as the W*Z control region the number of observed events is less then
expected. However, in all channels but the e”e™ and e~ =/~ e™ of the low-m;; control region the
discrepancies are covered by the uncertainties on the expectation.

In the post-fit distributions, all channels except for the e”e™ channel agree within their uncertainties.
A W*Z strength of
pwz = 0.88 T0ET (stat) T5o% (theo) FT0 (sys) (9.3)

is measured. Comparing this result to the ppz derived in Section 9.1.2, only minor deviations
are observed. The total theory uncertainty is marginally larger than in the fit only including the
W*Z control region, as the W*W*jj-Ew theory uncertainties have an non-negligible impact in

'Event yields with separate statistical, theory and experimental uncertainties before and after the fits to Asimov
and observed data are listed in the appendix, Tables C.9 and C.10.
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the low-m;; control region. The total systematic uncertainty is slightly reduced w.r.t. the wW*Zz
control region fit, as the combined fit has some constraining power on detector nuisance parameters.
However, the systematic uncertainties in both fits are not entirely comparable, as no charge mis-ID
and non-prompt nuisance parameters are included in the W*Z CRr fit'. An overview of nuisance
parameter pulls after the W*Z control region fit is shown in Figure 9.3, and can be compared
to Figure 9.6. As no significant deviations are observed between the fits with and without the
low-m; control region, the hypothesis that py 7 is primarily dependent on the W=*Z control region
is confirmed.

Nuisance parameter pulls after the fit to observed and Asimov data are shown in Figure 9.6 (a) and
(b), respectively for the 15 most affected parameters. As can be seen, the fit has a large impact
on the non-prompt background. The nuisance parameter accounting for systematic uncertainties
on the non-prompt correction factor for muons is constrained in both cases. Moreover, nuisance
parameters for mis-identified electrons and parameters affecting the Vv background are pulled up
to improve the agreement in the et ut/utet and e~ /pu~ e channels. A small pull and constraint
is observed for the W*Z shower uncertainty. It is also observed that some of the jet and muon
nuisance parameters are under-constrained in the fit to observed data. This behavior is not observed
in the fit to Asimov data.

etet e—e— etut/utet e p/umes wtpt e 1EpE [k pF
Other prompt 0.284+0.09 0.124+0.05 1.22+0.27  0.87£0.22 0.63+0.15 0.37+0.09 347+ 0.67 2175+ 4.24
Charge Mis-ID 1.68+0.33 1.30£0.36 4.08+£0.52 3.924+0.54 - - 1097+ 1.05 0.02+ 0.00
Conversion 0.194+0.10 0.214+0.11  0.59+£1.28 2.724+1.37 < 0.01 < 0.01 3.71+ 2.28 2.85+ 1.68
Non Prompt 0.70+0.23 3.61+1.24 14.36+3.56 10.90+3.03 240+1.31 1.17+£0.18 33.14+ 7.17 6.81+ 0.45
WEW=jj QCD 0.24+0.08 0.11+0.04 2.05£0.61 1.28£0.39 1.17+£0.35 0.65+0.19 549+ 1.55
WEW=*jj EW 0.63+0.14 0.35+0.11 3.03£0.54 2.19+040 1.81+0.33 1.12+£0.17 9.13+ 1.32 < 0.01
w*z 1.78+0.54 1.35+£0.41 11.98+3.41 9.02+258 5.01+1.44 3.46+1.01 32.60+ 9.29 170.30+£60.16
Data 2015/16 5 3 39 38 10 6 101 201

Total Expected  5.49+0.92 7.04£1.73 37.32+5.61 30.88+4.69 11.02£2.11 6.76+1.09 98.524+12.81 201.74+60.64

Table 9.7: Post-fit event yields and total uncertainties for the control region fit to observed data
in different lepton channels in low-m;; and W*Z (¢£¢*¢F channel) control regions. Background
contributions are grouped into categories as listed in Table 9.1.

The post-fit value of uyz is propagated to the full fit including the signal region, while pulls or
constraints on other nuisance parameters are not taken into account. Therefore, the total predicted
event yield in the control regions after the CR fit is expected to differ slightly from the pre-fit Asimov
data yields for the full fit. This effect can be verified by comparing Table 9.7 to Tables 9.9 and 9.10.
However, the observed discrepancy is small. After the control region fit, the total expectation in the
W*Z control region amounts to 201.74 events, where the Asimov dataset including the measured
pwz predicts 203.52 events. The deviation is due to a larger W*Z estimate before the full fit, as
the negative pull on the W*Z theory uncertainties is not propagated. Similarly, the total post-
fit yield in the low-mj; control region is 98.52 events, which is approximately four events higher
than the pre-fit Asimov yield. Most of the difference is caused by a positive pull on non-prompt
nuisance parameters, resulting in an increase of three events in the non-prompt background during
the control region fit.

!These nuisance parameters are not included as there is no data-driven estimate of the charge mis-ID and non-
prompt backgrounds in the W=*Z control region.
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Figure 9.5: Pre-fit (a) and post-fit (b) m;; distributions in the combined ¢(*¢*¢¥ the W*Z
control region and six lepton charge and flavor channels in the low-m;; control region. Poisson
uncertainties on the data are shown. In (a), statistical (blue) and systematic (orange) uncertainties
are shown separately the ratio plot. In (b), the total statistical and systematic uncertainty is shown.
Event yields in the W*Z control region are scaled with a factor of 0.1. Background contributions
are grouped into categories as listed in Table 9.1.
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Figure 9.6: Nuisance parameter pulls for parameters with Gaussian constraint after the combined
control region fit to observed data (a) and Asimov data (b). Only the 15 nuisance parameters
showing the highest pulls or constraints are displayed.
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9.2.2 Results

Pre-fit distributions in the signal region and control regions with Asimov Data are shown in Fig-
ure 9.7(a) and 9.7(c). In the signal region, only the combined ¢*¢* channel is shown. Invariant
tagging jet mass distributions in all channels are shown in Appendix C.3.1. The previously mea-
sured value of puyz = 0.88 is applied to the W*Z background in all regions. Pre-fit event yields
in the six lepton charge and flavor channels of the signal and low-m;; control regions as well as the
(E0*(F channel of the W*Z control region are given in Table 9.9 and 9.10, respectively. The total
uncertainties are given as well.

Theory and experimental uncertainties as well as uncertainties related to the data-driven estimate of
the charge mis-ID and non-prompt background are discussed in Section 8, and taken into account in
the fit. A separate uncertainty group (Bkg precision) is defined for nuisance parameters accounting
for statistical uncertainties of the simulated and data-driven backgrounds. In order to estimate
the impact of each of these uncertainty groups, the fit is run with each group included separately.
No further pruning of nuisance parameters is applied. An overview of expected significances for
different fitting configurations is given in Table 9.8. It can be seen that theory uncertainties have
the largest impact on the significance. The significance including only theory and background
statistics uncertainties is 4.73 o. The full fit including all uncertainty groups results in an expected
significance of 4.6 . The purely statistical significance amounts to 5.4 o.

During the full fit, the best estimator of the expected signal strength fiey, is determined as

fexp = 1.01 7035 (stat) 009 (theo) T015 (sys), (9.4

= 1.01 7532 (total).

The expected ufy, after the Asimov fit is s, = 0.88 T307 (stat) T035 (theo) 002 (sys). The
total uncertainty on puyp?, is 1032, The central value and statistical uncertainty are, as expected,
identical to the values measured in the control region fit. The theory and systematic uncertainties
are reduced with respect to the uncertainties obtained in the fit to the control regions, which are

given in Eq. (9.3).

Nuisance parameter pulls for the 15 most affected parameters are shown in Figure 9.8(b). In contrast
to post-fit pulls and constraints after the control region fit (Figure 9.6(a)), non-prompt electron
nuisance parameters are highly constraint by the signal region. Moreover, smaller constraints are
observed for jet nuisance parameters, which have been under-constrained after the control region
fit. These constraints result in smaller uncertainties on py z after the full fit.

Source Included Uncertainties Full Result
Bkg Precision - v v v v v v v v
Charge Mis-1D - - v - - - - v v
Non-Prompt - - - v - - v v v
Detector - - - - v - - - v
Theory - - - - - v v v v
Exp. Significance [0] 5.4 5.05 5.04 4.87 4.82 4.73 4.63 4.62 4.6

Table 9.8: Evolution of the expected significance when including different systematic sources. All
sources marked with a v'are included in the fit. Additionally to including different uncertainty
groups separately, the expected significance is also given for settings including leading uncertainties.
The full expected significance can be reproduced by including background precision, non-prompt
as well as theory uncertainties. Charge mis-ID and detector uncertainties only have a minor impact
on the significance.
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Figure 9.7: Pre-fit m;; distributions for the combined (*¢* channel in the signal (a), and six
lepton charge and flavor channels in the low-m;; control region, as well as the (E¢%¢F channel in
the W* Z control region (c). The m;; distribution in the signal region after the condition fit is also
shown (b). Poisson uncertainties on the data are shown. In the ratio plot, statistical (blue) and
systematic (orange) uncertainties are shown separately. Event yields in the W*Z control region
are scaled with a factor 0.1. Background contributions are grouped into categories as listed in
Table 9.1.
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In addition to the nuisance parameter pulls after the unconditional® fit, pulls after the conditional
fit are shown in Figure 9.8(a). In the conditional fit, the signal strength is fixed at © = 0 and the
fit determines the compatibility of the data and the background-only theory. The m;; distribution
in the signal region after the conditional fit is shown in Figure 9.7(b). It can be seen that the signal
contribution is scaled to zero in all bins. During the conditional fit, the W*Z background is scaled
up with gz = 1.03 4+ 0.38. The W*W=;j-QcD and non-prompt nuisance parameters are pulled
up as well to increase the number of events predicted by the background template. Nevertheless,
the disagreement between data and template is large. Therefore, the expected significance is also
relatively large.

Pre- and post-fit event yields in the signal and low-m,; control regions for all categories are given
in Tables 9.9 and 9.11. Event yields in the W*Z control region before and after the fit to Asimov
data are listed in Table 9.10. In all tables, the total uncertainty, which is defined as the squared
sum of the statistical, theory and systematic uncertainty is given. Tables with event yields and
separate statistical, theory and other systematic uncertainties are shown in Appendix C.4.

In all tables, yields for the charge mis-ID background are missing in the uu channels, as the charge
mis-ID probability for muons is very small and therefore no data-driven estimate is derived (cf.
Section 6.2.2). It is also noticeable that W*Z and WEW# production are asymmetric in lepton
charge. More events are expected in the ¢T¢* channel than in the corresponding ¢~ ¢~ channel.
This is due to the quark content of the proton.

When comparing the pre- and post-fit W+ Z uncertainties in the W+ Z region, it can be seen that
the total uncertainty on the W*Z prediction is drastically reduced. The final uncertainty on the
total prediction corresponds approximately to square root of the total predicted yield. It can be
inferred that the theory and systematic uncertainties are constrained to the statistical uncertainty
of the (here still Asimov) data yield. This introduces anti-correlations between the W*Z strength
pwz and W*Z theory uncertainties, which are larger than 60 %. Additionally, correlations between
iy z and some jet and non-prompt nuisance parameters of the order of 10 % are observed. Similarly,
in the signal and low-m;; control regions mainly the systematic uncertainties on the non-prompt
background are reduced by the fit. Correlations between non-prompt nuisance parameters and
the signal strength p of 10 % to 20 % are introduced. In Table 9.12, pair-wise correlation factors
between nuisance parameters are shown. Only nuisance parameter pairs with an absolute correlation
larger than 7 % are listed. However, nuisance parameter correlations down to 2 % are given
in Appendix C.5. The large correlations between nuisance parameters are compatible with the
constraints observed in Figure 9.8(b).

Nuisance parameters accounting for statistical uncertainties on the precision of the simulated back-
ground are discussed in Section 8.4. The corresponding relative uncertainties before the fit are
listed in Table 8.9, and vary between 5 % and approximately 60 % in the signal region. During
the fit to Asimov data these uncertainties are constrained due to correlations with non-prompt and
jet nuisance parameters in the first two bins of the signal region, as well as the low-m;; control
region. The correlations are included in Table 9.12, and become as large as —20 %. The relative
post-fit uncertainties in the signal region are listed in Table 9.13, and range from 1 % to 24 %.
No constraints are observed for systematic uncertainties on the background precision in the control
regions. A summary of the relative uncertainties in all regions at various stages of the statistical
analysis is given in Appendix C.6.

!The full fit where the signal strength p is unconstrained and non-fixed.
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etet ee etpt/utet empT/umes  ptpt iyt el
Signal region
Other Prompt 0.17£0.056 0.14+£0.05 090+0.19 0.60+0.14 0.36£0.10 0.19+£0.06 2.36 £ 0.48
wW*2Z 1.64+0.53 1.144+0.38 12.08+3.66 7.81£237 481+1.50 3.19+£1.04 30.67+ 9.21
Charge Mis-ID 1.33+0.15 1.17£0.13 3.48+£0.37 2.954+0.33 - - 8.93+ 0.71
Conversion 0.41+£0.26 0.62+£0.37 2.65+1.60 0.80+0.72 < 0.01 < 0.01 447+ 244
Non-Prompt 4.08+£2.30 231+£1.71 935+4.87 6.34+£3.74 057+0.15 0.67£0.25 23.32+ 9.68
WEW=+j; QCD  0.384+0.13 0.160.05 3.0241.02 1.21+£0.41 1.80+0.61 0.76+0.26 734+ 2.47
WEW=*j; EW 3.80£0.25 1.49+£0.10 16.49+1.07 6.454+0.40 9.14+0.63 3.50+0.24 40.88%+ 2.63
Asimov Data 11.81 7.03 47.97 26.17 16.69 8.31 117.97
Data 2015/16 10 4 28 25 11 122
Total Expected 11.81+£2.41 7.03+1.81 47.97+6.57 26.17+4.61 16.69+1.84 831+£1.18 117.97+14.38
Low-m,; control region
Other Prompt 0.28+£0.09 0.16£0.07 1.20+£0.25 0.77+0.20 0.63+£0.14 0.37+£0.12 3.40+ 0.64
w*2z 1.77+£0.57 1.374+0.42 12.07+£3.43 9.02£262 504+1.44 346+1.02 3272+ 9.23
Charge Mis-ID 1.70+£0.19 1.77£0.17 4.00£0.42 3.564+0.48 - - 11.03£ 1.04
Conversion 0.18+0.10 0.26£0.19 0.2841.04 2.204+1.20 < 0.01 < 0.01 2.93+ 1.90
Non-Prompt 0.71+£0.68 4.37+£2.48 12.78+5.68 8.62+ 4.04 2.43+2.05 1.18+0.27 30.08 £11.09
WEWEjj QCD  0.24+£0.07 0.15+0.05 1.99+0.56 1.15+0.32 1.16+£0.33 0.64+0.18 532+ 1.50
WEW=*j; EW 0.64+£0.11 0.47+£0.10 2.9740.50 1.99+0.35 1.83+0.31 1.114+0.19 9.01+ 1.53
Asimov Data 5.51 8.56 35.28 27.30 11.08 6.76 94.48
Data 2015/16 5 3 38 10 6 101
Total Expected  5.51£0.93 8.56+2.53 35.2846.85 27.30+£5.05 11.084+2.56 6.76+£1.10 94.48+£14.97

Table 9.9: Pre-fit event yields and total uncertainties for all signal and background contributions
as well as for Asimov and observed data in lepton channels in the signal and low-m;; control
regions. Background contributions are grouped into categories as listed in Table 9.1.

Pre-fit Post-fit
Other Prompt 21.55+ 4.11 21.53+ 4.07
wtZz 172.454+59.88 172.39 £15.59
Charge Mis-ID 0.02+ 0.01 0.02+ 0.00
Conversion 2.68+ 2.25 2.69+ 2.02
Non-Prompt 6.82+ 1.73 6.82+ 0.16
WEW=jj QCD - -
WEW=jj EW <0.01 < 0.01
Asimov Data 203.52 203.52

Total Expectation

203.52 +60.30

203.44£14.88

Table 9.10: Pre- and post-fit event yields in the ¢*¢*¢F channel of the W*Z control region for
the fit to Asimov data. In addition, the total uncertainty on the event yield is given. Background
contributions are grouped into categories as listed in Table 9.1.
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etet e"e” etut/utet e pT/uTe” uhpt uo (E0E

Signal region

Other Prompt 0.17£0.05 0.14+£0.04 0.90+0.19 0.60£0.14 0.36+0.09 0.19£0.05 235+ 047

wtz 1.64+0.33 1.14£0.27 1207+£181 7.81+1.33 4.81£0.57 3.184+0.54 30.64+ 3.93
Charge Mis-ID 1.33+£0.26 1.17+0.23 348+0.36 2.95+0.38 - - 8.93+ 0.79
Conversion 041£0.21 0.62+034 264+£1.36 0.80£0.64 < 0.01 < 0.01 4.46+ 2.21
Non-Prompt 4.07+£1.20 230£082 930+£229 6.31+£1.68 0.57£0.06 0.67+0.15 23.224+ 4.79

WEW+jj QCD  0.384+0.14 0.16£0.06 3.024+1.04 121+£043 1.80+£0.61 0.7640.26 732+ 247
WEW=jj EW 3.82+0.26 1.50+£0.10 16.58+1.12 6.49+£0.42 9.19+£0.65 3.52£0.25 41.10%+ 2.75
Asimov Data 11.82 7.03 47.97 26.17 16.69 8.31 117.97

Total Expected 11.824+1.69 7.034+1.35 47.98+3.86 26.17+2.65 16.72+1.11 8.32+0.69 118.03+ 7.36

Low-m; control region

Other Prompt 0.28+0.09 0.16+0.06 1.20£0.25 0.76+£0.19 0.63+£0.14 0.37£0.11 3.39+ 0.64

Wtz 1.76 £0.36 1.37£0.38 12.06+£2.05 9.00£1.51 5.03+084 3.45+0.53 32.68+ 4.83
Charge Mis-ID 1.70+0.29 1.77£040 4.01£046 3.56+0.51 11.03+ 1.15
Conversion 0.18+0.09 0.26+0.13  0.29+£0.97 2.19+£1.07 < 0.01 < 0.01 293+ 1.76
Non-Prompt 0.71+£0.22 4.37+1.25 12.73+2.84 860+222 241+1.14 1.17£0.17 29.99+ 5.90

WEW+jj QCD  0.2440.07 0.154+0.05 1.994+0.58 1.14+0.34 1.16+0.34 0.6440.18 5.31+ 1.50
WEW=jj EW 0.64+0.11 0.48+0.09 2.99+£0.50 2.00+£0.34 1.84+0.31 1.12£0.19 9.07+ 1.52
Asimov Data 5.51 8.56 35.28 27.30 11.08 6.76 94.48

Total Expected  5.514+0.78 856+1.79 35.25+3.54 27.26+3.03 11.06+1.39 6.76+£0.60 9440+ 6.89

Table 9.11: Post-fit event yields and total uncertainties for the fit to Asimov data in lepton
channels in the signal and low-m;; control regions. Background contributions are grouped into
categories as listed in Table 9.1.
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Parameter 1

Parameter 2

Correlation [%)

W*Z Shower

W*Z Scale

Non Prompt e Stat.
W*W*jj-Ew Shower
Non Prompt e Sys.

Non Prompt p Sys.

Non Prompt e Sys.
W*W=*5j-QcD Scale

Jet Flavor Composition
Non Prompt e Sys.

Non Prompt e Sys.

Bkg Prec. SR, et /ute™ Chan, Bin 4
Non Prompt p Sys.

Non Prompt u Sys.

Non Prompt e Sys.

Jet Energy Resolution
Non Prompt e Sys.

Non Prompt u Sys.

Non Prompt p Sys.

Non Prompt e Sys.

Jet Flavor Composition
Non Prompt e Sys.
WEW=*jj-Ew Ew Corr.
Luminosity

Jet Energy Resolution
Bkg Prec. SR, et /utet Chan, Bin 3
Non Prompt p Stat.

Non Prompt u Sys.
Conversion Model V'~
Pile-up Reweight. data SF
Non Prompt u Sys.

Flavor Tag Eff. Eigen Light 1
W*Z Shower

Non Prompt u Sys.

Jet Flavor Composition

Hwz

wwz
Non Prompt e Sys.

7
Bkg Prec. Low-m;; CR, e”e~ Chan, Bin 1

1
Bkg Prec. SR, e”e~ Chan, Bin 2
7

wwz
Bkg Prec. SR, eTe™ Chan, Bin 2

1

"

Bkg Prec. SR, e"p~/p~e” Chan, Bin 1

W*Z Shower

Non Prompt p Sys.

Bkg Prec. SR, etut/ute™ Chan, Bin 2

Bkg Prec. Low-mj; CR, e"p~ /p~e” Chan, Bin 1
Hwz

Bkg Prec. Low-mj; CR, ety /ute™ Chan, Bin 1
Bkg Prec. Low-mj; CR, etu™/ute™ Chan, Bin 1

1
W*Z Shower
1

1
Bkg Prec. SR, etut/ute™ Chan, Bin 1
7

Non Prompt u Sys.

Jet Energy Resolution

Non Prompt e Sys.

1

Bkg Prec. SR, e™u™/ute™ Chan, Bin 2
7

i
Bkg Prec. Low-m;; CR, ppt Chan, Bin 1
Bkg Prec. SR, e" =/~ e~ Chan, Bin 4

—67.1
—66.6
—26.1
21.3
—19.2
—18.2
—16.6
—16.2
—14.9
—14.0
—13.7
—13.4
—13.1
12.7
—12.3
—12.1
—11.8
—11.4
—11.1
—-9.5
-9.3
8.9
8.8
—8.7
8.6
—8.4
—8.2
—-8.1
—7.9
7.8
—7.8
—7.7
7.2
—7.0
—7.0

Table 9.12: Pair-wise correlation factors between two nuisance parameters after the fit to Asimov
data. Parameter pairs are sorted by descending absolute correlation value. Only correlations larger

than 7 % are shown.
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Lower Bin Boundary Background Precision Uncertainty [%)]
[GeV] ece” efet etp/umem etpt/utet  pmpm o optpt
500 5.05 13.99 7.50 4.62 3.22 2.11
—4.38 —11.51 —6.86 —4.28 —3.06 —2.03
700 23.74 15.71 6.89 5.15 3.08 2.15
—18.53 —12.57 —5.97 —4.70 —2.90 —2.04
1000 10.42 1.18 2.97 3.89 2.87 1.59
-7.39 —1.09 —2.58 —3.42 —2.56 —1.50
1500 2.43 1.52 4.52 3.38 1.54 0.99
—1.73  —1.29 —3.65 —2.82 —1.41 —0.94

Table 9.13: Overview of relative systematic uncertainties on the simulated background precision
in the signal region after the fit to Asimov data.
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Figure 9.8: Nuisance parameter pulls after the full fit to Asimov data for nuisance parameters
with Gaussian constraints. In the conditional fit (a), the signal strength is fixed at g = 0. Thus, the
compatibility of the Asimov data with the background-only theory is tested. In the unconditional
fit (b), p is kept floating to determine the best estimator for the Asimov dataset. Only the 15
nuisance parameters showing the highest pulls or constraints are displayed.
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9.3 Results using Observed Data

The statistical analysis using measured data is only performed after all selection criteria and fitting
configurations are finalized. In the combined fit to observed data in signal and control regions,
the W*Z strength 7 is determined directly during the fit, since observed data are included in
all three regions. Therefore, no separate control region fit is necessary. The previously measured
normalization factor puy 7 of 0.88 is applied to the W*Z estimate before the fit.

The mj; distributions in the signal region in all six lepton channels before the fit is shown in
Figure 9.9. The corresponding distributions in the combined ¢*¢* channel are presented in Ap-
pendix C.3.2. In all channels, there is an consistent excess of measured events in the last bin from
1500 GeV to 3000 GeV. In the bin from 700 GeV to 1000 GeV, the data fall short of the prediction.
Sizable systematic uncertainties in the first m;; bins in the ee channels are observed. These are
mainly due to the statistical and systematic uncertainties on the non-prompt estimate. Pre-fit event
yields in the control regions are shown in Figure 9.11(a).

In all regions, the expected pre-fit event yields are identical to the pre-fit yields of the fit to Asimov
data. Pre-fit event yields in the signal and low-mj; control regions are presented in Table 9.9.
In the signal region, there is an excess of data especially in the g™ u™ channel, which is par-
tially compensated by other channels. In total, 122 data events are observed in the signal region
with an expectation of 118 4+ 14 events from the signal+background, and 77 4 14 events from the
background-only hypothesis. In the low-m;; control region, a total of 101 events is observed where
94 are expected. The difference is mainly caused by an excess in data in the e~ p~/p~e™ channel.
Event yields in the W*Z control region before and after the fit to observed data are listed in Table
9.14. As the measured uyy 7z is already applied, the agreement between data and prediction is good.

In the combined fit, an observed signal strength of

fobs = 1.46 T35 (stat) T038 (theo) T01% (sys), (9.6)

= 1.46 T)3% (total),

is measured. Statistical uncertainties are dominating.

The observed ufP3, after the fit is u$P3, = 0.85 T007 (stat) 7037 (theo) T0aa (sys), with a total
uncertainty of 1509, The uncertainties on jigns and p(s, are comparable to the uncertainties on
pexp and pypt,.  An observed significance of 6.7 o is calculated. Therefore, the observation of

WEW+jj-Ew production is claimed. The purely statistical significance amounts to 7.8 o.

The value of the negative logarithmic likelihood ratio —AIn(L) as a function of the signal strength
1 is shown in Figure 9.10. The negative logarithmic likelihood ratio is defined as % qo, where qq is
the discovery test statistics given in Eq. (2.40). The Asimov and observed datasets are compared to
theory hypotheses corresponding to different values of ji. As piexp and pions are the best estimators
of p for the respective datasets, the minima of the expected and observed curves are located by
construction at exactly flexp and pons. A signal strength of zero represents the background-only
theory. Therefore, the discovery significance of a specific dataset can be calculated from the inter-
section of the curve with p = 0, analogous to Eq. (2.34). The total uncertainty on piexp and fiobs
can be read from the p values where the expected and observed curves surpass the 1-o level, at
—Aln(L) = 0.5. In Figure 9.10 (b), the likelihood curves are shown for y values between 0.70 and
1.85. The uncertainties on flexp and pons agree with the total uncertainties given in Eq. (9.5) and
Eq. (9.7), respectively.

It is evident from Figure 9.10(a) that the likelihood curve is asymmetric for both datasets. This
can be understood by considering what each point in the likelihood curve represents. —Aln (L(u))
is a measure of the compatibility between the dataset and the theory generated by p. Let Ngps
be the observed number of events in a one-bin measurement, and pps the corresponding signal
strength. The predicted number of events, Ny, grows with p, as it is defined as the scaled sum
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Figure 9.9: Pre-fit m;; distributions in six lepton charge and flavor channels in the signal region.
Poisson uncertainties are shown for the Asimov data points. In the ratio plot, statistical (blue)
and systematic (orange) uncertainties are shown separately. Background contributions are grouped
into categories as listed in Table 9.1.
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of signal and background, Nexp, = plNsig + Npkg (see Eq. (2.35)). In the Poissonian regime, the
statistical uncertainty on the theory prediction grows with \/Negp. Therefore, the observation of
Nybs events is more compatible with theories where pu > pops than with theories predicting less
events than Nyns. This translates into a steeper likelihood curve for pu < peps, while the slope
decreases for p > pops. Hence, the asymmetry of the likelihood scan increases with the predicted
signal-to-background ratio. In other words, the likelihood scan becomes asymmetric if the predicted
number of signal events is large relative to the statistical uncertainty on the background prediction.
The asymmetry can be cured by introducing systematic uncertainties on the background of similar
size as the statistical uncertainties on the total prediction, as the background uncertainties are not
scaled with p. This however also results in a loss of significance. The introduction of systematic
normalization uncertainties on the signal, on the contrary enhances the asymmetry. But as the
significance is calculated from the background-only theory, signal normalization uncertainties have
no impact on the significance. From the large asymmetry observed in Figure 9.10(a) it is seen that
the analysis is very sensitive to W*W*jj-Ew production and limited by statistical uncertainties.
This confirms the high observed significance of 6.7 o and the statistical uncertainties on pops given in
Eq. (9.6). Implications of asymmetric negative logarithmic likelihood functions are briefly discussed
in Section 2.2.2.

Post-fit m;; distributions in the control regions and the signal region are shown in Figure 9.11(b)
and 9.13, respectively. Note that, in contrast to the pre-fit distributions, statistical uncertainties
on the background precision cannot be shown separately in the ratio panel, as the corresponding
nuisance parameters are highly correlated with other sources of uncertainty. Event yields including
the total uncertainty® after the fit to observed data in the W*Z control region are given in Ta-
ble 9.14. Event yields in the signal and low-m; control regions are presented in Table 9.15. It can
be seen that the overall agreement between data and prediction, especially in the signal region, is
greatly improved after the fit. In all channels except for the u™u™ channel, data and prediction
agree within their uncertainties.

Nuisance parameter pulls after the fit are shown in Figure 9.12. In addition to peps, the signal
prediction is adapted by nuisance parameters related the interference between W*W+jj-Ew and
WEW=;j-Qcb production as well as Ew NLO corrections and scale uncertainties. The discrepancy
in the ee channels in the signal region below 1000 GeV is attenuated by a large negative pull on the
non-prompt electron nuisance parameter. The overall shape of the m,; distribution in the signal
region differs between the total pre-fit prediction and the observation. Therefore, the disagreement
cannot be cured by simply scaling the signal by a uniform factor. Nuisance parameters having
a larger effect in the high-m;; regions, like the Jet Flavor Composition and Energy Resolution
parameters are used to flatten the shape of the total prediction.

Pair-wise correlation factors between nuisance parameters are shown in Table 9.16 for all parameter
pairs with an absolute correlation larger? than 7 %. Correlations of nuisance parameters to the
signal strength are significantly reduced with respect to values calculated in the fit to Asimov data
given Table 9.12. This can be interpreted such that the pull exerted by the observed data on the
signal strength is large compared to the shifts introduced by nuisance parameters. This means that
it is more efficient, in terms of minimizing —AIn(L), for the fit to adjust the signal prediction using
the unconstrained normalization factor u rather than pulling the signal prediction using constrained
nuisance parameters. Thus, the impact a variation of the signal strength has on the nuisance pa-
rameters is reduced. Overall, sizable correlations between muon and electron non-prompt nuisance
parameters, and between W*Z theory parameters and jet, as well as Vy parameters are observed.
Correlations between non-prompt and background precision nuisance parameters are comparable to
the results of the fit to Asimov data. Therefore, the post-fit background precision uncertainties are
similar to those presented in Table 9.13. A complete overview of background precision uncertainties
before and after all fits is given in Appendix C.6.

1For event yields with separate statistical, theory and other systematic uncertainties see Appendix C.4.
2A more complete list containing correlations down to 2 % is given in Appendix C.5.
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Pre-fit Post-fit
Other Prompt 2156+ 4.11  22.89+ 4.29
Wtz 172.45+£59.88 170.87+15.58
Charge Mis-ID 0.02+ 0.01 0.02+ 0.00
Conversion 2.68+ 2.25 1.70£ 1.75
Non-Prompt 6.82+ 1.73 6.82+ 0.16
WEW+jj QCD - -
WEW+jj EW < 0.01 < 0.01
Data 2015/16 201 201

Total Expectation 203.52+60.30 202.31+14.87

Table 9.14: Pre- and post-fit event yields in the ££¢*¢F channel of the W*Z control region for
the fit to observed data. In addition, the total uncertainty on the event yield is given. Background
contributions are grouped into categories as listed in Table 9.1.

efet ee etpt/utet emp/pmem  ptpt g el
Signal region
Other prompt 0.16+0.04 0.14£0.04 090£0.20 0.62+0.14 0.39£0.09 0.22+£0.05 243+ 048
WZ 1.44+£0.29 1.05+0.25 11.264+1.68 7.73£1.32 4.80+0.59 3.31£0.56 29.60+ 3.81
Charge Mis-ID 1.204+£0.25 1.05+0.22 3.38+0.36 2.97+0.38 0.00+£0.00 0.00+0.00 8.60+ 0.77
Conversion 0.42+0.22 0.53+£0.32 292+£1.52 1.38+1.02 0.00£0.00 0.00=0.00 526+ 2.75
Non Prompt 22841.26 1.21£0.70 5.86+2.85 4.63+1.81 0.58+£0.06 0.65+0.14 15.20+ 6.16
WEW+j5 QCD  0.3540.13 0.15+£0.05  2.9340.99 1.21£041 1.79£0.60 0.76+0.25 718+ 2.37
WiWijj EwW 5.65+0.37 2.24+0.15 24.52+1.61 954+0.62 13.60+094 5.23+0.37 60.77+ 3.99
Data 2015/16 10 4 44 28 25 11 122
Total Expected 11.50+1.56 6.36+1.09 51.76+4.10 28.084+2.75 21.16+£1.32 10.17£0.75 129.04+ 8.35
Low-m;; control region

Other prompt 0.254+0.09 0.154+0.06 1.24£0.25 0.96 4+ 0.23 0.62+0.14 0.32%+0.10 3.52+ 0.67
WZ 1.80£0.38 1.114+0.34 11.9942.05 9.93+1.71 4.87+0.81 3.514+0.55 33.20+ 5.01
Charge Mis-1D 1.68+£0.29 1.47+0.37 4.154+0.48 3.91+£0.55 0.00£0.00 0.0040.00 11.214+ 1.19
Conversion 0.17+0.09 0.24£0.13 1.74+£1.79 2.65+1.32 0.00£0.00 0.00£0.00 4.80+ 2.93
Non Prompt 0.92+0.30 218£1.38 9.67£3.31 6.56+2.80 2.22+£0.91 1.16£0.16  22.714+ 7.19
WEW*5; QCD  0.2340.07 0.1340.05 2.034+0.58 1.24+0.36 1.18£0.33  0.65+0.18 545+ 1.51
WEW+jj EW 0.90+0.16 0.61+£0.13 4.14+£0.70 2.744+0.49 251+£0.44 1.55+£0.27 1246+ 2.14
Data 2015/16 5 3 39 38 10 6 101
Total Expected  5.94+0.84 589+1.61 34.96+3.73 27.994+3.28 11.39+132 7.18+£0.64 93.35+ 7.45

Table 9.15: Post-fit event yields and total uncertainties for the fit to observed data in lepton
channels in the signal and low-m;; control regions. Background contributions are grouped into
categories as listed in Table 9.1.
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Figure 9.10: Likelihood scan of the signal strength j for the combined fit of the signal, low-m;; and
W*Z control region. The red line corresponds the negative logarithmic likelihood ratio —A In(L)
of the Asimov data, while the observed dataset is represented by the black line. The discovery
significance is calculated as Z = /—2-Aln(L). Dashed lines are drawn at —Aln(L) values
equivalent to integer significances. In (a), the full u range is shown, such that the expected and
observed significances can be read of the intersection of the red and black line with the y axis,
respectively. In (b), the range around the expected and observed minima is shown.
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Figure 9.11: Pre- (a) and post-fit m,; distributions (b) for fit to observe data in six lepton
charge and flavor channels in thelow-m;; control region, as well as the (F¢*¢F channel in the
W*Z control region. Poisson uncertainties on the data are shown. In (a), statistical (blue) and
systematic (orange) uncertainties are shown separately the ratio plot. In (b), the total statistical
and systematic uncertainty is shown. Event yields in the W*Z control region are scaled with a
factor of 0.1. Background contributions are grouped into categories as listed in Table 9.1.
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The impact of a specific nuisance parameter on the final result is estimated by measuring the effect
each parameter has on the signal strength, pohs. In order to do so, a series of four separate fits is
performed for each nuisance parameter. Starting at its best estimate, épost, after the fit to observed
data, each nuisance parameter is varied up and down by its pre- and post-fit uncertainties, and fixed

A A

at this value. The resulting variations are denoted as (fpost + A;fe(post)é?) and (Opost — Aﬁf&g Ost)O)
for the up- and down variations, respectively. For each of these variations, the tested nuisance
parameter is fixed, while all others are optimized. The difference between the resulting y/, . and the
nominal pons i used to estimate the impact on the signal strength. After applying this procedure
to all nuisance parameters!, the nuisance parameters are ranked according to their pre-fit impact,
ApreMobs; on obs, given as

Apre,uobs = (,u:)bs)pre — Hobs- (9'8)

The pre- and post fit impact on the signal strength, as well as the post-fit nuisance parameter pulls
and uncertainties are shown in Figure 9.14 for the 19 highest ranked nuisance parameters. Detailed
information on all nuisance parameters is listed in Appendix C.7, Table C.19. It is seen that the
nuisance parameter accounting for the W*W=;j-Ew shower uncertainties, which are the leading
uncertainties on the signal prediction (see Table 8.8), is the parameter with the largest impact on
the signal strength. Generally, it is observed that nuisance parameters with a high correlation to
the signal strength, such as nuisance parameters attributed to the systematic uncertainty on the
non-prompt electron and muon estimate, the W*W¥5j-QcD scale uncertainty and the jet flavor
composition uncertainty are also amongst the highest ranked parameters.

o 5 T - T T T T T T T T T
g Unconditional Fit, Observed 15=13 TeV, [L dt=36.1 fb™
;?: 3
2
S 1

0
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Cha Cha G 7 7 Jet o Jet o, o
D g 51D Odtey') € Stay € Sy M Sys ~OMpog "S0p,, 1S oT, ont. e W, Se
En@'gyciia/@ FGZE/ Vo ,f:z, Vs, M Sys. ”“S'ﬂ'o,, Aoy N, Opology "dafas Coyp,Cale

Figure 9.12: Nuisance parameter pulls after the full fit to observed data. Only the 15 nuisance
parameters showing the highest pulls or constraints are displayed.

!Nuisance parameters accounting for background precision uncertainties are not included.
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Figure 9.13: Post-fit m;; distributions in six lepton charge and flavor channels in the signal
region. Poisson uncertainties are shown for the Asimov data points. In the ratio plot, the total
statistical and systematic uncertainties are shown. Background contributions are grouped into
categories as listed in Table 9.1.
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Figure 9.14: Ranking of nuisance parameters according to their pre-fit impact on the signal
strength. Only the 19 most important parameters are shown. Nuisance parameters accounting for
background precision and luminosity uncertainties are not included. For each nuisance parameter,
the pre- and post-fit impact on the signal strength (red, top axis) as well as the post-fit parameter
pull and uncertainty (black, bottom axis) are shown. The pre-fit uncertainties on the nuisance
parameter pulls are 1 for all parameters.
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Parameter 1

Parameter 2

Correlation [%)

W*Z Shower

W*Z Scale

W*W*j5j-Ew Shower

Non Prompt e Sys.

Non Prompt e Stat.

Non Prompt e Sys.

Non Prompt e Sys.

Non Prompt e Sys.
Conversion Model V-~

Jet Flavor Composition
Conversion Model Vv

Jet Energy Resolution

Non Prompt e Sys.
WEW=;j-Qcb Scale

Non Prompt e Sys.

Jet Flavor Composition

Jet Flavor Composition
Luminosity

Jet Flavor Composition

Non Prompt e Sys.

Non Prompt e Sys.

Flavor Tag Eff. Eigen Light 1
Non Prompt e Sys.

Non Prompt e Sys.

Jet Energy Resolution

Jet Flavor Composition

Non Prompt e Sys.

Non Prompt p Sys.

Jet Pile-up RhoTopology
Conversion Model Vv

Bkg Prec. SR, et /utet Chan, Bin 3
Jet Etalntercalibration Modeling
Non Prompt e Sys.

Bkg Prec. SR, et /ute™ Chan, Bin 4
Pile-up Reweight. data SF
Jet Pile-up OffsetNPV

Non Prompt e Sys.

Jet EffectiveNP 2

Non Prompt e Stat.

Hwz

Hwz

7

Bkg Prec. Low-m;; CR, e”e~ Chan, Bin 1
Non Prompt e Sys.

Bkg Prec. SR, e”e~ Chan, Bin 2

Bkg Prec. SR, eTe™ Chan, Bin 2

1

Jet Energy Resolution

Hwz

Non Prompt e Sys.

Bkg Prec. SR, etut/ute™ Chan, Bin 2
Jet Flavor Composition

7

W*Z Shower

Bkg Prec. SR, e~ /p~ e~ Chan, Bin 4
Jet Pile-up OffsetNPV

1

1
Non Prompt u Sys.

Bkg Prec. Low-mj; CR, e~ /p~e” Chan, Bin 1
o

Bkg Prec. SR, ete® Chan, Bin 1

Bkg Prec. Low-mj; CR, etu™/ute™ Chan, Bin 1
Bkg Prec. SR, etut/ute™ Chan, Bin 1

Bkg Prec. Low-m;; CR, etp®/pute™ Chan, Bin 1
Jet Energy Resolution

1

“wz

Jet Flavor Composition

1

Hwz

Hwz

1

Iz
Bkg Prec. SR, e" = /u~e” Chan, Bin 4
W~ x-sec.

Hwz

Jet Flavor Composition

—69.2
—66.7
28.2
—25.4
—24.8
—21.0
—18.7
—18.5
—15.7
—15.5
—15.2
—15.0
—14.5
—13.9
12.1
—12.0
—11.7
—11.6
—11.3
—11.2
—-9.9
—9.6
—-9.2
—8.9
8.7
—8.7
8.7
—8.5
—8.4
8.4
—8.0
—8.0
—8.0
—7.9
7.8
—7.6
—7.5
—7.3
—7.1

Table 9.16: Pair-wise correlation factors between two nuisance parameters after the fit to observed
data. Parameter pairs are sorted by descending absolute correlation value. Only correlations large

than 7 % are shown.
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9.4 Cross Section Calculation

As described above, a profile likelihood fit is done to determine the best estimator of the signal
strength for the Asimov and observed dataset, denoted as fiexp and o, respectively. In order
to extract the measured fiducial cross section based on the results of a profile likelihood fit, the
predicted theory cross section atﬁhdeo in the fiducial region needs to be known with theory normal-
ization uncertainties. Further shape uncertainties on the m;; distribution are taken into account
in the fitting template and are therefore included in the uncertainty on the signal strength. The
signal normalization and shape uncertainties are discussed in detail in Section 4.2.1. The measured

fiducial cross section ¢id__ is then calculated as

fid ~ fid ~
Omeas — M Otheo — H- Ugﬁdteo : "47 (99)
where A is the acceptance factor of the fiducial phase space as defined in Eq. (4.2). The best
estimate of the signal strength, [ is replaced with either jiexp or fiohs When calculating the expected
or observed measured fiducial cross section, respectively.

The predicted total and fiducial cross sections, as well as the acceptance are given in Section 4.2.
The acceptance and its uncertainties are properly propagated to the predicted fiducial cross section
at leading order, resulting in a fiducial cross section ofid [97] of

old = = (2.01 + 0.02(stat) 7933 (scale) 005 (parton shower) *9-02 (PDF+aS)) fb.  (9.10)

As described in Eq. (9.9), atﬁ}fleo is used to derive the measured expected fiducial cross section. The
best estimator of the expected signal strength fiex, (see Eq. (9.4)) is used

Hexp = 1.01 T555 (stat) T5ig (theo) Tg1; (sys).
This results in a measured expected fiducial cross section a&ias,exp of
o e = (202 700 (stat) *013 (theo) T332 (sys)) b, (9.11)
= (202 1377 (total) ) fb. (9.12)

For the fit to observed data, phs was determined to (see Eq. (9.6))

pobs = 1.46 30 (stat) Torgg (theo) To7 (sys),
corresponding to a measured observed fiducial cross section aﬂias,obs of
fid 0.52 0.19 0.27
Omeas,obs = (2-94 08 (stat) To1g (theo) g5 (SYS)> fb, (9.13)
= (294 *052 (total)) b. (9.14)

In Figure 9.15, a comparison of the predicted and measured fiducial cross sections is shown. The
total uncertainties are depicted by a light blue error band. In the case of the predicted fiducial
cross section, the largest source of uncertainties, i. e. the renormalization and factorization scale
uncertainties are shown separately. For the measured fiducial cross section, the dominant statistical
uncertainty is shown separately.
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Figure 9.15: Comparison of predicted and measured fiducial cross sections ofid and ofid

9.5 Discussion of the Validity of Expected and Observed Results

In the previous sections, an expected and observed significance of 4.6 ¢ and 6.7 ¢ is calculated,
respectively. The corresponding expected and observed measured fiducial cross sections amount to
(2.02 + 927) fb and (2.94 + J:2) fb. Although these values agree within their uncertainties, there is
some tension between expected and observed results. However, the observed measured fiducial cross
section is in good agreement with POWHEGBOX+PY8 and MG__ AMC+PY8 predictions presented
in Reference [99]. It is therefore a valid assumption that the SHERPA signal sample does not describe
electroweak WEW* production accurately and the question can be raised if the observed results
depend on the choice of the nominal signal prediction.

The validity of the observed results is tested by using a set of four different signal hypotheses to fit an
arbitrary dataset. If the statistical analyses yields the same results for all different signal templates
applied to the same dataset, it is shown that the uncertainties on the background and signal
distributions are sufficient to compensate possible inaccuracies in the SHERPA signal prediction
and that the final observed result is reasonably independent of the choice of the signal sample. In
all of these cross-checks, a pruning with ¢ = 0.1 % and p, = 20 % is applied to shape nuisance
parameters (cf. Section 9.1.3).

All signal templates used in this test are derived from the nominal SHERPA signal. In the following,
the different configurations are referred to as

Nominal: The nominal SHERPA signal prediction including all systematic uncertainties'.

Scaled: The nominal SHERPA signal is normalized to the MG__AMC+PY8 fiducial cross section.
Using a fiducial cross section of (3.106 & 0.015) fb, corresponding to the MG__AMC+PY8
WEW*jj-Ew prediction with PYTHIA 8 parton showering [99], a scale factor of f, = 1.54 is
calculated. The scaling is applied uniformly in all bins.

Variation 1: The signal template is constructed from the nominal signal prediction. A scale factor
f1 € [1.5,2.0] is applied to all m;; bins. The scale factor increases with m;, such that high-
mj; bins receive a higher weight. This choice is motivated by the m;; distributions for the

! All nuisance parameters are included, except for those not passing the pruning selection of t = 0.1 % and
P = 20 %.
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SHERPA, POWHEGBOX+PY8 and MG_AMC+PY8 generators on truth level [99], where the
disagreement with SHERPA increases with m;; as well. Systematic uncertainties are scaled
using the same, m;;-dependent factor, such that the relative impact is not changed.

Variation 2: This variation is very similar to the construction of the Variation 1 scenario, however,
a scale factor fa € [3.0,4.0] is used.

The test dataset is constructed in a way such that shape and normalization differences exists with
respect to any of the varied signal predictions. Thus, the ability of the profile likelihood fit to adapt
to random data distributions is probed. The test dataset is defined as the sum of all background
contributions, where the nominal signal prediction scaled with f; is added on top. The resulting
dataset is not identical to the Asimov dataset corresponding to the Variation I scenario, as no scale
factors on the backgrounds, especially the W+ Z background estimate, are considered.

A comparison of the four different fitting configurations is shown in Figure 9.16. Only the signal
distributions are varied between the different scenarios, and are shown in red. The k-factors for
different signal templates with respect to the nominal distribution are defined as

L
g N’
where n runs over all m;; bins in the signal region, and Nﬁom(var)
the nominal and varied signal distribution in bin n, respectively. The k-factors for all varied signal
templates are summarized in Table 9.17. For the signal templates scaled with f; and fs, k-factors
of 1.71 and 3.43 are calculated, respectively. Thus, the normalization of the Scaled and Variation 1
scenarios are of comparable size.

denotes the number of events in

Post-fit distributions are shown in Figure 9.17. It can be seen that good agreement between test
dataset and prediction is achieved for all four scenarios. Detailed fit results are summarized in
Table 9.17, where the best estimator of the signal strength, i as well as the corresponding measured
fiducial cross section, ofid__ and the significance are listed. The measured cross section is calculated
taking into account the k-factor for each signal template as

fid fid

Omeas — k H Otheo>

where the leading order SHERPA fiducial cross section olid = (2.01 £ 0.34) fb is used. In addition
to the central values, the relative uncertainty on [i separated into statistical, theory and other
systematic contributions is given. Statistical and systematic uncertainties are found to be similar in
all four cases. It is, however, observed that theory uncertainties are reduced by approximately 1 %
in the scenarios Variation 1 and Variation 2, where the shape of the signal template was modified.
This is due to a slight constraint on the W*W¥jj-Ew Shower nuisance parameter which has post-

fit uncertainties of fg:gg for the Nominal and Scaled scenario, while the uncertainty corresponds to

1598 for the other two variations.

All cross section measurements are in good agreement. Almost identical results are obtained in
the Nominal and Scaled, as well as Variation 1 and Variation 2 scenarios, respectively. The cross
section values reported in Table 9.17 differ only in the third digit. For each variation, the difference
of the measured cross section with respect to the Nominal configuration is given in Table 9.17.
Between the scenarios with and without shape change, the difference between the measured cross
sections amounts to approximately 3 %, which is much smaller than the statistical uncertainty.
Furthermore, the significances derived for the test dataset is all scenarios are compatible with each
other.

As only minor differences are observed between the four signal hypotheses, the observed results
presented in Section 9.3 are assumed to be reliable.
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Figure 9.16: Pre-fit m;; distributions in the combined (0% channel of the signal region, using
different versions of the signal template and the same modified dataset. Background contributions
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are grouped into categories as listed in Table 9.1.

Quantity Unit Nominal Scaled Variation 1 Variation 2
k-Factor - 1.54 1.71 3.43
i 1.75 1.14 0.99 0.50
Agtat [ (%] 15.90 15.98 15.87 15.96
Atheo [ (%] 7.11 7.13 6.27 6.26
Agys fu (%] 8.71 8.65 8.80 8.79
ofid [fb] 3.52 3.52 3.41 3.41
Agiar ol o [fb] 0.56 0.53 0.54 0.54
Atheo oid o [fb] 0.25 0.25 0.21 0.22
Agys oid [fb] 0.31 0.30 0.30 0.30
A ofom (%] - 0.06 3.12 3.07
Significance 7.05 7.05 7.07 7.07

Table 9.17: Comparison of fit results for all four scenarios. The bottom row shows the relative
difference of the measured fiducial cross sections of all scenarios w.r.t. the nominal settings.
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Figure 9.17: Post-fit m;; distributions in the combined (*¢* channel of the signal region, using
different versions of the signal template and the same modified dataset. Background contributions

are grouped into categories as listed in Table 9.1.
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a test dataset, using different signal template shapes.






10 Summary and Outlook

In this thesis, the measurement of the electroweak pp — WEW*jj — (v¢'*1/jj production is
presented. The measurement is based on a total integrated luminosity of 36.1fb~! of proton-
proton collision data, recorded at a center-of-mass energy of 13 TeV. All processes involving purely
electroweak couplings, that are at least of the order O(a$,,) with W*-bosons decaying into electrons
or muons are considered as WHW# electroweak production.

Signal event candidates are selected by requiring at least two jets, exactly two same-charge leptons
as well as high missing transverse momentum in the event. The signal region is constrained to a VBS-
like topology with a high invariant mass m;j; of the leading and subleading jets of m;; > 500 GeV
and a large angular separation AYj; > 2 between them. The m;; binning in the signal region
is optimized based on the signal-to-background ratio in each bin, as well as relative statistical
uncertainties of the signal and total background estimate. In the optimal configuration, the signal
region is split into four bins.

The main background contributions are generated by events from W*Z production as well as
events with wrongly measured or mis-reconstructed leptons. These can be either electrons with
a mis-reconstructed charge, called charge mis-ID background; or jets that are mis-reconstructed
as electrons or muons, denoted as non-prompt background. Both contributions mainly depend on
detector effects which cannot be modeled with high accuracy. Therefore, these backgrounds are
estimated using observed data in control regions. In the statistical analysis, low-m;; and W*Zz
control regions are used to constrain the non-prompt and W*Z backgrounds, respectively.

The expected and observed significances as well as the respective signal strengths are determined
in a combined profile likelihood fit of the signal and control regions. The normalization of the
W#*Z background, puyw z, is measured in a separate fit of the W*Z and low-m; control regions to
observed data, prior to the full fit to expected Asimov data. In order to propagate the measurement
of w7 to the expected results, py 7 is then used to scale the W*Z estimate in all regions for the
composition of the expected Asimov dataset and in the full fit. This increases the comparability of
the expected and observed significance.

The measured expected and observed fiducial cross sections are compared to the leading order pre-
diction of the SHERPA generator. Theory uncertainties on the signal prediction due to variations
of the renormalization and factorization scales, the strong coupling g, as well as variations of the
parton shower (PS) scheme and the parton density (PDF) of the proton are taken into account. The
theory uncertainties on the signal m;; distribution are separated into a normalization effect on par-
ticle level and and normalization and shape uncertainty on reconstruction level. The normalization
uncertainty on particle level is assigned to the predicted fiducial cross section atﬁﬁieo. On detector
level, residual normalization effects as well as remaining shape effects are assigned to the signal
template in the profile likelihood fit and therefore included in the uncertainty on the measured

. . fid
fiducial cross section o, gas-

A summary of the expected and observed significances and measured fiducial cross sections as
well as the cross section prediction is given in Table 10.1. The observed significance is 6.7 o;
which is one of the most significant observations of W*W=jj-Ew production up to now. An
expected significance of 4.6 ¢ is measured. The expected and observed measured fiducial cross
sections agree within their uncertainties. It is seen that the predictions from the POWHEGBOX and
MADGRAPH5 _AMC@QNLO (MG_ AMC) generators differ from the SHERPA prediction in terms
of cross section and differential m;; distribution. It has been shown, however, that the observed
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Significance [o] ofid_[fb]
Expected 4.6 2.02 7952 (stat) 715 (theo) 7037 (sys)
Observed 6.7 2.94 102 (stat) 7319 (theo) TO37 (sys)

ofid [fb]  2.01 £ 0.02 (stat) 7033 (scale) 7005 (PS) 1003 (PDF+as)

Table 10.1: Summary of the expected and observed significances as well as measured fiducial

cross sections ofid_ . In addition, predicted fiducial cross section ofid ' is given.

results are not expected to be depended on the exact value of the predicted signal normalization
and shape in the signal region.

The CMs experiment has reported an expected and observed significance of 5.7 ¢ and 5.5 o, respec-
tively [91]. However, the definition of the signal region slightly differs from the definition applied
in this analysis. Furthermore, the CMs results are based on the leading order MG__AMC+PY8
W*W=*jj-Ew prediction. Therefore, the results are not easily comparable.

Based on the data recorded in 2015 and 2016, the ATLAS collaboration reported expected and
observed significances of 4.6 o and 6.9 o, respectively [11]. The analysis strategy is almost identical
to the one employed in this thesis. Minor differences in the observed significance occur, as one-sided
nuisance parameters are symmetrized in this thesis, which was not done for the ATLAS publication.

In future analyses using the full LEC Run 2 dataset, which corresponds to approximately 140 fb—! [58],
limits on non-SM contributions will be set. These anomalous quartic couplings are parametrized in
the effective field theory approach using dimension-eight operators [46]. In contrast to the 8 TeV
analyses, a unified unitarization method will be applied in CMS and ATLAS measurements to gain
comparability and open the option for combined measurements. The unitarization method is pro-
posed in Reference [152]. Following this prescription, limits will be set on a partial dataset which is
clipped at variable cut-off values in the relevant energy scale. The energy scale is determined by the
momentum transfer of the interaction at particle level. Limiting the energy range simultaneously
assures the validity of the effective field theory, which would break at energies close to the new
resonance. Compared to the K-matrix unitarization [95] used in the 8 TeV analysis by the ATLAS
collaboration, the clipping method enables theorists to reinterpret the analysis results.

W*W*jj-Ew production has now been successfully observed by the ATLAS and CMs collabora-
tions and is compatible with Standard Model predictions. Up to now, no conclusive implications
regarding the electroweak symmetry breaking mechanism can be inferred. Including more data or
even combining ATLAS and CMS results will be crucial for reducing the currently dominating sta-
tistical uncertainties and gaining deeper insights. The most interesting result would be to exclude
the Standard Model at 3 o or more. Even though there is a certain tension between the current
measurement and the SHERPA leading order prediction, the question of which value the ratio of
observed to predicted cross section will take in future measurements can currently not be answered
with certainty. It is seen that the current observation is in very good agreement with other gener-
ators. However, at the moment no Monte-Carlo program is able to generate W*W*jj-Ew events
including higher-order electroweak corrections. These corrections are known to have a negative ef-
fect on the total cross section and are especially important in high m;; regions, where the sensitivity
of VBs measurements is largest. Therefore, there are still highly interesting times to come in the
scope of VBS analyses.
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A Additional Material on Charge Mis-ID
Estimation

A.1 Validaton of Anti-ID Charge Mis-ID Estimate

The ID-AntilD charge mis-ID procedure, as explained in Section 6.2.2.4, is validated in a separate
region, which is designed to be especially pure charge mis-ID processes. The definition of the
ID-AntiID validation region is given in Table A.1, and follows the definition of the region, where
the charge mis-ID estimate is derived closely, with and additional truth level requirement to reject
non-prompt contributions.

Criterion Value Reference
Preselection Nominal Table 7.1
Channel ee

Charge same-charge

Lead e object selection Analysis level Table 5.1
Sub-lead e object selection Anti-ID Table 5.1
Truth selection requiring prompt leptons

Mgy Nominal Table 7.2
Njet <2

Myy 80 GeV < myy < 100 GeV

E%liss > 30 GeV

Nbfjet =0

Table A.1: Definition of Nominal + anti-ID validation region, used for validating data-driven
charge mis-ID estimate in the ID-AntilD region.

Figure A.1 shows kinematic distributions in this validation region. The charge mis-ID estimate is
in good agreement with the observed data. An disagreement of 10 % is observed in the integral,
which is assigned as a systematic uncertainty.



144 A Additional Material on Charge Mis-ID Estimation

> 500H“m_H‘H‘_1_H_H‘DH“WWWH_ 2 200:---|----|-_;--|--[-)-|----|---
& 450 Vs =13 TeV, 35.6 fb =w§§§/*ocoéf/:§';”§\2y E S 1sof \(§= +1:3 TeV, 35.6 fb =W§§'avx°°°gf’:?4u‘7\zy ]
= e*ve'v channel B2 Wik g B e e 4 & [ e've'v channel B Wil gk = e TP
N E € 160 ]
1] 1 Q F
S E i} 140:— B
> 1 £
w 3 120 B
: 100F ]
! ] E
o T L o . — T T T T T T T
s = {
g s L S . S S, S 4
o o g
"\\\‘\\\‘\\\‘\\\‘\\ Pl b Pl by Py . N T O T T N IS BN
0 40 60 80 100 120 140 160 180 200 220 -2 —1
p']?[GeV] o
(a) pr (b) m
%300"""”"'-1""”'0""""""
8 V% =+13 TeV, 35.6 fb : vaa"VaV’ aco g \s&t+u\;|\2v
° e*ve*v channel EW;\XFEWK-C arge flip ]
@ ]
] ]
S ]
> i
w ]
ol o | L
o I I e e e e
= 7 f
s T o 17
P .
= LIS e |
© . i
e a: g
P T
0 150 200 250 300
P} [GeV]
124
(c) pr

Figure A.1: Kinematic distributions in the ID-AntiID validation region to check the modeling of
the estimation procedure for the ee channel [131].
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Figure A.2: Charge Mis-ID rates are retrieved on simulated events under the assumption, that
the anti-ID electron has the wrong reconstructed charge and are shown as a function of || (a) and
pr (b). As a validation of this assumption, charge mis-ID rates are also retrieved by exploiting the
truth information in simulation for nominal (¢ and d) and anti-ID electrons (d and f). The rates
for tag (nominal) electrons are negligible compared to the ones for probe electrons (anti-ID) [131].
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Figure A.3: Leading lepton p . distributions in opposite-charge Nominal + anti-ID region in the
ee (top) and ep/pe channel (bottom). Events are select with (left) and without (right) requiring
prompt leptons on truth level [131].
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B.1 Complete List of Experimental Uncertainties

e Charge Mis-ID Energy Corr., Scale Fac.

e Non-Prompt e Stat., e Sys., u Stat., p Sys.

e ¢/v RESOLUTION ALL

e ¢/v Scale ALLCORR, E4SCINTILLATOR, LARCALIB EXTRA2015PRE
e ¢/v Scale LARTEMPERATURE EXTRA2015PRE, EXTRA2016PRE
o Electron Eff. ID CorrUncertainty(NP0-NP14)

o Electron Eff. ID SIMPLIFIED UncorrUncertainty (NP0-NP15)
e Electron Eff. Iso TOTAL INPCOR PLUS UNCOR

e Electron Eff. Reco TOTAL 1INPCOR PLUS UNCOR

e Electron Eff. Trigger TOTAL INPCOR PLUS UNCOR

e Muon Eff. Stat., Sys.

e Muon Eff. Stat. low py, Sys. low pp

e Muon Eff. TrigStatUncertainty, TrigSystUncertainty

e Muon ID, MS, Scale

e Muon Iso Stat., Sys.

e Muon TTVA Stat., Sys.

e Jet BJES Response

o Jet EffectiveNP 1-7, S8restTerm

e Jet Etalntercalibration Modelling, Non-Closure, Total Stat.

e Jet Flavor Composition, Response

e Jet Energy Resolution

e Jet PunchThrough MC15

e Jet SingleParticle HighPt

e Jet JvT Efficiency

e Flavor Tag Eff. Eigen B 0-2

e Flavor Tag Eff. Figen C 0-2

e Flavor Tag Eff. Eigen Light 0-4

e Flavor Tag Eff. extrapolation (from charm)

o Jet Pile-up OffsetMu, OffsetNPV, p; Term, RhoTopology
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Pile-up Reweight. data SF
MET Soft Trk. Resolution, ResoPerp, Scale

e Conversion Model Vgamma

B.2 Complete List of Theory Uncertainties

e W*Z ag, PDF, Scale, Shower
WEW=+;j-QcD ag, PDF, Scale, Shower
WEW=;j-Ew ag, PDF, Scale, Shower
WEW=jj-Ew Ew Correction
WEW=jj-Ew-W*W+5j-Qcp Interference

W#*~, Z~, ZZ, top, and tri-boson cross section



B.3 Relative Effect of Nuisance Parameters

B.3.1 eTe’ Channel, Signal Region

Nuisance Parameter Relativ Effect on Sample [%)]

WEW=Ejj-Ew  top  tri-boson Zy < WEy  ZZ  W*W%;j-Qop  Charge Mis-ID  Non-Prompt W*Z

Jet Pile-up OffsetMu 0.29 1.82 0.00 0.00 0.00 11.65 1.01 0.00 0.00 0.74
e/v Scale ALLCORR 0.12 1.56 0.01 0.00 0.00 1.15 0.70 0.00 0.00 1.14
Jet EffectiveNP 3 0.30 1.86 0.01 0.00 0.00 0.00 0.59 0.00 0.00 0.27
WEWE EW Scale 2.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.21 0.43 0.30 0.00 0.00 0.23 0.27 0.00 0.00 0.23
Jet PunchThrough MC15 0.06 0.00 0.00 0.00 0.00 0.00 0.16 0.00 0.00 0.00
Jet Pile-up RhoTopology 0.66 8.50 5.14 0.01 0.01 1.46 0.83 0.00 0.00 3.28
Jet EffectiveNP 8restTerm 0.16 0.05 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.04
Interference 2.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/v Scale LARTEMPERATURE EXTRA2015PRE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50
Jet BJES Response 0.02 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP8 0.73 0.68 0.82 0.70 0.59 0.71 0.76 0.00 0.00 0.60
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP5 0.03 0.04 0.02 0.00 0.00 0.06 0.04 0.00 0.00 0.05
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP7 0.10 0.06 0.08 0.00 0.32 0.13 0.09 0.00 0.00 0.09
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP6 0.13 0.25 0.11 0.18 0.00 0.13 0.14 0.00 0.00 0.16
Jet Etalntercalibration Total Stat. 0.25 1.86 0.23 0.00 0.00 2.03 0.60 0.00 0.00 0.36
e/y RESOLUTION ALL 0.27 3.92 0.01 0.25 0.00 5.60 0.67 0.00 0.00 0.95
MET Soft Trk. Resolution 0.55 1.79 0.00 0.00 0.00 3.86 0.39 0.00 0.00 0.25
WEW=+ EW Shower 5.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Iso TOTAL 1INPCOR PLUS UNCOR 0.80 0.90 1.21 0.46 0.43 0.85 0.90 0.00 0.00 0.65
e/v Scale LARTEMPERATURE EXTRA2016PRE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50
Flavor Tag Eff. Eigen Light 2 0.17 0.21 0.16 0.13 0.21 0.23 0.24 0.00 0.00 0.24
Flavor Tag Eff. Eigen Light 1 0.38 0.51 0.28 0.27 0.46 0.50 0.55 0.00 0.00 0.52
Flavor Tag Eff. Eigen Light 0 1.68 2.06 1.29 1.03 1.82 1.92 2.42 0.00 0.00 2.16
Flavor Tag Eff. Eigen Light 4 0.08 0.07 0.03 0.11 0.27 0.07 0.16 0.00 0.00 0.06
Pile-up Reweight. data SF 2.94 11.68 23.94 12.57 17.75 6.80 6.47 0.00 0.00 4.25
W*W+ EW PDF 0.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Trigger TOTAL INPCOR PLUS UNCOR 0.02 0.03 0.02 0.02 0.00 0.03 0.02 0.00 0.00 0.03
Electron Eff. ID CorrUncertaintyNP6 0.01 0.03 0.02 0.03 0.02 0.04 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP7 0.01 0.03 0.03 0.03 0.04 0.03 0.02 0.00 0.00 0.03
Flavor Tag Eff. Eigen B 1 0.00 4.42 0.00 0.00 0.00 0.09 0.04 0.00 0.00 0.03
Flavor Tag Eff. Eigen B 0 0.01 17.11 0.00 0.00 0.00 0.12 0.06 0.00 0.00 0.17
Flavor Tag Eff. Eigen B 2 0.00 1.85 0.00 0.00 0.00 0.06 0.02 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP8 0.02 0.04 0.12 0.06 0.04 0.05 0.02 0.00 0.00 0.04
Electron Eff. ID CorrUncertaintyNP9 0.06 0.08 0.13 0.06 0.16 0.07 0.05 0.00 0.00 0.05
WEWE EW ag 0.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
WEW+ EW EW Corr. 3.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/~ Scale E4SCINTILLATOR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50
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Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=*jj-Ew top tri-boson Zry WEny zZZ WEW=*jj-Qcp Charge Mis-ID  Non-Prompt W+ Z
Jet Flavor Response 1.01 1.88 5.14 0.02 0.00 2.68 0.73 0.00 0.00 4.04
Flavor Tag Eff. extrapolation 0.05 0.43 0.10 0.00 0.00 0.06 0.10 0.00 0.00 0.09
Jet Pile-up p, Term 1.02 7.62 5.14 0.00 0.01 4.99 0.90 0.00 0.00 4.84
Jet Energy Resolution 1.99 18.79 7.24 0.06 0.06 13.20 2.93 0.00 0.00 6.25
Jet Etalntercalibration Non-Closure 0.93 7.65 5.14 0.00 0.00 3.77 0.53 0.00 0.00 4.09
Electron Eff. ID CorrUncertaintyNP14 0.76 0.66 0.48 0.82 1.25 0.92 0.73 0.00 0.00 0.86
Electron Eff. ID CorrUncertaintyNP12 0.01 0.11 0.07 0.04 0.07 0.04 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP13 0.06 0.13 0.50 0.03 0.04 0.05 0.08 0.00 0.00 0.05
Electron Eff. ID CorrUncertaintyNP10 0.18 0.19 0.14 0.18 0.23 0.19 0.16 0.00 0.00 0.20
Electron Eff. ID CorrUncertaintyNP11 0.00 0.06 0.05 0.08 0.10 0.06 0.01 0.00 0.00 0.02
e/~ Scale LARCALIB EXTRA2015PRE 0.10 0.00 0.00 0.00 0.00 0.00 0.19 0.00 0.00 0.76
MET Soft Trk. Scale 0.11 1.79 0.00 0.00 0.00 0.59 0.53 0.00 0.00 0.25
Jet EffectiveNP 4 0.10 1.86 0.00 0.00 0.00 0.00 0.36 0.00 0.00 0.32
Jet EffectiveNP 7 0.11 0.07 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.04
Jet EffectiveNP 6 0.11 0.05 0.00 0.00 0.00 0.00 0.41 0.00 0.00 0.04
Jet EffectiveNP 1 0.48 6.08 0.36 0.00 0.01 2.68 0.74 0.00 0.00 2.52
Jet JvT Efficiency 0.02 0.31 0.09 0.00 0.35 0.31 0.12 0.00 0.00 0.07
Jet EffectiveNP 2 0.54 0.09 0.23 0.00 0.00 2.08 0.92 0.00 0.00 1.09
Flavor Tag Eff. Eigen C 0 0.33 0.97 1.72 0.00 0.00 0.70 0.52 0.00 0.00 0.81
Flavor Tag Eff. Eigen C 2 0.10 0.25 0.26 0.00 0.00 0.13 0.14 0.00 0.00 0.11
Flavor Tag Eff. Eigen Light 3 0.05 0.62 0.04 0.09 0.39 0.30 0.11 0.00 0.00 0.26
Jet Etalntercalibration Modelling 1.21 3.75 5.14 11.50 0.00 14.26 1.73 0.00 0.00 6.63
Electron Eff. Reco TOTAL 1INPCOR PLUS UNCOR 0.30 0.39 0.74 0.29 0.28 0.31 0.33 0.00 0.00 0.32
MET Soft Trk. ResoPerp 0.25 1.79 0.00 0.00 0.00 0.00 0.21 0.00 0.00 0.20
Flavor Tag Eff. extrapolation from charm 0.00 0.14 1.67 0.00 0.00 0.43 0.00 0.00 0.00 0.37
Jet EffectiveNP 5 0.13 0.03 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.12
Jet Pile-up OffsetNPV 0.71 10.52 5.14 0.00 0.00 2.10 0.24 0.00 0.00 2.37
Jet Flavor Composition 1.95 9.56 10.51 11.50 14.36 5.36 2.15 0.00 0.00 9.21
Charge Mis-ID Energy Corr. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.20 0.00 0.00
Charge Mis-ID Scale Fac. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.32 0.00 0.00
Non-Prompt e Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 52.04 0.00
Non-Prompt e Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 14.87 0.00

Table B.1: Summary of the relative effects of all shape nuisance parameters in the eTe™ channel of the signal region.
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B.3.2 e~ e~ Channel, Signal Region

Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=+jj-Ew top tri-boson Z~y WEny zZZ WEW=;j-Qcp Charge Mis-ID  Non-Prompt W*Z
Jet Pile-up OffsetMu 0.67 2.47 1.10 0.00 0.00 0.69 0.91 0.00 0.00 4.67
e/~ Scale ALLCORR 0.51 2.08 0.00 0.00 0.00 2.89 0.44 0.00 0.00 0.56
Jet EffectiveNP 3 0.42 2.51 0.01 0.00 0.00 2.18 0.89 0.00 0.00 0.76
WEW+ EW Scale 2.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.31 0.22 0.77 0.00 0.32 0.21 0.50 0.00 0.00 0.16
Jet PunchThrough MC15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05
Jet Pile-up RhoTopology 1.03 11.22 3.03 0.00 7.61 7.54 3.37 0.00 0.00 7.92
Jet EffectiveNP 8restTerm 0.17 0.00 0.00 0.00 0.00 0.71 0.44 0.00 0.00 0.71
Interference 2.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/~ Scale LARTEMPERATURE EXTRA2015PRE 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.48
Jet BJES Response 0.00 4.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP8 0.89 0.56 1.20 0.00 0.51 0.68 0.94 0.00 0.00 0.77
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP5 0.02 0.04 0.00 0.00 0.00 0.04 0.01 0.00 0.00 0.04
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP7 0.10 0.05 0.07 0.00 0.12 0.07 0.08 0.00 0.00 0.08
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP6 0.11 0.17 0.10 0.00 0.17 0.16 0.13 0.00 0.00 0.14
Jet Etalntercalibration Total Stat. 0.49 2.48 1.10 0.00 0.01 2.18 0.41 0.00 0.00 4.80
e/v RESOLUTION ALL 0.35 2.09 0.01 0.00 0.00 1.01 0.45 0.00 0.00 1.27
MET Soft Trk. Resolution 0.73 0.00 0.00 0.00 0.00 4.45 0.41 0.00 0.00 2.34
WEW+ EW Shower 5.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Iso TOTAL INPCOR PLUS UNCOR 1.06 0.44 0.91 0.00 0.44 0.79 1.16 0.00 0.00 0.87
e/~ Scale LARTEMPERATURE EXTRA2016PRE 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.48
Flavor Tag Eff. Eigen Light 2 0.18 0.16 0.26 0.00 0.21 0.22 0.24 0.00 0.00 0.25
Flavor Tag Eff. Eigen Light 1 0.41 0.39 0.57 0.00 0.47 0.48 0.52 0.00 0.00 0.55
Flavor Tag Eff. Eigen Light 0 1.72 1.61 2.34 0.00 1.80 1.86 2.28 0.00 0.00 2.21
Flavor Tag Eff. Eigen Light 4 0.10 0.12 0.14 0.00 0.24 0.11 0.10 0.00 0.00 0.05
Pile-up Reweight. data SF 2.55 8.93 14.90 0.00 9.12 5.71 1.91 0.00 0.00 5.59
W*w* EW PDF 0.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Trigger TOTAL INPCOR PLUS UNCOR 0.02 0.03 0.02 0.00 0.02 0.03 0.02 0.00 0.00 0.03
Electron Eff. ID CorrUncertaintyNP6 0.01 0.02 0.04 0.00 0.02 0.02 0.01 0.00 0.00 0.02
Electron Eff. ID CorrUncertaintyNP7 0.01 0.03 0.03 0.00 0.02 0.03 0.03 0.00 0.00 0.01
Flavor Tag Eff. Eigen B 1 0.01 4.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
Flavor Tag Eff. Eigen B 0 0.08 10.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18
Flavor Tag Eff. Eigen B 2 0.01 2.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Electron Eff. ID CorrUncertaintyNP8 0.01 0.07 0.05 0.00 0.05 0.02 0.02 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP9 0.07 0.11 0.09 0.00 0.23 0.07 0.08 0.00 0.00 0.05
WEWE EW ag 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
WEW=+ EW EW Corr. 3.57 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/~ Scale EASCINTILLATOR 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.48
Jet Flavor Response 1.20 8.64 3.04 0.00 0.19 8.27 3.00 0.00 0.00 7.58
Flavor Tag Eff. extrapolation 0.09 0.70 0.19 0.00 0.20 0.04 0.12 0.00 0.00 0.10
Jet Pile-up p;. Term 1.04 4.58 1.10 0.00 0.01 5.91 2.68 0.00 0.00 5.97
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Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=+jj-Ew top tri-boson Zry WEny zZZ WEW=E;jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Jet Energy Resolution 5.16 35.16 8.01 0.00 12.61 8.50 14.31 0.00 0.00 9.36
Jet Etalntercalibration Non-Closure 1.35 8.93 3.04 0.00 0.17 2.12 2.68 0.00 0.00 4.15
Electron Eff. ID CorrUncertaintyNP14 0.70 0.98 0.74 0.00 1.08 0.85 0.63 0.00 0.00 0.78
Electron Eff. ID CorrUncertaintyNP12 0.01 0.05 0.05 0.00 0.01 0.02 0.01 0.00 0.00 0.02
Electron Eff. ID CorrUncertaintyNP13 0.06 0.10 0.11 0.00 0.03 0.02 0.04 0.00 0.00 0.05
Electron Eff. ID CorrUncertaintyNP10 0.17 0.25 0.18 0.00 0.29 0.21 0.17 0.00 0.00 0.18
Electron Eff. ID CorrUncertaintyNP11 0.02 0.05 0.09 0.00 0.10 0.02 0.01 0.00 0.00 0.04
e/~ Scale LARCALIB EXTRA2015PRE 0.15 0.00 0.00 0.00  0.00 0.00 0.43 0.00 0.00 0.43
MET Soft Trk. Scale 0.15 0.00 0.00 0.00  0.00 3.68 0.84 0.00 0.00 0.61
Jet EffectiveNP 4 0.28 2.47 0.00 0.00  0.00 2.88 0.87 0.00 0.00 0.53
Jet EffectiveNP 7 0.31 0.00 0.00 0.00  0.00 2.18 0.43 0.00 0.00 0.29
Jet EffectiveNP 6 0.24 0.00 0.00 0.00  0.00 2.18 0.87 0.00 0.00 0.28
Jet EffectiveNP 1 1.05 8.82 1.11 0.00 0.19 2.33 2.11 0.00 0.00 6.91
Jet JvT Efficiency 0.03 0.76 0.65 0.00 0.07 0.21 0.05 0.00 0.00 0.41
Jet EffectiveNP 2 0.42 8.95 0.01 0.00 0.01 2.95 1.23 0.00 0.00 0.91
Flavor Tag Eff. Eigen C 0 0.49 0.48 1.77 0.00 0.36 1.01 0.81 0.00 0.00 0.94
Flavor Tag Eff. Eigen C 2 0.13 0.17 0.48 0.00 0.21 0.06 0.26 0.00 0.00 0.07
Flavor Tag Eff. Eigen Light 3 0.06 0.30 0.40 0.00 0.47 0.31 0.15 0.00 0.00 0.28
Jet Etalntercalibration Modelling 1.20 8.71 3.04 0.00 0.02 10.52 3.46 0.00 0.00 7.45
Electron Eff. Reco TOTAL 1INPCOR PLUS UNCOR 0.32 0.26 0.38 0.00 0.24 0.30 0.30 0.00 0.00 0.31
MET Soft Trk. ResoPerp 0.47 0.00 0.00 0.00  0.00 3.68 0.79 0.00 0.00 0.76
Flavor Tag Eff. extrapolation from charm 0.00 0.29 0.96 0.00 0.00 0.59 0.00 0.00 0.00 0.50
Jet EffectiveNP 5 0.33 0.01 0.00 0.00  0.00 2.88 0.77 0.00 0.00 0.45
Jet Pile-up OffsetNPV 0.57 7.16 0.01 0.00 0.03 2.20 1.00 0.00 0.00 1.47
Jet Flavor Composition 2.38 6.01 9.29 0.00 7.65 12.38 4.18 0.00 0.00 10.03
Charge Mis-ID Energy Corr. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 2.04 0.00 0.00
Charge Mis-ID Scale Fac. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 8.68 0.00 0.00
Non-Prompt e Sys. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 60.74 0.00
Non-Prompt e Stat. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 14.62 0.00

Table B.2: Summary of the relative effects of all shape nuisance parameters in the e”e™ channel of the signal region.
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B.3.3 eftut/utet Channel, Signal Region

Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=Ejj-Ew top tri-boson Zry WEny zZZ WEW=+;jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Jet Pile-up OffsetMu 0.21 3.92 0.69 0.00 0.01 2.93 0.30 0.00 0.00 1.70
Muon Iso Sys. 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.00 0.00 0.21
e/v Scale ALLCORR 0.10 0.73 0.07 0.00 0.00 0.24 0.19 0.00 0.00 0.26
Muon Eff. Stat. 0.19 0.23 0.16 0.20 0.14 0.16 0.19 0.00 0.00 0.18
Jet EffectiveNP 3 0.28 5.60 0.34 0.00 0.00 1.91 0.52 0.00 0.00 0.69
WEW+ EW Scale 2.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.17 0.32 0.15 0.00 0.00 0.14 0.24 0.00 0.00 0.12
Jet PunchThrough MC15 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Jet Pile-up RhoTopology 0.65 2.36 8.58 0.01 3.69 4.66 0.63 0.00 0.00 1.79
Jet EffectiveNP 8restTerm 0.12 0.03 0.01 0.00 0.00 2.39 0.26 0.00 0.00 0.39
Interference 2.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/v Scale LARTEMPERATURE EXTRA2015PRE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05
Jet BJES Response 0.01 6.27 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.02
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP8 0.28 0.19 0.27 0.52 0.04 0.11 0.19 0.00 0.00 0.20
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP5 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP7 0.04 0.05 0.01 0.00 0.00 0.02 0.03 0.00 0.00 0.03
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP6 0.06 0.05 0.03 0.00 0.09 0.05 0.05 0.00 0.00 0.04
Jet Etalntercalibration Total Stat. 0.26 6.29 1.19 0.00 0.01 2.78 0.43 0.00 0.00 1.06
e/y RESOLUTION ALL 0.09 0.78 0.05 0.00 0.00 0.43 0.17 0.00 0.00 0.26
MET Soft Trk. Resolution 0.10 0.00 0.09 0.00 0.00 1.11 0.36 0.00 0.00 0.58
WEW=* EW Shower 5.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Iso TOTAL INPCOR PLUS UNCOR 0.35 0.26 0.49 1.43 0.35 0.29 0.32 0.00 0.00 0.36
e/~ Scale LARTEMPERATURE EXTRA2016PRE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05
Muon ID 0.21 1.18 0.00 0.00 0.00 1.12 0.17 0.00 0.00 0.61
Flavor Tag Eff. Eigen Light 2 0.17 0.19 0.27 0.31 0.39 0.19 0.25 0.00 0.00 0.23
Flavor Tag Eff. Eigen Light 1 0.38 0.42 0.61 0.60 0.82 0.43 0.54 0.00 0.00 0.50
Flavor Tag Eff. Eigen Light 0 1.65 1.65 2.44 2.26 3.17 1.64 2.36 0.00 0.00 2.02
Flavor Tag Eff. Eigen Light 4 0.09 0.08 0.08 0.18 0.35 0.08 0.14 0.00 0.00 0.08
Pile-up Reweight. data SF 0.84 7.49 21.37 13.64 18.39 7.89 1.73 0.00 0.00 2.31
WEW+ EW PDF 0.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Trigger TOTAL INPCOR PLUS UNCOR 0.05 0.05 0.06 0.06 0.12 0.05 0.05 0.00 0.00 0.06
Muon Eff. TrigStatUncertainty 0.03 0.03 0.02 0.01 0.09 0.03 0.03 0.00 0.00 0.03
Muon Eff. Sys. 0.84 0.85 0.80 0.76 0.85 0.83 0.87 0.00 0.00 0.85
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP15 0.03 0.03 0.03 0.00 0.00 0.08 0.06 0.00 0.00 0.07
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP14 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP6 0.00 0.02 0.03 0.04 0.04 0.01 0.00 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP7 0.01 0.01 0.03 0.03 0.05 0.03 0.02 0.00 0.00 0.02
Flavor Tag Eff. Eigen B 1 0.01 4.14 0.00 0.00 0.00 0.03 0.04 0.00 0.00 0.04
Flavor Tag Eff. Eigen B 0 0.06 8.60 0.00 0.00 0.00 0.24 0.12 0.00 0.00 0.15
Flavor Tag Eff. Eigen B 2 0.00 1.40 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP8 0.01 0.01 0.02 0.06 0.03 0.02 0.00 0.00 0.00 0.00
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Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=Ejj-Ew top tri-boson Zry WEny zZZzZ WEW=+jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Electron Eff. ID CorrUncertaintyNP9 0.03 0.03 0.04 0.11 0.07 0.06 0.03 0.00 0.00 0.03
WEW* EW as 0.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon TTVA Stat. 0.08 0.08 0.07 0.06 0.07 0.07 0.07 0.00 0.00 0.08
WEW+ EW EW Corr. 3.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Scale 0.16 1.17 0.00 0.00 0.00 0.75 0.13 0.00 0.00 0.39
e/~ Scale E4SCINTILLATOR 0.01 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.08
Jet Flavor Response 0.73 3.74 7.48 0.01 3.70 6.05 1.02 0.00 0.00 1.78
Flavor Tag Eff. extrapolation 0.05 0.71 0.03 0.00 0.00 0.05 0.08 0.00 0.00 0.04
Jet Pile-up p, Term 0.88 3.95 6.80 0.01 3.71 3.42 0.97 0.00 0.00 1.72
Jet Energy Resolution 0.42 26.97 9.66 232.69 87.31 25.20 1.52 0.00 0.00 2.57
Jet Etalntercalibration Non-Closure 0.62 10.43 2.22 0.00 3.71 5.05 0.51 0.00 0.00 2.18
Electron Eff. ID CorrUncertaintyNP14 0.41 0.49 0.28 0.36 0.52 0.48 0.45 0.00 0.00 0.46
Electron Eff. ID CorrUncertaintyNP12 0.01 0.03 0.05 0.02 0.05 0.10 0.04 0.00 0.00 0.04
Electron Eff. ID CorrUncertaintyNP13 0.02 0.01 0.05 0.03 0.05 0.08 0.01 0.00 0.00 0.02
Electron Eff. ID CorrUncertaintyNP10 0.10 0.11 0.08 0.11 0.17 0.13 0.11 0.00 0.00 0.11
Electron Eff. ID CorrUncertaintyNP11 0.00 0.01 0.07 0.10 0.08 0.03 0.02 0.00 0.00 0.02
e/~ Scale LARCALIB EXTRA2015PRE 0.03 0.00 0.05 0.00 0.00 0.08 0.07 0.00 0.00 0.13
Muon MS 0.21 1.17 0.00 36.55 0.00 0.86 0.36 0.00 0.00 0.64
Muon Iso Stat. 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.00 0.00 0.02
MET Soft Trk. Scale 0.11 0.76 0.63 0.00 0.00 2.19 0.16 0.00 0.00 0.72
Jet EffectiveNP 4 0.13 7.03 0.01 0.00 0.00 2.23 0.53 0.00 0.00 0.42
Jet EffectiveNP 7 0.05 0.02 0.01 0.00 0.00 2.50 0.15 0.00 0.00 0.22
Jet EffectiveNP 6 0.09 6.30 0.01 0.00 0.00 0.28 0.22 0.00 0.00 0.17
Jet EffectiveNP 1 0.54 4.69 2.23 0.01 3.70 2.22 0.45 0.00 0.00 1.38
Jet JvT Efficiency 0.03 0.13 0.52 0.11 0.36 0.19 0.04 0.00 0.00 0.10
Jet EffectiveNP 2 0.28 5.61 1.42 0.00 3.71 2.41 0.60 0.00 0.00 0.97
Flavor Tag Eff. Eigen C 0 0.31 1.20 2.10 0.00 0.00 0.85 0.40 0.00 0.00 0.64
Muon Eff. TrigSystUncertainty 0.05 0.04 0.05 0.02 0.05 0.08 0.06 0.00 0.00 0.06
Flavor Tag Eff. Eigen C 2 0.08 0.11 0.12 0.00 0.00 0.05 0.13 0.00 0.00 0.04
Flavor Tag Eff. Eigen Light 3 0.06 0.39 0.50 0.10 0.56 0.41 0.09 0.00 0.00 0.31
Jet Etalntercalibration Modelling 0.96 5.14 8.14 263.60 3.71 6.91 1.00 0.00 0.00 3.23
Electron Eff. Reco TOTAL INPCOR PLUS UNCOR 0.16 0.18 0.20 0.20 0.13 0.14 0.16 0.00 0.00 0.16
MET Soft Trk. ResoPerp 0.11 0.57 0.56 0.00 0.00 1.08 0.32 0.00 0.00 0.92
Flavor Tag Eff. extrapolation from charm 0.00 0.18 1.89 0.00 0.00 0.52 0.00 0.00 0.00 0.31
Muon TTVA Sys. 0.07 0.04 0.02 0.00 0.01 0.02 0.04 0.00 0.00 0.05
Jet EffectiveNP 5 0.11 7.01 0.00 0.00 0.00 2.49 0.31 0.00 0.00 0.36
Jet Pile-up OffsetNPV 0.19 6.93 1.20 0.00 0.01 2.60 0.22 0.00 0.00 2.10
Jet Flavor Composition 1.52 14.73 22.24 263.59 3.71 12.32 2.10 0.00 0.00 3.18
Charge Mis-ID Energy Corr. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.91 0.00 0.00
Charge Mis-ID Scale Fac. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.64 0.00 0.00
Non-Prompt p Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 63.72 0.00
Non-Prompt e Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 44.29 0.00
Non-Prompt p Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.78 0.00
Non-Prompt e Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.14 0.00
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Nuisance Parameter Relativ Effect on Sample [%)]

wWEw*jj-Ew top tri-boson Zy Wty VA WEW=£;j-Qcp Charge Mis-ID  Non-Prompt

wtz

Table B.3: Summary of the relative effects of all shape nuisance parameters in the e*u™/uTe™ channel of the signal region.
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B.3.4 e u/pu~ e Channel, Signal Region

Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=*jj-Ew  top  tri-boson Z~ Wty  ZZ  W*EW*jj-Qcp  Charge Mis-ID  Non-Prompt W*Z
Jet Pile-up OffsetMu 0.19 7.17 4.01 0.39 0.02 4.60 0.30 0.00 0.00 1.20
Muon Iso Sys. 0.22 0.21 0.21 0.21 0.21 0.21 0.22 0.00 0.00 0.21
e/~ Scale ALLCORR 0.07 4.91 0.10 0.00 0.00 341 0.29 0.00 0.00 0.19
Muon Eff. Stat. 0.20 0.17 0.19 0.14 0.18 0.18 0.20 0.00 0.00 0.19
Jet EffectiveNP 3 0.40 4.88 2.82 0.39 0.00 5.79 0.22 0.00 0.00 0.48
WEWE EW Scale 1.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.28 0.28 1.21 0.00 0.12 0.22 0.32 0.00 0.00 0.16
Jet PunchThrough MC15 0.03 0.00 0.00 0.00 0.00 0.15 0.05 0.00 0.00 0.00
Jet Pile-up RhoTopology 0.52 4.37 4.86 0.39 0.02 5.75 0.94 0.00 0.00 1.36
Jet EffectiveNP 8restTerm 0.17 2.89 0.00 0.39 0.00 1.74 0.11 0.00 0.00 0.34
Interference 2.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/v Scale LARTEMPERATURE EXTRA2015PRE 0.00 0.00 0.00 0.00 0.00 1.54 0.00 0.00 0.00 0.03
Jet BJES Response 0.02 3.76 0.00 0.39 0.00 0.00 0.00 0.00 0.00 0.03
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP8 0.31 0.14 0.56 0.00 0.56 0.17 0.26 0.00 0.00 0.23
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP5 0.01 0.02 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP7 0.04 0.02 0.01 0.00 0.00 0.02 0.03 0.00 0.00 0.04
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP6 0.05 0.10 0.03 0.00 0.00 0.04 0.04 0.00 0.00 0.04
Jet Etalntercalibration Total Stat. 0.29 2.91 2.81 0.39 0.01 3.79 0.24 0.00 0.00 0.54
e/ RESOLUTION ALL 0.23 4.79 0.51 0.00 0.00 4.34 0.27 0.00 0.00 0.67
MET Soft Trk. Resolution 0.20 9.43 0.00 0.00 0.00 2.39 0.35 0.00 0.00 0.34
WEW+ EW Shower 5.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Iso TOTAL INPCOR PLUS UNCOR 0.43 0.22 0.52 1.07 0.35 0.30 0.45 0.00 0.00 0.45
e/~ Scale LARTEMPERATURE EXTRA2016PRE 0.00 0.00 0.00 0.00 0.00 1.54 0.00 0.00 0.00 0.03
Muon ID 0.12 3.12 0.67 0.00 0.00 4.20 0.53 0.00 0.00 0.73
Flavor Tag Eff. Eigen Light 2 0.18 0.21 0.15 0.19 0.16 0.25 0.25 0.00 0.00 0.23
Flavor Tag Eff. Eigen Light 1 0.40 0.48 0.34 0.37 0.38 0.56 0.55 0.00 0.00 0.50
Flavor Tag Eff. Eigen Light 0 1.68 1.90 1.34 1.46 1.38 2.23 2.31 0.00 0.00 1.99
Flavor Tag Eff. Eigen Light 4 0.10 0.06 0.07 0.20 0.38 0.11 0.17 0.00 0.00 0.07
Pile-up Reweight. data SF 1.32 31.60 48.21 17.48 21.31 8.42 2.65 0.00 0.00 7.79
WEWw* EW PDF 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Trigger TOTAL INPCOR PLUS UNCOR 0.05 0.05 0.07 0.07 0.07 0.06 0.05 0.00 0.00 0.06
Muon Eff. TrigStatUncertainty 0.02 0.03 0.02 0.01 0.01 0.03 0.03 0.00 0.00 0.03
Muon Eff. Sys. 0.90 0.80 0.74 1.23 0.98 0.88 0.98 0.00 0.00 0.83
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP15 0.02 0.04 0.02 0.00 0.00 0.09 0.04 0.00 0.00 0.05
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP14 0.00 0.00 0.01 0.00 0.00 0.02 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP6 0.00 0.02 0.02 0.21 0.04 0.02 0.00 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP7 0.01 0.03 0.03 0.17 0.05 0.02 0.01 0.00 0.00 0.02
Flavor Tag Eff. Eigen B 1 0.01 3.40 0.18 3.32 0.00 0.05 0.01 0.00 0.00 0.02
Flavor Tag Eff. Eigen B 0 0.06 6.88 0.25 4.66 0.00 0.07 0.02 0.00 0.00 0.07
Flavor Tag Eff. Eigen B 2 0.00 0.38 0.14 1.24 0.00 0.02 0.01 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP8 0.00 0.02 0.02 0.22 0.11 0.02 0.01 0.00 0.00 0.01
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Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=jj-Ew  top  tri-boson Z~ Wty  ZZ  WEEW*jj-Qcp  Charge Mis-ID  Non-Prompt W*Z
Electron Eff. ID CorrUncertaintyNP9 0.03 0.04 0.04 0.30 0.10 0.05 0.03 0.00 0.00 0.03
WEW* EW as 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon TTVA Stat. 0.08 0.07 0.07 0.08 0.08 0.07 0.08 0.00 0.00 0.08
WEW* EW EW Corr. 3.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Scale 0.15 2.10 0.64 0.00 0.00 0.96 0.26 0.00 0.00 0.64
e/v Scale EASCINTILLATOR 0.00 0.00 0.00 0.00 0.00 1.54 0.05 0.00 0.00 0.08
Jet Flavor Response 0.78 11.19 72.85 0.01 0.02 6.54 1.00 0.00 0.00 1.41
Flavor Tag Eff. extrapolation 0.08 0.19 0.94 0.00 0.08 0.05 0.10 0.00 0.00 0.05
Jet Pile-up p Term 0.81 2.60 73.65 0.00 0.01 7.84 1.14 0.00 0.00 1.55
Jet Energy Resolution 0.93 12.86 85.21 390.48 0.20 15.81 2.59 0.00 0.00 8.18
Jet Etalntercalibration Non-Closure 0.85 7.36 73.66 0.39 0.01 5.09 0.94 0.00 0.00 1.08
Electron Eff. ID CorrUncertaintyNP14 0.39 0.41 0.58 0.78 0.40 0.56 0.43 0.00 0.00 0.44
Electron Eff. ID CorrUncertaintyNP12 0.01 0.02 0.05 0.05 0.05 0.04 0.02 0.00 0.00 0.04
Electron Eff. ID CorrUncertaintyNP13 0.02 0.03 0.01 0.09 0.02 0.02 0.02 0.00 0.00 0.02
Electron Eff. ID CorrUncertaintyNP10 0.10 0.10 0.07 0.18 0.04 0.13 0.10 0.00 0.00 0.11
Electron Eff. ID CorrUncertaintyNP11 0.00 0.03 0.06 0.58 0.01 0.03 0.01 0.00 0.00 0.02
e/~ Scale LARCALIB EXTRA2015PRE 0.10 0.02 0.09 0.00 0.00 1.90 0.11 0.00 0.00 0.09
Muon MS 0.23 0.68 1.33 0.00 0.00 4.08 0.29 0.00 0.00 0.87
Muon Iso Stat. 0.03 0.02 0.03 0.05 0.04 0.02 0.03 0.00 0.00 0.02
MET Soft Trk. Scale 0.14 4.87 0.00 0.00 0.00 2.99 0.41 0.00 0.00 0.20
Jet EffectiveNP 4 0.36 2.42 2.82 0.39 0.00 2.10 0.17 0.00 0.00 0.47
Jet EffectiveNP 7 0.10 2.90 0.00 0.39 0.00 0.01 0.11 0.00 0.00 0.38
Jet EffectiveNP 6 0.20 4.87 0.00 0.39 0.00 1.74 0.11 0.00 0.00 0.07
Jet EffectiveNP 1 0.35 6.90 4.86 0.39 0.02 5.23 0.60 0.00 0.00 0.81
Jet JvT Efficiency 0.04 0.29 0.19 0.00 0.10 0.21 0.04 0.00 0.00 0.12
Jet EffectiveNP 2 0.47 4.91 4.01 0.39 0.01 2.71 0.43 0.00 0.00 0.53
Flavor Tag Eff. Eigen C 0 0.46 0.86 3.08 0.00 0.14 1.38 0.53 0.00 0.00 0.61
Muon Eff. TrigSystUncertainty 0.05 0.06 0.04 0.03 0.02 0.06 0.05 0.00 0.00 0.05
Flavor Tag Eff. Eigen C 2 0.13 0.18 0.84 0.00 0.08 0.07 0.16 0.00 0.00 0.08
Flavor Tag Eff. Eigen Light 3 0.09 0.56 0.33 0.15 0.68 0.46 0.10 0.00 0.00 0.31
Jet Etalntercalibration Modelling 1.19 10.98 4.00 0.38 0.01 6.59 1.85 0.00 0.00 1.86
Electron Eff. Reco TOTAL 1INPCOR PLUS UNCOR 0.16 0.16 0.21 0.21 0.26 0.18 0.17 0.00 0.00 0.18
MET Soft Trk. ResoPerp 0.36 6.98 0.00 0.00 0.00 2.89 0.54 0.00 0.00 0.74
Flavor Tag Eff. extrapolation from charm 0.00 0.44 1.34 0.00 0.00 0.75 0.00 0.00 0.00 0.26
Muon TTVA Sys. 0.07 0.05 0.06 0.00 0.18 0.04 0.04 0.00 0.00 0.05
Jet EffectiveNP 5 0.23 4.87 0.00 0.39 0.00 0.95 0.11 0.00 0.00 0.38
Jet Pile-up OffsetNPV 0.31 4.46 72.84 0.39 100.49  5.13 0.48 0.00 0.00 0.71
Jet Flavor Composition 1.89 40.96 69.57 102.99  100.51 9.03 2.64 0.00 0.00 4.00
Charge Mis-ID Energy Corr. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.46 0.00 0.00
Charge Mis-ID Scale Fac. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.98 0.00 0.00
Non-Prompt p Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 70.34 0.00
Non-Prompt e Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 34.27 0.00
Non-Prompt p Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.08 0.00
Non-Prompt e Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 11.50 0.00
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Nuisance Parameter Relativ Effect on Sample [%)]

WEW+jj-Ew top tri-boson Z~y WEny zZZ WEW=;j-Qcp Charge Mis-ID  Non-Prompt

wtz

Table B.4: Summary of the relative effects of all shape nuisance parameters in the e~ = /u~e™ channel of the signal region.
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B.3.5

pTpt Channel, Signal Region

Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=£jj-Ew top tri-boson Z~ WEny zZZ WEW=E;jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Jet Pile-up OffsetMu 0.36 6.00 11.42 0.00 0.00 7.53 0.73 0.00 0.00 1.80
Muon Iso Sys. 0.42 0.42 0.42 0.00 0.00 0.41 0.42 0.00 0.00 0.42
e/~ Scale ALLCORR 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
Muon Eff. Stat. 0.38 0.34 0.75 0.00 0.00 0.33 0.37 0.00 0.00 0.37
Jet EffectiveNP 3 0.31 1.87 0.00 0.00 0.00 1.76 0.43 0.00 0.00 0.30
WEW+ EW Scale 2.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.17 0.46 1.01 0.00 0.00 0.30 0.25 0.00 0.00 0.17
Jet PunchThrough MC15 0.02 0.01 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.10
Jet Pile-up RhoTopology 0.53 11.67 11.47 0.00 0.00 5.17 1.04 0.00 0.00 2.14
Jet EffectiveNP 8restTerm 0.22 0.03 0.00 0.00 0.00 0.48 0.35 0.00 0.00 0.32
Interference 2.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Jet BJES Response 0.01 1.04 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.06
Jet Etalntercalibration Total Stat. 0.29 0.81 0.03 0.00 0.00 1.99 0.62 0.00 0.00 0.96
e/v RESOLUTION ALL 0.00 0.00 0.00 0.00 0.00 0.46 0.00 0.00 0.00 0.04
MET Soft Trk. Resolution 0.16 0.94 0.00 0.00 0.00 1.20 0.34 0.00 0.00 0.52
WEW+ EW Shower 5.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon ID 0.28 4.38 0.00 0.00 0.00 7.14 0.42 0.00 0.00 1.50
Flavor Tag Eff. Eigen Light 2 0.16 0.17 0.24 0.00 0.00 0.23 0.24 0.00 0.00 0.24
Flavor Tag Eff. Eigen Light 1 0.38 0.38 0.52 0.00 0.00 0.53 0.54 0.00 0.00 0.53
Flavor Tag Eff. Eigen Light 0 1.63 1.52 2.07 0.00 0.00 2.12 2.34 0.00 0.00 2.15
Flavor Tag Eff. Eigen Light 4 0.09 0.03 0.10 0.00 0.00 0.09 0.15 0.00 0.00 0.06
Pile-up Reweight. data SF 2.20 7.46 13.77 0.00 0.00 7.7 2.16 0.00 0.00 4.23
W*w+ EW PDF 0.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Eff. TrigStatUncertainty 0.24 0.15 0.28 0.00 0.00 0.16 0.20 0.00 0.00 0.23
Muon Eff. Sys. 1.68 1.66 2.08 0.00 0.00 1.65 1.70 0.00 0.00 1.72
Flavor Tag Eff. Eigen B 1 0.01 4.40 0.00 0.00 0.00 0.12 0.03 0.00 0.00 0.02
Flavor Tag Eff. Eigen B 0 0.04 10.58 0.00 0.00 0.00 0.18 0.09 0.00 0.00 0.14
Flavor Tag Eff. Eigen B 2 0.00 1.25 0.00 0.00 0.00 0.04 0.02 0.00 0.00 0.01
WEWE EW oy 0.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon TTVA Stat. 0.16 0.14 0.15 0.00 0.00 0.15 0.15 0.00 0.00 0.15
WEw+ EW EW Corr. 3.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Scale 0.17 2.65 0.00 0.00 0.00 8.86 0.38 0.00 0.00 1.18
Jet Flavor Response 0.74 13.53 0.05 0.00 0.00 4.44 1.35 0.00 0.00 3.13
Flavor Tag Eff. extrapolation 0.04 0.21 0.02 0.00 0.00 0.03 0.09 0.00 0.00 0.05
Jet Pile-up p, Term 1.06 10.88 0.03 0.00 0.00 2.77 1.34 0.00 0.00 3.34
Jet Energy Resolution 1.02 15.94 17.92 0.00 0.00 37.43 1.53 0.00 0.00 8.47
Jet Etalntercalibration Non-Closure 0.63 6.22 0.02 0.00 0.00 2.61 0.82 0.00 0.00 1.68
Muon MS 0.25 4.37 0.00 0.00 0.00 7.35 0.50 0.00 0.00 1.58
Muon Iso Stat. 0.05 0.05 0.06 0.00 0.00 0.04 0.04 0.00 0.00 0.05
MET Soft Trk. Scale 0.12 1.74 0.00 0.00 0.00 2.22 0.14 0.00 0.00 0.45
Jet EffectiveNP 4 0.18 0.03 0.00 0.00 0.00 0.52 0.34 0.00 0.00 0.15
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Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=+jj-Ew top tri-boson Z~ WEny zZZ WEW=%jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Jet EffectiveNP 7 0.06 0.01 0.00 0.00  0.00 0.01 0.27 0.00 0.00 0.58
Jet EffectiveNP 6 0.09 0.03 0.00 0.00  0.00 0.01 0.34 0.00 0.00 0.22
Jet EffectiveNP 1 0.50 2.63 0.06 0.00  0.00 2.67 1.09 0.00 0.00 1.21
Jet JvT Efficiency 0.03 0.36 0.31 0.00 0.00 0.31 0.04 0.00 0.00 0.06
Jet EffectiveNP 2 0.42 1.88 0.02 0.00  0.00 2.29 0.70 0.00 0.00 1.15
Flavor Tag Eff. Eigen C 0 0.28 1.20 2.98 0.00  0.00 1.39 0.42 0.00 0.00 0.84
Muon Eff. TrigSystUncertainty 0.40 0.36 0.44 0.00  0.00 0.32 0.36 0.00 0.00 0.37
Flavor Tag Eff. Eigen C 2 0.07 0.28 0.06 0.00 0.00 0.07 0.13 0.00 0.00 0.06
Flavor Tag Eff. Eigen Light 3 0.05 0.31 0.30 0.00 0.00 0.54 0.12 0.00 0.00 0.37
Jet Etalntercalibration Modelling 1.02 12.60 11.73 0.00 0.00 12.06 1.32 0.00 0.00 3.99
MET Soft Trk. ResoPerp 0.19 0.94 0.00 0.00 0.00 2.01 0.45 0.00 0.00 1.49
Flavor Tag Eff. extrapolation from charm 0.00 0.47 1.22 0.00 0.00 0.48 0.00 0.00 0.00 0.42
Muon TTVA Sys. 0.14 0.09 0.11 0.00  0.00 0.07 0.09 0.00 0.00 0.09
Jet EffectiveNP 5 0.22 0.02 0.00 0.00  0.00 1.00 0.22 0.00 0.00 0.55
Jet Pile-up OffsetNPV 0.26 1.93 0.03 0.00  0.00 1.39 0.53 0.00 0.00 1.52
Jet Flavor Composition 1.62 18.22 13.43 0.00 0.00 14.38 2.67 0.00 0.00 5.38
Non-Prompt p Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.18 0.00
Non-Prompt p Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.26 0.00

Table B.5: Summary of the relative effects of all shape nuisance parameters in the p+u™ channel of the signal region.
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B.3.6 u~p~ Channel, Signal Region

Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=£jj-Ew top tri-boson Z~ WEny zZZ WEW=E;jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Jet Pile-up OffsetMu 0.41 1.24 3.81 0.00 0.00 1.77 0.60 0.00 0.00 2.05
Muon Iso Sys. 0.43 0.42 0.58 0.00 0.00 0.42 0.44 0.00 0.00 0.43
Muon Eff. Stat. 0.38 0.38 0.33 0.00 0.00 0.36 0.37 0.00 0.00 0.37
Jet EffectiveNP 3 0.63 2.83 3.81 0.00 0.00 0.85 0.46 0.00 0.00 0.57
WEWE EW Scale 2.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.30 0.30 1.37 0.00 0.00 0.12 0.42 0.00 0.00 0.23
Jet PunchThrough MC15 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.00
Jet Pile-up RhoTopology 0.84 19.71 4.01 0.00 0.00 5.71 0.65 0.00 0.00 3.13
Jet EffectiveNP 8restTerm 0.27 2.89 3.81 0.00 0.00 0.66 0.29 0.00 0.00 0.17
Interference 2.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Jet BJES Response 0.00 7.42 0.00 0.00 0.00 0.01 0.07 0.00 0.00 0.00
Jet Etalntercalibration Total Stat. 0.33 2.93 3.79 0.00 0.00 3.16 0.36 0.00 0.00 0.33
MET Soft Trk. Resolution 0.40 0.00 0.00 0.00 0.00 3.73 0.32 0.00 0.00 1.10
WEWw* EW Shower 5.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon ID 0.48 7.74 1.26 0.00 0.00 5.61 0.47 0.00 0.00 1.93
Flavor Tag Eff. Eigen Light 2 0.18 0.25 0.22 0.00 0.00 0.27 0.25 0.00 0.00 0.22
Flavor Tag Eff. Eigen Light 1 0.39 0.55 0.48 0.00 0.00 0.60 0.55 0.00 0.00 0.49
Flavor Tag Eff. Eigen Light 0 1.63 2.08 1.92 0.00 0.00 2.35 2.32 0.00 0.00 1.96
Flavor Tag Eff. Eigen Light 4 0.11 0.16 0.15 0.00 0.00 0.07 0.14 0.00 0.00 0.07
Pile-up Reweight. data SF 3.09 15.77 23.19 0.00 0.00 15.57 3.31 0.00 0.00 6.80
W*w+ EW PDF 0.57 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Eff. TrigStatUncertainty 0.24 0.19 0.16 0.00 0.00 0.19 0.19 0.00 0.00 0.22
Muon Eff. Sys. 1.81 1.57 2.30 0.00 0.00 1.89 1.87 0.00 0.00 1.85
Flavor Tag Eff. Eigen B 1 0.01 5.26 0.00 0.00 0.00 0.40 0.03 0.00 0.00 0.04
Flavor Tag Eff. Eigen B 0 0.04 17.95 0.00 0.00 0.00 1.28 0.08 0.00 0.00 0.12
Flavor Tag Eff. Eigen B 2 0.00 2.13 0.00 0.00 0.00 0.25 0.01 0.00 0.00 0.01
WEWE EW oy 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon TTVA Stat. 0.16 0.17 0.15 0.00 0.00 0.14 0.15 0.00 0.00 0.15
WEw+ EW EW Corr. 3.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Scale 0.19 7.80 1.22 0.00 0.00 3.09 0.45 0.00 0.00 1.43
Jet Flavor Response 0.96 4.45 4.04 0.00 0.00 3.65 2.29 0.00 0.00 3.77
Flavor Tag Eff. extrapolation 0.08 0.42 0.30 0.00 0.00 0.02 0.13 0.00 0.00 0.07
Jet Pile-up p, Term 0.84 9.48 3.82 0.00 0.00 15.59 2.02 0.00 0.00 2.66
Jet Energy Resolution 1.91 14.24 19.68 0.00 0.00 35.86 3.19 0.00 0.00 13.36
Jet Etalntercalibration Non-Closure 1.05 4.57 3.82 0.00 0.00 4.33 1.88 0.00 0.00 3.17
Muon MS 0.51 7.80 1.26 0.00 0.00 3.60 0.46 0.00 0.00 1.19
Muon Iso Stat. 0.05 0.05 0.08 0.00 0.00 0.04 0.05 0.00 0.00 0.05
MET Soft Trk. Scale 0.40 0.00 0.00 0.00 0.00 3.36 0.47 0.00 0.00 0.48
Jet EffectiveNP 4 0.14 2.89 3.81 0.00 0.00 0.66 0.37 0.00 0.00 0.25
Jet EffectiveNP 7 0.09 2.90 0.00 0.00 0.00 0.66 0.32 0.00 0.00 0.17
Jet EffectiveNP 6 0.09 2.90 0.00 0.00 0.00 0.51 0.21 0.00 0.00 0.17
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Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=+jj-Ew top tri-boson Z~ WEny zZZ WEW=%jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Jet EffectiveNP 1 0.86 19.56 4.04 0.00  0.00 3.95 2.38 0.00 0.00 2.64
Jet JvT Efficiency 0.03 0.18 0.30 0.00 0.00 0.34 0.05 0.00 0.00 0.06
Jet EffectiveNP 2 1.03 2.67 0.01 0.00  0.00 1.82 0.77 0.00 0.00 0.35
Flavor Tag Eff. Eigen C 0 0.48 1.70 5.03 0.00 0.00 1.37 0.64 0.00 0.00 0.89
Muon Eff. TrigSystUncertainty 0.40 0.39 0.37 0.00  0.00 0.31 0.35 0.00 0.00 0.37
Flavor Tag Eff. Eigen C 2 0.14 0.43 0.74 0.00  0.00 0.03 0.21 0.00 0.00 0.11
Flavor Tag Eff. Eigen Light 3 0.08 0.42 0.37 0.00 0.00 0.35 0.11 0.00 0.00 0.30
Jet Etalntercalibration Modelling 1.19 8.57 6.18 0.00 0.00 11.26 2.18 0.00 0.00 5.05
MET Soft Trk. ResoPerp 0.23 0.00 0.00 0.00 0.00 2.19 0.30 0.00 0.00 1.27
Flavor Tag Eff. extrapolation from charm 0.01 0.49 3.14 0.00 0.00 0.97 0.00 0.00 0.00 0.39
Muon TTVA Sys. 0.14 0.15 0.04 0.00  0.00 0.05 0.09 0.00 0.00 0.10
Jet EffectiveNP 5 0.30 0.01 0.00 0.00  0.00 0.66 0.26 0.00 0.00 0.21
Jet Pile-up OffsetNPV 0.48 2.93 3.82 0.00  0.00 8.47 2.27 0.00 0.00 1.34
Jet Flavor Composition 2.03 9.37 2.84 0.00 0.00 9.38 3.30 0.00 0.00 4.37
Non-Prompt p Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 34.70 0.00
Non-Prompt p Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16.13 0.00

Table B.6: Summary of the relative effects of all shape nuisance parameters in the ¢~ p~ channel of the signal region.
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B.3.7 ¢%¢* Channel, W*Z Control Region

Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=jj-Ew  top  tri-boson = Zy @ W*y ZZ WEWEjjiQep WEZ O WEWE # Z+jets WEHjets
Jet Pile-up OffsetMu 0.00 0.34 0.70 0.34 0.00 0.43 0.00 0.47 0.00 0.00 0.00 0.00
Muon Iso Sys. 0.20 0.30 0.29 0.35 0.00  0.29 0.00 0.30 0.00 0.00 0.00 0.00
e/~ Scale ALLCORR 0.00 0.33 0.27 0.34 0.00 0.15 0.00 0.06 0.00 0.00 0.00 0.00
Muon Eff. Stat. 0.13 0.28 0.26 0.25 0.00 0.26 0.00 0.27 0.00 0.00 0.00 0.00
Jet EffectiveNP 3 0.00 0.26 0.07 0.00 0.00  0.20 0.00 0.25 0.00 0.00 0.00 0.00
WEWE EW Scale 5.46 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.00 0.11 0.13 0.12 0.00 0.12 0.00 0.18 0.00 0.00 0.00 0.00
Jet PunchThrough MC15 0.00 0.02 0.01 0.00 0.00  0.02 0.00 0.01 0.00 0.00 0.00 0.00
Jet Pile-up RhoTopology 0.01 1.32 1.85 0.27 0.00 2.52 0.00 1.54 0.00 0.00 0.00 0.00
Jet EffectiveNP 8restTerm 0.00 0.27 0.05 0.00 0.00  0.20 0.00 0.10 0.00 0.00 0.00 0.00
e/~ Scale LARTEMPERATURE EXTRA2015PRE 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Jet BJES Response 0.00 0.38 0.03 0.00 0.00  0.03 0.00 0.01 0.00 0.00 0.00 0.00
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP8 0.70 0.22 0.36 0.04 0.00 0.18 0.00 0.23 0.00 0.00 0.00 0.00
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP7 0.00 0.02 0.03 0.04 0.00  0.03 0.00 0.03 0.00 0.00 0.00 0.00
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP6 0.00 0.03 0.02 0.00 0.00  0.02 0.00 0.02 0.00 0.00 0.00 0.00
Jet Etalntercalibration Total Stat. 0.00 0.19 0.18 0.05 0.00  0.65 0.00 0.54 0.00 0.00 0.00 0.00
e/ RESOLUTION ALL 0.00 0.30 0.34 0.00 0.00 0.23 0.00 0.04 0.00 0.00 0.00 0.00
MET Soft Trk. Resolution 0.00 0.21 0.32 23.15 0.00 2.38 0.00 0.48 0.00 0.00 0.00 0.00
Electron Eff. Iso TOTAL INPCOR PLUS UNCOR 0.10 0.22 0.44 0.17 0.00 0.24 0.00 0.27 0.00 0.00 0.00 0.00
e/~ Scale LARTEMPERATURE EXTRA2016PRE 0.00 0.02 0.00 0.00 0.00  0.01 0.00 0.00 0.00 0.00 0.00 0.00
Muon ID 0.00 0.33 0.42 0.33 0.00 0.15 0.00 0.36 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen Light 2 0.13 0.15 0.21 0.21 0.00 0.19 0.00 0.21 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen Light 1 0.27 0.33 0.46 0.44 0.00  0.42 0.00 0.46 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen Light 0 1.07 1.29 1.84 1.74 0.00 1.63 0.00 1.82 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen Light 4 0.06 0.02 0.05 0.02 0.00  0.03 0.00 0.06 0.00 0.00 0.00 0.00
Pile-up Reweight. data SF 42.73 1.61 0.46 7.01 0.00 3.67 0.00 1.46 0.00 0.00 0.00 0.00
WE*W+ EW PDF 3.52 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Trigger TOTAL INPCOR PLUS UNCOR 0.01 0.02 0.02 0.02 0.00  0.02 0.00 0.02 0.00 0.00 0.00 0.00
Muon Eff. TrigStatUncertainty 0.00 0.13 0.10 0.09 0.00 0.11 0.00 0.12 0.00 0.00 0.00 0.00
Muon Eff. Sys. 0.83 1.24 1.31 1.01 0.00 1.22 0.00 1.28 0.00 0.00 0.00 0.00
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP15 0.00 0.01 0.01 0.07 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP6 0.01 0.00 0.00 0.02 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP7 0.03 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen B 1 0.00 3.89 0.02 0.02 0.00 0.04 0.00 0.03 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen B 0 0.00 12.63 0.06 0.20 0.00 0.21 0.00 0.17 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen B 2 0.00 1.79 0.01 0.02 0.00  0.02 0.00 0.01 0.00 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP8 0.07 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP9 0.04 0.02 0.02 0.01 0.00  0.02 0.00 0.02 0.00 0.00 0.00 0.00
WEWE EW as 1.26 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon TTVA Stat. 0.08 0.11 0.10 0.11 0.00 0.11 0.00 0.11 0.00 0.00 0.00 0.00
Muon Scale 0.00 0.57 0.29 0.00 0.00 0.12 0.00 0.45 0.00 0.00 0.00 0.00
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Nuisance Parameter

Relativ Effect on Sample [%]

WEWEjj-Ew  top  tri-hoson Zy @ WEy  ZZ WEWEji-Qep WEZ S OWEWE it Z4jets  WEjets
e/v Scale EASCINTILLATOR 0.00 0.05 0.01 0.00 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.00
Jet Flavor Response 0.01 1.45 1.40 0.06 0.00 2.27 0.00 1.51 0.00 0.00 0.00 0.00
Flavor Tag Eff. extrapolation 0.00 0.11 0.04 0.00 0.00 0.02 0.00 0.04 0.00 0.00 0.00 0.00
Jet Pile-up p, Term 0.01 1.81 1.38 0.05 0.00 2.01 0.00 0.99 0.00 0.00 0.00 0.00
Jet Energy Resolution 0.12 4.91 7.55 61.18 0.00 6.40 0.00 2.56 0.00 0.00 0.00 0.00
Jet Etalntercalibration Non-Closure 0.02 0.50 0.56 0.05 0.00 0.25 0.00 0.29 0.00 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP14 0.36 0.22 0.24 0.14 0.00 0.27 0.00 0.23 0.00 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP12 0.01 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP13 0.01 0.01 0.02 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP10 0.09 0.05 0.06 0.05 0.00 0.06 0.00 0.05 0.00 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP11 0.09 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/~ Scale LARCALIB EXTRA2015PRE 0.00 0.02 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.00
Muon MS 0.00 0.44 0.65 0.00 0.00 0.13 0.00 0.47 0.00 0.00 0.00 0.00
Muon Iso Stat. 0.01 0.03 0.04 0.03 0.00 0.03 0.00 0.04 0.00 0.00 0.00 0.00
MET Soft Trk. Scale 0.00 0.07 0.09 0.00 0.00 2.68 0.00 0.51 0.00 0.00 0.00 0.00
Jet EffectiveNP 4 0.00 0.33 0.02 0.00 0.00 0.24 0.00 0.16 0.00 0.00 0.00 0.00
Jet EffectiveNP 7 0.00 0.28 0.06 0.00 0.00 0.11 0.00 0.07 0.00 0.00 0.00 0.00
Jet EffectiveNP 6 0.00 0.13 0.05 0.00 0.00 0.08 0.00 0.05 0.00 0.00 0.00 0.00
Jet EffectiveNP 1 0.01 0.82 0.52 0.28 0.00 1.26 0.00 1.06 0.00 0.00 0.00 0.00
Jet JvT Efficiency 0.00 0.08 0.06 0.26 0.00 0.15 0.00 0.08 0.00 0.00 0.00 0.00
Jet EffectiveNP 2 0.00 0.45 0.05 0.00 0.00 0.30 0.00 0.18 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 0 0.00 0.41 0.89 0.73 0.00 0.70 0.00 0.42 0.00 0.00 0.00 0.00
Muon Eff. TrigSystUncertainty 0.01 0.23 0.18 0.21 0.00 0.20 0.00 0.20 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 2 0.00 0.01 0.04 0.17 0.00 0.02 0.00 0.05 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen Light 3 0.02 0.28 0.35 0.27 0.00 0.35 0.00 0.31 0.00 0.00 0.00 0.00
Jet Etalntercalibration Modelling 0.01 2.00 3.01 0.34 0.00 3.24 0.00 2.11 0.00 0.00 0.00 0.00
Electron Eff. Reco TOTAL INPCOR PLUS UNCOR 0.11 0.09 0.12 0.09 0.00 0.10 0.00 0.10 0.00 0.00 0.00 0.00
MET Soft Trk. ResoPerp 0.00 0.40 0.05 0.00 0.00 2.05 0.00 0.45 0.00 0.00 0.00 0.00
Flavor Tag Eff. extrapolation from charm 0.00 0.06 0.55 0.00 0.00 0.40 0.00 0.00 0.00 0.00 0.00 0.00
Muon TTVA Sys. 0.00 0.10 0.09 0.11 0.00 0.08 0.00 0.09 0.00 0.00 0.00 0.00
Jet EffectiveNP 5 0.00 0.27 0.07 0.00 0.00 0.25 0.00 0.09 0.00 0.00 0.00 0.00
Jet Pile-up OffsetNPV 0.01 0.19 0.56 0.05 0.00 0.63 0.00 0.34 0.00 0.00 0.00 0.00
Jet Flavor Composition 0.03 4.04 5.85 2.82 0.00 6.62 0.00 4.57 0.00 0.00 0.00 0.00

Table B.7: Summary of the relative effects of all shape nuisance parameters in the /*¢* channel of the W*Z control region.
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B.3.8 ete™ Channel, Low-m;; Control Region

Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=£jj-Ew  top  tri-boson Zy W*y  ZZ  WEWEjj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Jet Pile-up OffsetMu 0.81 4.14 0.65 0.00 0.01 11.53 0.13 0.00 0.00 1.50
e/~ Scale ALLCORR 0.19 1.02 0.00 0.00 0.00 15.73 0.50 0.00 0.00 0.61
Jet EffectiveNP 3 0.16 0.03 0.01 0.00 0.00 11.16 0.51 0.00 0.00 1.02
WEWE EW Scale 4.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.20 0.14 0.14 0.00 0.00 0.01 0.23 0.00 0.00 0.19
Jet Pile-up RhoTopology 1.25 10.76 2.43 0.00 0.02 15.62 1.75 0.00 0.00 5.64
Jet EffectiveNP 8restTerm 0.17 0.00 0.01 0.00 0.00 0.00 0.16 0.00 0.00 0.28
Interference 8.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Jet BJES Response 0.00 0.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP8 0.59 0.38 0.90 0.00 1.75 0.47 0.59 0.00 0.00 0.64
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP5 0.03 0.11 0.02 0.00 0.00 0.07 0.03 0.00 0.00 0.03
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP7 0.11 0.14 0.04 0.00 0.05 0.06 0.11 0.00 0.00 0.12
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP6 0.16 0.12 0.18 0.00 0.09 0.21 0.16 0.00 0.00 0.16
Jet Etalntercalibration Total Stat. 0.65 0.10 0.01 0.00 0.00 11.17 0.41 0.00 0.00 1.69
e/v RESOLUTION ALL 0.13 1.98 0.00 0.00 0.00 4.20 1.99 0.00 0.00 0.44
MET Soft Trk. Resolution 0.52 1.02 0.00 0.00 0.00 10.68 0.30 0.00 0.00 2.29
WEW=+ EW Shower 12.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Iso TOTAL 1INPCOR PLUS UNCOR 0.51 0.37 1.04 0.00 2.62 0.53 0.59 0.00 0.00 0.61
Muon ID 0.00 0.00 1.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen Light 2 0.21 0.17 0.19 0.00 0.23 0.16 0.23 0.00 0.00 0.20
Flavor Tag Eff. Eigen Light 1 0.44 0.37 0.42 0.00 0.49 0.35 0.49 0.00 0.00 0.43
Flavor Tag Eff. Eigen Light 0 1.66 1.35 1.53 0.00 1.86 1.31 1.85 0.00 0.00 1.62
Flavor Tag Eff. Eigen Light 4 0.11 0.11 0.11 0.00 0.04 0.01 0.10 0.00 0.00 0.07
Pile-up Reweight. data SF 4.21 5.41 11.31 0.00 9.28 6.70 1.90 0.00 0.00 5.20
WEW+ EW PDF 0.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Trigger TOTAL INPCOR PLUS UNCOR 0.02 0.04 0.02 0.00 0.00 0.03 0.03 0.00 0.00 0.03
Electron Eff. ID CorrUncertaintyNP6 0.01 0.00 0.01 0.00 0.03 0.01 0.00 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP7 0.01 0.03 0.01 0.00 0.01 0.01 0.02 0.00 0.00 0.02
Flavor Tag Eff. Eigen B 1 0.00 4.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Flavor Tag Eff. Eigen B 0 0.00 9.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Flavor Tag Eff. Eigen B 2 0.00 3.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP8 0.01 0.03 0.02 0.00 0.07 0.01 0.02 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP9 0.05 0.00 0.07 0.00 0.04 0.06 0.06 0.00 0.00 0.06
WEW=E EW as 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
WEW=+ EW EW Corr. 7.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Scale 0.00 0.00 1.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Jet Flavor Response 0.76 10.55 2.04 0.00 0.01 16.64 1.35 0.00 0.00 4.49
Flavor Tag Eff. extrapolation 0.02 0.03 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.03
Jet Pile-up p Term 0.54 5.18 1.38 0.00 0.00 11.44 0.84 0.00 0.00 1.80
Jet Energy Resolution 1.01 5.44 5.47 0.00 0.00 20.87 0.27 0.00 0.00 4.36
Jet Etalntercalibration Non-Closure 0.53 1.79 2.44 0.00 0.01 8.85 1.66 0.00 0.00 4.05
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Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=+jj-Ew top tri-boson Zry WEny zZZ WEW=E;jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Electron Eff. ID CorrUncertaintyNP14 0.79 1.26 0.86 0.00  0.15 0.95 0.80 0.00 0.00 0.77
Electron Eff. ID CorrUncertaintyNP12 0.00 0.02 0.01 0.00 0.02 0.00 0.01 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP13 0.05 0.05 0.00 0.00  0.02 0.04 0.05 0.00 0.00 0.03
Electron Eff. ID CorrUncertaintyNP10 0.20 0.25 0.17 0.00 0.07 0.21 0.20 0.00 0.00 0.21
Electron Eff. ID CorrUncertaintyNP11 0.02 0.07 0.05 0.00  0.20 0.02 0.01 0.00 0.00 0.01
e/~ Scale LARCALIB EXTRA2015PRE 0.17 0.00 0.00 0.00  0.00 11.95 0.00 0.00 0.00 0.14
Muon MS 0.00 0.00 1.06 0.00  0.00 0.00 0.00 0.00 0.00 0.00
MET Soft Trk. Scale 0.17 1.02 0.00 0.00  0.00 12.47 0.27 0.00 0.00 0.53
Jet EffectiveNP 4 0.16 0.02 0.01 0.00  0.00 11.18 0.16 0.00 0.00 0.77
Jet EffectiveNP 7 0.15 0.03 0.00 0.00  0.00 0.00 0.51 0.00 0.00 0.10
Jet EffectiveNP 6 0.16 0.03 0.01 0.00  0.00 0.00 0.36 0.00 0.00 0.28
Jet EffectiveNP 1 1.60 9.52 0.66 0.00 0.01 15.55 1.34 0.00 0.00 5.12
Jet JvT Efficiency 0.11 0.35 0.30 0.00  0.25 0.14 0.06 0.00 0.00 0.16
Jet EffectiveNP 2 0.50 0.09 0.01 0.00  0.00 11.16 0.73 0.00 0.00 1.00
Flavor Tag Eff. Eigen C 0 0.53 0.57 1.63 0.00  0.00 0.57 0.56 0.00 0.00 1.20
Flavor Tag Eff. Eigen C 2 0.01 0.02 0.00 0.00  0.00 0.06 0.08 0.00 0.00 0.08
Flavor Tag Eff. Eigen Light 3 0.30 0.32 0.72 0.00 0.31 0.36 0.38 0.00 0.00 0.44
Jet Etalntercalibration Modelling 1.16 8.65 6.87 0.00 0.01 16.80 1.89 0.00 0.00 3.98
Electron Eff. Reco TOTAL 1INPCOR PLUS UNCOR 0.31 0.37 0.26 0.00  0.30 0.29 0.30 0.00 0.00 0.29
MET Soft Trk. ResoPerp 0.03 0.00 0.00 0.00  0.00 18.16 0.26 0.00 0.00 0.44
Flavor Tag Eff. extrapolation from charm 0.00 0.59 1.59 0.00 0.00 0.34 0.00 0.00 0.00 0.69
Jet EffectiveNP 5 0.31 0.00 0.01 0.00  0.00 0.37 0.51 0.00 0.00 0.29
Jet Pile-up OffsetNPV 1.01 0.10 0.02 0.00  0.01 5.97 0.77 0.00 0.00 1.26
Jet Flavor Composition 0.64 13.52 17.37 0.00 25.67 28.82 1.44 0.00 0.00 11.97
Charge Mis-ID Energy Corr. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 7.83 0.00 0.00
Charge Mis-ID Scale Fac. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 7.40 0.00 0.00
Non-Prompt e Sys. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 42.14 0.00
Non-Prompt e Stat. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 20.41 0.00

Table B.8: Summary of the relative effects of all shape nuisance parameters in the ete™ channel of the low-m;; control region.
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B.3.9 e~e™ Channel, Low-m;; Control Region

Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=£jj-Ew  top  tri-boson Zy W*y  ZZ  WEWEjj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Jet Pile-up OffsetMu 0.95 4.08 17.38 0.00 0.01 0.01 0.51 0.00 0.00 2.28
e/v Scale ALLCORR 0.53 0.00 0.00 0.00 0.00 1.24 0.76 0.00 0.00 2.61
Jet EffectiveNP 3 0.64 4.07 0.01 0.00 0.00 0.00 1.24 0.00 0.00 2.72
WEWE EW Scale 4.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.34 0.02 0.07 0.00 0.00 0.10 0.43 0.00 0.00 0.31
Jet PunchThrough MC15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19
Jet Pile-up RhoTopology 0.69 4.56 17.35 0.00 0.09 11.35 1.30 0.00 0.00 3.49
Jet EffectiveNP 8restTerm 0.21 0.00 0.00 0.00 0.00 0.00 0.51 0.00 0.00 0.17
Interference 8.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/~ Scale LARTEMPERATURE EXTRA2015PRE 0.00 0.00 0.00 0.00 0.00 1.23 0.00 0.00 0.00 0.00
Jet BJES Response 0.00 17.62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.24
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP8 0.63 0.37 1.01 0.00 0.36 0.52 0.79 0.00 0.00 0.70
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP5 0.05 0.05 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.02
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP7 0.09 0.21 0.04 0.00 0.26 0.18 0.11 0.00 0.00 0.10
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP6 0.16 0.14 0.14 0.00 0.00 0.16 0.12 0.00 0.00 0.16
Jet Etalntercalibration Total Stat. 0.42 4.08 0.01 0.00 0.02 2.77 0.41 0.00 0.00 3.32
e/v RESOLUTION ALL 0.84 4.39 0.00 0.00 0.00 2.09 1.66 0.00 0.00 3.40
MET Soft Trk. Resolution 0.35 7.08 0.00 0.00 0.00 0.18 0.38 0.00 0.00 0.39
WEW=+ EW Shower 12.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Iso TOTAL 1INPCOR PLUS UNCOR 0.66 0.11 1.51 0.00 0.15 0.34 0.85 0.00 0.00 0.73
e/~ Scale LARTEMPERATURE EXTRA2016PRE 0.00 0.00 0.00 0.00 0.00 1.23 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen Light 2 0.21 0.16 0.22 0.00 0.23 0.22 0.21 0.00 0.00 0.20
Flavor Tag Eff. Eigen Light 1 0.45 0.35 0.50 0.00 0.61 0.46 0.46 0.00 0.00 0.43
Flavor Tag Eff. Eigen Light 0 1.68 1.29 1.86 0.00 2.23 1.70 1.73 0.00 0.00 1.63
Flavor Tag Eff. Eigen Light 4 0.06 0.25 0.01 0.00 0.41 0.16 0.05 0.00 0.00 0.05
Pile-up Reweight. data SF 3.81 5.20 16.19 0.00 12,57 61.27 2.09 0.00 0.00 3.68
WEW+ EW PDF 0.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Trigger TOTAL INPCOR PLUS UNCOR 0.03 0.03 0.02 0.00 0.00 0.03 0.02 0.00 0.00 0.03
Electron Eff. ID CorrUncertaintyNP6 0.00 0.02 0.01 0.00 0.02 0.01 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP7 0.01 0.01 0.04 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Flavor Tag Eff. Eigen B 1 0.01 2.96 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05
Flavor Tag Eff. Eigen B 0 0.17 15.37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12
Flavor Tag Eff. Eigen B 2 0.01 2.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
Electron Eff. ID CorrUncertaintyNP8 0.01 0.02 0.04 0.00 0.04 0.02 0.03 0.00 0.00 0.03
Electron Eff. ID CorrUncertaintyNP9 0.04 0.13 0.07 0.00 0.20 0.07 0.07 0.00 0.00 0.08
WEW=E EW as 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
WEW=+ EW EW Corr. 7.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/~ Scale EASCINTILLATOR 0.00 0.00 0.00 0.00 0.00 1.23 0.00 0.00 0.00 0.00
Jet Flavor Response 0.35 6.00 17.35 0.00 0.07 5.00 1.32 0.00 0.00 6.14
Flavor Tag Eff. extrapolation 0.02 0.06 0.00 0.00 0.00 0.02 0.06 0.00 0.00 0.02
Jet Pile-up p Term 0.23 3.95 17.37 0.00 0.02 5.61 0.47 0.00 0.00 4.18
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Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=+jj-Ew top tri-boson Zry WEny zZZ WEW=E;jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Jet Energy Resolution 10.21 26.82 20.44 0.00 0.14 19.80 5.75 0.00 0.00 0.44
Jet Etalntercalibration Non-Closure 3.06 10.09 17.38 0.00 0.04 1.41 0.47 0.00 0.00 0.63
Electron Eff. ID CorrUncertaintyNP14 0.84 1.30 0.44 0.00 1.51 0.76 0.67 0.00 0.00 0.81
Electron Eff. ID CorrUncertaintyNP12 0.01 0.00 0.01 0.00 0.07 0.04 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP13 0.05 0.04 0.03 0.00 0.02 0.01 0.12 0.00 0.00 0.04
Electron Eff. ID CorrUncertaintyNP10 0.19 0.28 0.10 0.00 0.30 0.22 0.17 0.00 0.00 0.19
Electron Eff. ID CorrUncertaintyNP11 0.02 0.06 0.13 0.00 0.04 0.01 0.02 0.00 0.00 0.02
e/~ Scale LARCALIB EXTRA2015PRE 0.20 0.00 0.00 0.00  0.00 1.23 1.19 0.00 0.00 2.37
MET Soft Trk. Scale 0.08 0.00 0.00 0.00  0.00 6.56 1.22 0.00 0.00 2.83
Jet EffectiveNP 4 0.64 4.07 0.01 0.00  0.00 0.01 0.91 0.00 0.00 2.72
Jet EffectiveNP 7 0.00 0.00 0.00 0.00  0.00 0.00 0.03 0.00 0.00 0.14
Jet EffectiveNP 6 0.21 0.00 0.00 0.00  0.00 0.00 0.45 0.00 0.00 0.15
Jet EffectiveNP 1 0.63 4.28 17.36 0.00 0.07 8.75 0.33 0.00 0.00 6.17
Jet JvT Efficiency 0.11 0.12 0.35 0.00  0.00 0.28 0.23 0.00 0.00 0.10
Jet EffectiveNP 2 0.47 4.04 0.01 0.00 0.01 0.01 1.21 0.00 0.00 2.87
Flavor Tag Eff. Eigen C 0 0.74 0.94 0.38 0.00  0.00 0.64 0.87 0.00 0.00 0.95
Flavor Tag Eff. Eigen C 2 0.01 0.09 0.00 0.00  0.00 0.02 0.10 0.00 0.00 0.10
Flavor Tag Eff. Eigen Light 3 0.30 0.39 0.52 0.00 1.87 0.43 0.31 0.00 0.00 0.36
Jet Etalntercalibration Modelling 1.97 18.62 17.38 0.00 0.08 7.39 1.63 0.00 0.00 2.76
Electron Eff. Reco TOTAL 1INPCOR PLUS UNCOR 0.32 0.32 0.23 0.00 0.22 0.24 0.33 0.00 0.00 0.31
MET Soft Trk. ResoPerp 0.59 0.00 0.00 0.00  0.00 0.65 1.00 0.00 0.00 2.58
Flavor Tag Eff. extrapolation from charm 0.00 0.00 0.22 0.00 0.00 0.39 0.00 0.00 0.00 0.32
Jet EffectiveNP 5 0.00 0.01 0.00 0.00  0.00 0.01 0.73 0.00 0.00 2.87
Jet Pile-up OffsetNPV 0.25 4.16 0.01 0.00 0.06 2.77 0.69 0.00 0.00 2.39
Jet Flavor Composition 1.23 9.61 17.33 0.00 0.16 9.98 4.01 0.00 0.00 3.14
Charge Mis-ID Energy Corr. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.89 0.00 0.00
Charge Mis-ID Scale Fac. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 10.65 0.00 0.00
Non-Prompt e Sys. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 58.04 0.00
Non-Prompt e Stat. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 14.00 0.00

Table B.9: Summary of the relative effects of all shape nuisance parameters in the e~e™ channel of the low-m;; control region.
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B.3.10 etu'/ute™ Channel, Low-m;; Control Region

Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=£jj-Ew  top  tri-boson Zy WEy  ZZ WEWEjj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Jet Pile-up OffsetMu 0.21 1.47 2.24 0.00 0.01 1.94 0.46 0.00 0.00 0.19
Muon Iso Sys. 0.21 0.21 0.21 0.00 0.20 0.21 0.21 0.00 0.00 0.21
e/~ Scale ALLCORR 0.27 0.62 0.04 0.00 0.00 0.74 0.13 0.00 0.00 0.14
Muon Eff. Stat. 0.20 0.20 0.18 0.00 0.15 0.17 0.19 0.00 0.00 0.18
Jet EffectiveNP 3 0.46 0.45 0.26 0.00 0.01 0.50 0.32 0.00 0.00 0.26
WEWE EW Scale 4.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.24 0.26 0.10 0.00 0.00 0.01 0.25 0.00 0.00 0.12
Jet PunchThrough MC15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Jet Pile-up RhoTopology 0.07 2.22 5.25 0.00 1497  7.99 1.53 0.00 0.00 0.91
Jet EffectiveNP 8restTerm 0.20 0.01 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.09
Interference 8.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/~ Scale LARTEMPERATURE EXTRA2015PRE 0.06 0.24 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.01
Jet BJES Response 0.06 0.94 0.00 0.00 0.08 0.00 0.03 0.00 0.00 0.18
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP8 0.20 0.15 0.16 0.00 0.56 0.12 0.14 0.00 0.00 0.14
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP5 0.02 0.02 0.03 0.00 0.00 0.02 0.01 0.00 0.00 0.01
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP7 0.04 0.04 0.04 0.00 0.00 0.04 0.03 0.00 0.00 0.03
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP6 0.07 0.05 0.04 0.00 0.00 0.03 0.06 0.00 0.00 0.06
Jet Etalntercalibration Total Stat. 0.18 2.38 2.23 0.00 0.01 1.47 0.32 0.00 0.00 0.16
e/v RESOLUTION ALL 0.08 0.25 0.01 0.00 0.00 1.01 0.05 0.00 0.00 0.17
MET Soft Trk. Resolution 0.01 0.52 0.69 0.00 0.00 1.64 0.04 0.00 0.00 0.35
WEW+ EW Shower 12.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Iso TOTAL 1INPCOR PLUS UNCOR 0.26 0.24 0.22 0.00 1.43 0.19 0.20 0.00 0.00 0.26
e/~ Scale LARTEMPERATURE EXTRA2016PRE 0.06 0.24 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.01
Muon ID 0.15 2.09 0.07 0.00 0.02 4.93 0.11 0.00 0.00 0.30
Flavor Tag Eff. Eigen Light 2 0.20 0.17 0.15 0.00 0.29 0.19 0.21 0.00 0.00 0.20
Flavor Tag Eff. Eigen Light 1 0.42 0.37 0.32 0.00 0.62 0.41 0.45 0.00 0.00 0.43
Flavor Tag Eff. Eigen Light 0 1.60 1.37 1.17 0.00 2.47 1.53 1.70 0.00 0.00 1.62
Flavor Tag Eff. Eigen Light 4 0.08 0.01 0.01 0.00 0.13 0.02 0.08 0.00 0.00 0.04
Pile-up Reweight. data SF 1.80 12.82 7.80 0.00 14.47  9.59 1.29 0.00 0.00 1.77
W*W+ EW PDF 0.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Trigger TOTAL INPCOR PLUS UNCOR 0.05 0.04 0.03 0.00 0.06 0.05 0.06 0.00 0.00 0.06
Muon Eff. TrigStatUncertainty 0.03 0.03 0.02 0.00 0.02 0.04 0.03 0.00 0.00 0.03
Muon Eff. Sys. 0.79 0.80 0.85 0.00 0.78 0.86 0.79 0.00 0.00 0.76
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP15 0.04 0.04 0.06 0.00 0.00 0.11 0.06 0.00 0.00 0.06
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP14 0.01 0.00 0.01 0.00 0.00 0.02 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP6 0.00 0.00 0.02 0.00 0.04 0.06 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP7 0.02 0.02 0.02 0.00 0.06 0.04 0.02 0.00 0.00 0.02
Flavor Tag Eff. Eigen B 1 0.02 3.22 0.00 0.00 0.79 0.04 0.00 0.00 0.00 0.02
Flavor Tag Eff. Eigen B 0 0.07 14.26 0.00 0.00 1.15 0.26 0.26 0.00 0.00 0.14
Flavor Tag Eff. Eigen B 2 0.01 1.85 0.00 0.00 0.54 0.03 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP8 0.01 0.01 0.00 0.00 0.18 0.03 0.00 0.00 0.00 0.00
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Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=+jj-Ew top tri-boson Z~y WEny ZZ WEW=jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Electron Eff. ID CorrUncertaintyNP9 0.03 0.02 0.01 0.00 0.09 0.01 0.03 0.00 0.00 0.03
WEWE EW as 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon TTVA Stat. 0.08 0.08 0.07 0.00 0.07 0.08 0.08 0.00 0.00 0.08
WEW+ EW EW Corr. 7.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Scale 0.07 2.11 0.07 0.00 0.00 1.25 0.07 0.00 0.00 0.29
e/~ Scale EASCINTILLATOR 0.06 0.25 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.01
Jet Flavor Response 0.58 2.95 4.27 0.00 0.01 6.66 0.95 0.00 0.00 0.47
Flavor Tag Eff. extrapolation 0.02 0.06 0.02 0.00 0.00 0.01 0.03 0.00 0.00 0.01
Jet Pile-up p Term 0.73 0.65 2.26 0.00 0.07 1.16 0.21 0.00 0.00 0.70
Jet Energy Resolution 0.08 1.50 5.41 0.00 108.34 5.87 0.59 0.00 0.00 2.16
Jet Etalntercalibration Non-Closure 0.73 1.71 0.23 0.00 0.07 2.77 0.60 0.00 0.00 0.91
Electron Eff. ID CorrUncertaintyNP14 0.43 0.39 0.59 0.00 0.25 0.57 0.47 0.00 0.00 0.48
Electron Eff. ID CorrUncertaintyNP12 0.03 0.01 0.04 0.00 0.02 0.06 0.04 0.00 0.00 0.06
Electron Eff. ID CorrUncertaintyNP13 0.00 0.03 0.02 0.00 0.18 0.04 0.01 0.00 0.00 0.02
Electron Eff. ID CorrUncertaintyNP10 0.11 0.11 0.13 0.00 0.01 0.19 0.12 0.00 0.00 0.11
Electron Eff. ID CorrUncertaintyNP11 0.01 0.01 0.01 0.00 0.10 0.02 0.02 0.00 0.00 0.01
e/~ Scale LARCALIB EXTRA2015PRE 0.09 0.24 0.00 0.00 0.00 0.10 0.06 0.00 0.00 0.02
Muon MS 0.18 2.64 0.27 0.00 0.02 0.92 0.21 0.00 0.00 0.18
Muon Iso Stat. 0.02 0.02 0.02 0.00 0.02 0.02 0.02 0.00 0.00 0.02
MET Soft Trk. Scale 0.24 1.17 0.00 0.00 0.00 0.89 0.20 0.00 0.00 0.58
Jet EffectiveNP 4 0.33 0.45 0.00 0.00 0.00 0.24 0.16 0.00 0.00 0.22
Jet EffectiveNP 7 0.15 0.21 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.08
Jet EffectiveNP 6 0.18 0.24 0.00 0.00 0.00 0.01 0.05 0.00 0.00 0.08
Jet EffectiveNP 1 0.18 0.89 4.90 0.00 14.89 7.33 0.78 0.00 0.00 0.10
Jet JvT Efficiency 0.13 0.05 0.07 0.00 0.52 0.13 0.13 0.00 0.00 0.03
Jet EffectiveNP 2 0.64 0.95 2.24 0.00 0.00 1.19 0.40 0.00 0.00 0.36
Flavor Tag Eff. Eigen C 0 0.68 1.11 2.42 0.00 0.00 1.00 0.60 0.00 0.00 0.74
Muon Eff. TrigSystUncertainty 0.06 0.06 0.06 0.00 0.03 0.07 0.06 0.00 0.00 0.06
Flavor Tag Eff. Eigen C 2 0.00 0.08 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Flavor Tag Eff. Eigen Light 3 0.27 0.37 0.30 0.00 0.22 0.40 0.29 0.00 0.00 0.40
Jet Etalntercalibration Modelling 0.25 2.11 2.45 0.00 0.07 5.99 0.78 0.00 0.00 0.23
Electron Eff. Reco TOTAL 1INPCOR PLUS UNCOR 0.15 0.16 0.16 0.00 0.34 0.14 0.15 0.00 0.00 0.16
MET Soft Trk. ResoPerp 0.02 0.05 0.00 0.00 0.00 0.78 0.31 0.00 0.00 0.10
Flavor Tag Eff. extrapolation from charm 0.00 0.50 2.26 0.00 0.00 0.88 0.00 0.00 0.00 0.40
Muon TTVA Sys. 0.06 0.04 0.03 0.00 0.00 0.04 0.05 0.00 0.00 0.05
Jet EffectiveNP 5 0.23 0.52 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.12
Jet Pile-up OffsetNPV 0.20 1.19 4.68 0.00 0.01 1.16 0.22 0.00 0.00 1.63
Jet Flavor Composition 0.62 2.76 8.34 0.00 588.29 5.53 2.74 0.00 0.00 4.47
Charge Mis-ID Energy Corr. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.80 0.00 0.00
Charge Mis-ID Scale Fac. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.81 0.00 0.00
Non-Prompt p Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 46.16 0.00
Non-Prompt e Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 34.12 0.00
Non-Prompt p Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.83 0.00
Non-Prompt e Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 13.08 0.00
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Nuisance Parameter Relativ Effect on Sample [%)]

WEW=*jj-Ew top tri-boson Zy W~ Z7Z WEWEjj-Qcp  Charge Mis-ID  Non-Prompt

wz

Table B.10: Summary of the relative effects of all shape nuisance parameters in the e*p*/u*e™ channel of the low-m;; control region.
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B.3.11 e p /pu e Channel, Low-m;; Control Region

Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=*jj-Ew top tri-boson Zry WEny zZZ WEW=+jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Jet Pile-up OffsetMu 0.25 1.02 2.84 0.00 0.11 3.70 0.18 0.00 0.00 2.20
Muon Iso Sys. 0.21 0.21 0.21 0.20 0.20 0.21 0.21 0.00 0.00 0.21
e/v Scale ALLCORR 0.19 0.00 0.00 0.00 0.00 0.24 0.14 0.00 0.00 0.25
Muon Eff. Stat. 0.20 0.15 0.21 0.19 0.17 0.17 0.18 0.00 0.00 0.18
Jet EffectiveNP 3 0.05 0.03 2.35 0.01 0.00 1.75 0.11 0.00 0.00 0.44
WEW* EW Scale 4.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.33 0.47 0.21 0.00 0.70 0.06 0.29 0.00 0.00 0.13
Jet PunchThrough MC15 0.00 4.42 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.05
Jet Pile-up RhoTopology 2.16 4.76 7.77 5.68 0.11 7.11 1.24 0.00 0.00 3.75
Jet EffectiveNP 8restTerm 0.12 0.02 0.00 0.00 0.00 0.91 0.06 0.00 0.00 0.61
Interference 8.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/v Scale LARTEMPERATURE EXTRA2015PRE 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.05
Jet BJES Response 0.00 4.35 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.05
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP8 0.24 0.26 0.26 0.00 0.15 0.08 0.20 0.00 0.00 0.15
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP5 0.01 0.02 0.02 0.00 0.00 0.01 0.01 0.00 0.00 0.02
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP7 0.04 0.02 0.03 0.00 0.00 0.01 0.04 0.00 0.00 0.03
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP6 0.06 0.04 0.06 0.00 0.00 0.05 0.05 0.00 0.00 0.05
Jet Etalntercalibration Total Stat. 0.31 0.03 2.84 5.65 0.01 2.17 0.42 0.00 0.00 0.77
e/v RESOLUTION ALL 0.12 0.02 0.02 0.00 0.00 0.97 0.54 0.00 0.00 0.42
MET Soft Trk. Resolution 0.61 4.14 7.34 0.00 0.00 1.35 0.21 0.00 0.00 1.75
WEW=* EW Shower 12.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Iso TOTAL 1INPCOR PLUS UNCOR 0.31 0.39 0.37 0.22 0.32 0.21 0.31 0.00 0.00 0.23
e/~ Scale LARTEMPERATURE EXTRA2016PRE 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.05
Muon ID 0.20 0.36 0.10 0.00 13.81 1.23 0.10 0.00 0.00 0.10
Flavor Tag Eff. Eigen Light 2 0.19 0.12 0.18 0.17 0.22 0.18 0.21 0.00 0.00 0.19
Flavor Tag Eff. Eigen Light 1 0.42 0.26 0.40 0.37 0.51 0.39 0.45 0.00 0.00 0.40
Flavor Tag Eff. Eigen Light 0 1.57 1.00 1.49 1.33 1.81 1.46 1.71 0.00 0.00 1.49
Flavor Tag Eff. Eigen Light 4 0.07 0.06 0.05 0.21 0.39 0.00 0.09 0.00 0.00 0.04
Pile-up Reweight. data SF 1.96 6.01 8.57 19.93 24.73  6.22 0.79 0.00 0.00 0.99
WEW+ EW PDF 0.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Electron Eff. Trigger TOTAL 1INPCOR PLUS UNCOR 0.05 0.05 0.07 0.02 0.14 0.06 0.05 0.00 0.00 0.06
Muon Eff. TrigStatUncertainty 0.03 0.03 0.03 0.01 0.04 0.04 0.03 0.00 0.00 0.03
Muon Eff. Sys. 0.84 0.71 0.92 0.55 1.38 0.76 0.84 0.00 0.00 0.78
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP15 0.03 0.07 0.04 0.00 0.00 0.08 0.05 0.00 0.00 0.06
Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP14 0.01 0.00 0.00 0.00 0.00 0.03 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP6 0.00 0.02 0.00 0.02 0.01 0.03 0.00 0.00 0.00 0.00
Electron Eff. ID CorrUncertaintyNP7 0.01 0.01 0.01 0.04 0.01 0.03 0.02 0.00 0.00 0.02
Flavor Tag Eff. Eigen B 1 0.03 2.69 0.00 0.00 0.00 0.04 0.01 0.00 0.00 0.03
Flavor Tag Eff. Eigen B 0 0.12 10.01 0.00 0.00 0.00 0.64 0.06 0.00 0.00 0.12
Flavor Tag Eff. Eigen B 2 0.00 1.96 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.02
Electron Eff. ID CorrUncertaintyNP8 0.00 0.03 0.01 0.04 0.02 0.01 0.00 0.00 0.00 0.02
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Nuisance Parameter

Relativ Effect on Sample [%)]

WEwjj-Ew top tri-boson Zy W~ YA WEW=jj-Qcp Charge Mis-ID  Non-Prompt W*Z
Electron Eff. ID CorrUncertaintyNP9 0.03 0.06 0.05 0.00 0.02 0.02 0.03 0.00 0.00 0.04
WEWE EW as 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon TTVA Stat. 0.08 0.08 0.08 0.05 0.08 0.08 0.08 0.00 0.00 0.08
WEW* EW EW Corr. 7.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Scale 0.12 1.04 0.10 0.00 13.81 0.07 0.16 0.00 0.00 0.18
e/~ Scale EASCINTILLATOR 0.00 0.00 0.00 0.00 0.00 0.11 0.05 0.00 0.00 0.05
Jet Flavor Response 1.48 2.45 2.30 5.67 0.11 6.50 0.96 0.00 0.00 2.38
Flavor Tag Eff. extrapolation 0.03 0.02 0.03 0.00 0.01 0.00 0.03 0.00 0.00 0.02
Jet Pile-up p,. Term 0.17 2.60 1.12 5.66 0.01 4.85 0.59 0.00 0.00 1.87
Jet Energy Resolution 2.33 20.70 6.41 4.54 0.96 11.60 0.79 0.00 0.00 2.80
Jet Etalntercalibration Non-Closure 0.72 6.57 1.59 0.01 0.02 9.02 0.09 0.00 0.00 3.59
Electron Eff. ID CorrUncertaintyNP14 0.43 0.51 0.49 0.30 0.48 0.60 0.46 0.00 0.00 0.54
Electron Eff. ID CorrUncertaintyNP12 0.02 0.06 0.04 0.07 0.20 0.13 0.03 0.00 0.00 0.05
Electron Eff. ID CorrUncertaintyNP13 0.00 0.04 0.00 0.06 0.03 0.07 0.01 0.00 0.00 0.01
Electron Eff. ID CorrUncertaintyNP10 0.11 0.12 0.12 0.21 0.19 0.12 0.11 0.00 0.00 0.12
Electron Eff. ID CorrUncertaintyNP11 0.01 0.01 0.02 0.06 0.07 0.03 0.02 0.00 0.00 0.02
e/v Scale LARCALIB EXTRA2015PRE 0.13 0.00 0.00 0.00 0.00 0.11 0.06 0.00 0.00 0.04
Muon MS 0.16 1.04 0.10 0.00 13.81 0.63 0.27 0.00 0.00 0.29
Muon Iso Stat. 0.02 0.02 0.03 0.01 0.02 0.02 0.02 0.00 0.00 0.02
MET Soft Trk. Scale 0.45 0.00 0.00 0.00 0.00 1.85 0.17 0.00 0.00 0.79
Jet EffectiveNP 4 0.07 0.02 2.36 0.00 0.00 1.74 0.12 0.00 0.00 0.63
Jet EffectiveNP 7 0.11 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.30
Jet EffectiveNP 6 0.22 0.01 0.00 0.00 0.01 0.91 0.07 0.00 0.00 0.34
Jet EffectiveNP 1 1.04 5.06 7.85 5.67 0.11 4.43 0.87 0.00 0.00 2.10
Jet JvT Efficiency 0.08 0.82 0.39 2.17 0.20 0.08 0.14 0.00 0.00 0.02
Jet EffectiveNP 2 0.25 0.07 2.36 5.67 0.01 0.69 0.55 0.00 0.00 1.76
Flavor Tag Eff. Eigen C 0 0.93 0.59 2.36 0.00 1.10 0.93 0.68 0.00 0.00 0.71
Muon Eff. TrigSystUncertainty 0.05 0.07 0.05 0.03 0.02 0.09 0.05 0.00 0.00 0.07
Flavor Tag Eff. Eigen C 2 0.01 0.07 0.01 0.00 0.02 0.03 0.04 0.00 0.00 0.00
Flavor Tag Eff. Eigen Light 3 0.31 0.20 0.46 0.52 0.99 0.37 0.30 0.00 0.00 0.35
Jet Etalntercalibration Modelling 1.28 3.16 0.54 0.01 0.11 15.76 1.06 0.00 0.00 3.51
Electron Eff. Reco TOTAL 1INPCOR PLUS UNCOR 0.15 0.15 0.18 0.14 0.25 0.17 0.16 0.00 0.00 0.16
MET Soft Trk. ResoPerp 0.43 0.00 2.19 0.00 0.00 0.15 0.08 0.00 0.00 1.00
Flavor Tag Eff. extrapolation from charm 0.00 0.08 2.06 0.00 0.00 0.72 0.00 0.00 0.00 0.29
Muon TTVA Sys. 0.06 0.12 0.04 0.01 0.06 0.03 0.04 0.00 0.00 0.04
Jet EffectiveNP 5 0.10 0.01 0.00 0.00 0.00 0.91 0.06 0.00 0.00 0.37
Jet Pile-up OffsetNPV 0.46 1.06 11.13 5.66 0.10 1.78 0.14 0.00 0.00 1.79
Jet Flavor Composition 2.40 2.43 13.30 10.18 13.20 19.94 1.44 0.00 0.00 7.93
Charge Mis-ID Energy Corr. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 11.20 0.00 0.00
Charge Mis-ID Scale Fac. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.78 0.00 0.00
Non-Prompt p Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.83 0.00
Non-Prompt e Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 42.60 0.00
Non-Prompt p Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.63 0.00
Non-Prompt e Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 18.06 0.00
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Nuisance Parameter Relativ Effect on Sample [%)]

WEW=*jj-Ew top tri-boson Zry WEny zZZ WEW=+jj-Qcp Charge Mis-ID  Non-Prompt

wtz

Table B.11: Summary of the relative effects of all shape nuisance parameters in the e~ = /u~e™ channel of the low-m;; control region.
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B.3.12 pTu™ Channel, Low-m;; Control Region

Nuisance Parameter

Relativ Effect on Sample [%)]

WEW=*jj-Ew  top  tri-boson Zy W%y  ZZ  WEWEjj-Qcp Charge Mis-ID  Non-Prompt W*Z
Jet Pile-up OffsetMu 0.61 1.46 3.77 0.00 0.00 5.80 0.18 0.00 0.00 0.41
Muon Iso Sys. 0.41 0.41 0.42 0.00 0.00 0.41 0.41 0.00 0.00 0.41
Muon Eff. Stat. 0.37 0.39 0.36 0.00 0.00 0.33 0.37 0.00 0.00 0.36
Jet EffectiveNP 3 0.45 1.32 0.00 0.00 0.00 1.40 0.60 0.00 0.00 0.29
WEW* EW Scale 4.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.25 0.09 0.21 0.00 0.00 0.00 0.20 0.00 0.00 0.14
Jet Pile-up RhoTopology 0.62 0.29 4.34 0.00 0.00 5.01 1.73 0.00 0.00 2.06
Jet EffectiveNP 8restTerm 0.27 1.32 0.00 0.00 0.00 1.40 0.06 0.00 0.00 0.48
Interference 8.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Jet BJES Response 0.06 0.61 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25
Jet Etalntercalibration Total Stat. 0.28 1.41 0.45 0.00 0.00 1.93 0.22 0.00 0.00 0.99
MET Soft Trk. Resolution 0.20 1.17 0.00 0.00 0.00 1.86 0.03 0.00 0.00 0.13
WEW=+ EW Shower 12.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon ID 0.33 0.88 0.06 0.00 0.00 2.09 0.10 0.00 0.00 1.08
Flavor Tag Eff. Eigen Light 2 0.20 0.20 0.19 0.00 0.00 0.19 0.22 0.00 0.00 0.21
Flavor Tag Eff. Eigen Light 1 0.43 0.45 0.43 0.00 0.00 0.41 0.46 0.00 0.00 0.45
Flavor Tag Eff. Eigen Light 0 1.62 1.65 1.62 0.00 0.00 1.56 1.75 0.00 0.00 1.69
Flavor Tag Eff. Eigen Light 4 0.07 0.04 0.05 0.00 0.00 0.01 0.09 0.00 0.00 0.04
Pile-up Reweight. data SF 1.89 1.96 7.91 0.00 0.00 3.39 3.18 0.00 0.00 0.58
WEW* EW PDF 0.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Eff. TrigStatUncertainty 0.23 0.23 0.20 0.00 0.00 0.22 0.21 0.00 0.00 0.21
Muon Eff. Sys. 1.59 1.53 1.66 0.00 0.00 1.61 1.55 0.00 0.00 1.61
Flavor Tag Eff. Eigen B 1 0.01 2.80 0.00 0.00 0.00 0.06 0.03 0.00 0.00 0.02
Flavor Tag Eff. Eigen B 0 0.01 17.45 0.00 0.00 0.00 0.38 0.13 0.00 0.00 0.35
Flavor Tag Eff. Eigen B 2 0.00 2.11 0.00 0.00 0.00 0.05 0.01 0.00 0.00 0.02
WEWE EW ag 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon TTVA Stat. 0.16 0.15 0.15 0.00 0.00 0.16 0.15 0.00 0.00 0.15
WEw+ EW EW Corr. 7.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Scale 0.57 0.76 0.06 0.00 0.00 0.28 0.32 0.00 0.00 1.01
Jet Flavor Response 0.74 1.93 4.33 0.00 0.00 6.39 1.45 0.00 0.00 0.81
Flavor Tag Eff. extrapolation 0.02 0.02 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Jet Pile-up p Term 0.96 4.48 0.77 0.00 0.00 1.72 0.54 0.00 0.00 1.02
Jet Energy Resolution 1.10 0.05 30.56 0.00 0.00 2.35 2.68 0.00 0.00 2.21
Jet Etalntercalibration Non-Closure 0.98 1.30 0.46 0.00 0.00 8.52 0.94 0.00 0.00 0.26
Muon MS 0.57 0.76 0.06 0.00 0.00 0.39 0.32 0.00 0.00 1.34
Muon Iso Stat. 0.04 0.04 0.04 0.00 0.00 0.04 0.04 0.00 0.00 0.04
MET Soft Trk. Scale 0.17 1.17 0.00 0.00 0.00 3.46 0.23 0.00 0.00 0.71
Jet EffectiveNP 4 0.51 1.31 0.00 0.00 0.00 1.40 0.05 0.00 0.00 0.40
Jet EffectiveNP 7 0.10 1.24 0.00 0.00 0.00 1.70 0.05 0.00 0.00 0.04
Jet EffectiveNP 6 0.17 2.15 0.00 0.00 0.00 1.24 0.12 0.00 0.00 0.18
Jet EffectiveNP 1 0.63 1.30 4.33 0.00 0.00 5.18 1.02 0.00 0.00 1.19
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Nuisance Parameter

Relativ Effect on Sample [%)]

WEW*+jj-Ew top tri-boson Z~ WE~y  ZZ WEWEjj-Qep Charge Mis-ID  Non-Prompt  W*Z
Jet JvT Efficiency 0.11 0.22 0.19 0.00 0.00 0.19 0.13 0.00 0.00 0.14
Jet EffectiveNP 2 0.32 1.91 0.00 0.00  0.00 1.01 0.84 0.00 0.00 0.22
Flavor Tag Eff. Eigen C 0 0.63 1.37 1.35 0.00  0.00 1.09 0.51 0.00 0.00 0.83
Muon Eff. TrigSystUncertainty 0.38 0.33 0.32 0.00 0.00 0.42 0.36 0.00 0.00 0.37
Flavor Tag Eff. Eigen C 2 0.01 0.10 0.02 0.00 0.00 0.14 0.00 0.00 0.00 0.02
Flavor Tag Eff. Eigen Light 3 0.32 0.57 0.44 0.00 0.00 0.42 0.27 0.00 0.00 0.44
Jet Etalntercalibration Modelling 0.61 2.03 8.54 0.00 0.00 4.99 0.94 0.00 0.00 0.64
MET Soft Trk. ResoPerp 0.19 0.62 0.00 0.00  0.00 1.46 0.11 0.00 0.00 0.11
Flavor Tag Eff. extrapolation from charm 0.00 0.51 1.17 0.00 0.00 0.82 0.00 0.00 0.00 0.42
Muon TTVA Sys. 0.12 0.05 0.13 0.00 0.00 0.12 0.09 0.00 0.00 0.12
Jet EffectiveNP 5 0.11 1.28 0.00 0.00  0.00 1.40 0.14 0.00 0.00 0.54
Jet Pile-up OffsetNPV 0.76 1.15 0.76 0.00 0.00 5.97 0.18 0.00 0.00 1.61
Jet Flavor Composition 1.09 7.00 3.99 0.00 0.00 8.42 2.41 0.00 0.00 6.08
Non-Prompt g Sys. 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 137.56 0.00
Non-Prompt p Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 14.73 0.00

Table B.12: Summary of the relative effects of all shape nuisance parameters in the p*p* channel of the low-m;; control region.
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B.3.13 p~p~ Channel, Low-m;; Control Region

Nuisance Parameter Relativ Effect on Sample [%]

WEW=jj-Ew  top  tri-boson Zv W%y  ZZ  WETWEjj-Qcp Charge Mis-ID  Non-Prompt W*Z

Jet Pile-up OffsetMu 1.04 0.50 0.03 0.00 0.00 5.83 0.32 0.00 0.00 1.13
Muon Iso Sys. 0.42 0.44 0.42 0.00 0.00 0.41 0.41 0.00 0.00 0.42
e/~ Scale ALLCORR 0.00 3.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06
Muon Eff. Stat. 0.38 0.50 0.40 0.00 0.00 0.37 0.37 0.00 0.00 0.38
Jet EffectiveNP 3 0.19 1.15 0.00 0.00 0.00 0.34 0.44 0.00 0.00 0.07
WEW+ EW Scale 4.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flavor Tag Eff. Eigen C 1 0.38 0.33 0.06 0.00 0.00 0.07 0.33 0.00 0.00 0.17
Jet PunchThrough MC15 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.02
Jet Pile-up RhoTopology 1.22 8.30 6.73 0.00 0.00 3.30 0.70 0.00 0.00 4.98
Jet EffectiveNP 8restTerm 0.07 1.14 0.00 0.00 0.00 1.28 0.35 0.00 0.00 0.16
Interference 8.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/v Scale LARTEMPERATURE EXTRA2015PRE 0.00 3.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06
Jet BJES Response 0.00 4.12 0.00 0.00 0.00 0.01 0.09 0.00 0.00 0.06
Jet Etalntercalibration Total Stat. 0.48 1.12 0.02 0.00 0.00 2.11 0.46 0.00 0.00 1.01
e/v RESOLUTION ALL 0.00 3.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06
MET Soft Trk. Resolution 0.34 0.77 0.00 0.00 0.00 2.73 0.00 0.00 0.00 0.16
WEW+ EW Shower 12.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
e/v Scale LARTEMPERATURE EXTRA2016PRE 0.00 3.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06
Muon ID 0.20 8.10 0.00 0.00 0.00 1.43 0.19 0.00 0.00 0.71
Flavor Tag Eff. Eigen Light 2 0.19 0.19 0.19 0.00 0.00 0.20 0.21 0.00 0.00 0.21
Flavor Tag Eff. Eigen Light 1 0.40 0.39 0.41 0.00 0.00 0.45 0.45 0.00 0.00 0.45
Flavor Tag Eff. Eigen Light 0 1.52 1.47 1.51 0.00 0.00 1.70 1.68 0.00 0.00 1.67
Flavor Tag Eff. Eigen Light 4 0.06 0.05 0.02 0.00 0.00 0.06 0.07 0.00 0.00 0.03
Pile-up Reweight. data SF 0.48 2.51 7.05 0.00 0.00 4.93 1.45 0.00 0.00 0.72
WEW+ EW PDF 0.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Eff. TrigStatUncertainty 0.23 0.18 0.23 0.00 0.00 0.18 0.21 0.00 0.00 0.19
Muon Eff. Sys. 1.69 1.47 1.89 0.00 0.00 1.61 1.70 0.00 0.00 1.58
Flavor Tag Eff. Eigen B 1 0.02 1.33 0.16 0.00 0.00 0.02 0.01 0.00 0.00 0.01
Flavor Tag Eff. Eigen B 0 0.15 13.00 0.23 0.00 0.00 0.69 0.08 0.00 0.00 0.29
Flavor Tag Eff. Eigen B 2 0.01 1.17 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01
WEW* EW as 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon TTVA Stat. 0.16 0.16 0.16 0.00 0.00 0.15 0.15 0.00 0.00 0.15
WEW+ EW EW Corr. 7.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Muon Scale 0.44 5.82 0.00 0.00 0.00 0.84 0.23 0.00 0.00 0.90
e/~ Scale EASCINTILLATOR 0.00 3.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06
Jet Flavor Response 0.90 3.54 6.91 0.00 0.00 1.41 0.69 0.00 0.00 3.57
Flavor Tag Eff. extrapolation 0.03 0.01 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.02
Jet Pile-up p, Term 0.90 2.16 6.94 0.00 0.00 3.18 0.72 0.00 0.00 2.55
Jet Energy Resolution 0.15 20.11 8.39 0.00 0.00 29.70 2.81 0.00 0.00 4.54
Jet Etalntercalibration Non-Closure 0.67 3.43 0.02 0.00 0.00 2.00 0.74 0.00 0.00 1.39

e/ Scale LARCALIB EXTRA2015PRE 0.00 3.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06
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Nuisance Parameter

Relativ Effect on Sample [%]

WEW*jj-Ew top tri-boson Z~y WEny zZZ WEW=+jj-Qcp Charge Mis-ID  Non-Prompt  W*Z
Muon MS 0.29 6.48 0.00 0.00 0.00 1.13 0.37 0.00 0.00 0.55
Muon Iso Stat. 0.04 0.04 0.05 0.00 0.00 0.04 0.04 0.00 0.00 0.04
MET Soft Trk. Scale 0.46 3.98 0.00 0.00 0.00 1.02 0.21 0.00 0.00 0.29
Jet EffectiveNP 4 0.20 1.15 0.00 0.00 0.00 0.34 0.34 0.00 0.00 0.25
Jet EffectiveNP 7 0.11 1.14 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.07
Jet EffectiveNP 6 0.09 1.14 0.00 0.00 0.00 1.28 0.14 0.00 0.00 0.11
Jet EffectiveNP 1 0.80 4.32 6.91 0.00 0.00 1.40 0.65 0.00 0.00 3.38
Jet JvT Efficiency 0.10 0.25 0.32 0.00 0.00 0.28 0.17 0.00 0.00 0.15
Jet EffectiveNP 2 0.35 1.99 0.01 0.00 0.00 0.93 0.57 0.00 0.00 0.75
Flavor Tag Eff. Eigen C 0 0.89 1.33 2.89 0.00 0.00 1.54 0.72 0.00 0.00 0.96
Muon Eff. TrigSystUncertainty 0.39 0.33 0.38 0.00 0.00 0.37 0.36 0.00 0.00 0.38
Flavor Tag Eff. Eigen C 2 0.01 0.05 0.09 0.00 0.00 0.11 0.03 0.00 0.00 0.01
Flavor Tag Eff. Eigen Light 3 0.27 0.25 0.39 0.00 0.00 0.51 0.31 0.00 0.00 0.44
Jet Etalntercalibration Modelling 0.35 2.00 6.91 0.00 0.00 10.36 1.04 0.00 0.00 3.70
MET Soft Trk. ResoPerp 0.30 3.98 0.00 0.00 0.00 1.53 0.41 0.00 0.00 0.21
Flavor Tag Eff. extrapolation from charm 0.00 0.42 2.14 0.00 0.00 1.11 0.00 0.00 0.00 0.45
Muon TTVA Sys. 0.14 0.13 0.17 0.00 0.00 0.05 0.09 0.00 0.00 0.10
Jet EffectiveNP 5 0.29 0.01 0.00 0.00 0.00 1.29 0.22 0.00 0.00 0.16
Jet Pile-up OffsetNPV 0.36 2.78 0.03 0.00 0.00 7.43 0.29 0.00 0.00 2.50
Jet Flavor Composition 1.14 9.74 7.55 0.00 0.00 4.21 1.84 0.00 0.00 6.56
Non-Prompt p Sys. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 18.08 0.00
Non-Prompt p Stat. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 11.50 0.00

Table B.13: Summary of the relative effects of all shape nuisance parameters in the = pu~ channel of the low-m;; control region.
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C Additional Material on the Fitting

C.1 Pruning of Nuisance Parameters

This section contains the exact nuisance parameter usage for the pruning settings ¢ = 0.1 % and
pb = 20 %. These are shown in Figure C.1, C.2, and C.3 for the signal region, low-m;;, and wW*Zz
control regions, respectively. For each channel in each sample, the usage of nuisance parameters is
indicated with a yellow (included) and blue (excluded) bin.
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Figure C.1: Overview of the usage of nuisance parameters (ordinate) in the signal region, in
different samples and channels (abscissa). Unused systematic variations are depicted by blue
fields, yellow bins represented systematics used in the fit.
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Figure C.2: Overview of the usage of nuisance parameters (ordinate) in the low-m; ; control
region, in different samples and channels (abscissa). Unused systematic variations are depicted by
blue fields, yellow bins represented systematics used in the fit.
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Figure C.3: Overview of the usage of nuisance parameters (ordinate) in the W*Z region, in
different samples and channels (abscissa). Unused systematic variations are depicted by blue
fields, yellow bins represented systematics used in the fit.
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C.2 Optimizing the Signal Region

In this section, bin-wise event yields and statistical uncertainties in the signal, low-m,; and wW*Z
control regions are reported. Signal region yields for all lepton channels are listed in Table C.2 to
C.5. All six lepton channels in the low-m;; control region are summarized in Table C.7. Event

yields for the combined ¢*¢* channel in the W*Z control region are given in Table C.8.

Lower Bin Edges [GeV] 500 700 1000 1500
Charge Mis-ID 0.56 + 0.05 0.43 + 0.04 0.24 + 0.03 0.10 + 0.03
Wry 0.16 + 0.16 - 0.02 + 0.02 -

top 0.04 + 0.02 0.03 = 0.01 0.02 + 0.01 0.01 + 0.01
Z~ 0.01 + 0.01 - 0.04 + 0.04 -
w*Zz 0.63 = 0.10 0.56 + 0.07 0.39 + 0.07 0.30 £+ 0.04
tri-boson 0.01 £+ 0.00 0.00 + 0.00 - 0.01 £+ 0.01
non-prompt 0.56 + 0.05 043 + 0.04 0.24 &+ 0.03 0.10 + 0.03
z7Z 0.03 + 0.01 0.02 + 0.01 0.01 + 0.01 0.01 + 0.01
WEW=*jj-Ew 0.60 = 0.03 0.82 + 0.04 1.01 + 0.04 1.37 £ 0.05
WEW=*5j-Qcp 0.14 + 0.01 0.13 + 0.01 0.08 = 0.01 0.04 + 0.01

Table C.1: Pre-fit event yields and statistical uncertainties in bins of invariant tagging jet mass

my; the signal region, eTet channel.

Lower Bin Edges [GeV] 500 700 1000 1500
Charge Mis-ID 0.56 + 0.05 0.36 = 0.04 0.17 = 0.03 0.08 £+ 0.02
We 0.03 £ 0.03 0.30 £ 0.21  0.02 £+ 0.02 -

top 0.34 £ 0.02 0.36 +£ 0.02 0.39 = 0.02 0.40 £+ 0.03
Z~ — - — —
wW*Zz 0.52 = 0.06 0.39 £ 0.05 0.32 = 0.05 0.07 &£ 0.04
tri-boson 0.00 £ 0.00 0.01 £ 0.00 0.01 &= 0.00 0.00 £+ 0.00
non-prompt 0.01 £ 026 1.86 + 1.33 0.37 &+ 0.55 0.07 £ 0.11
VA 0.04 + 0.01 0.01 & 0.00 0.00 &= 0.00 0.00 £+ 0.00
WEW+jj-Ew 0.34 £ 0.02 0.36 £ 0.02 0.39 =+ 0.02 0.40 £ 0.03
WEW=*55-Qcp 0.07 £ 0.01 0.05 £ 0.01 0.03 = 0.01 0.01 £+ 0.00

Table C.2: Pre-fit event yields and statistical uncertainties in bins of invariant tagging jet mass

m;; the signal region, e~ e~ channel.
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Lower Bin Edges [GeV] 500 700 1000 1500
Charge Mis-ID 1.59 + 0.22 0.95 + 0.15  0.44 + 0.09 0.50 £+ 0.13
Wry 0.10 £ 0.05 0.68 &+ 0.65 0.67 & 0.35 0.03 + 0.03
top 0.14 £ 0.03 0.15 = 0.04 0.05 & 0.03 0.04 + 0.01
A 0.01 + 0.01 0.01 £+ 0.01 - -
w+z 543 + 0.35 4.03 £ 0.21  2.65 = 0.16 1.70 + 0.15
tri-boson 0.04 +£ 0.02 0.04 + 0.01 0.02 &+ 0.01 0.02 + 0.01
non-prompt 3.36 £ 1.52 3.37 &£ 1.50 1.64 = 1.11 0.98 + 1.05
77 0.16 £ 0.02 0.13 = 0.02 0.07 & 0.03 0.04 + 0.01
WEW+jj-Ew 2.65 + 0.07 3.49 £ 0.08 4.34 £ 0.09 6.02 &+ 0.10
WEW+5j-Qcp 1.02 £ 0.03 0.91 + 0.03 0.67 + 0.03 0.42 4+ 0.02

Table C.3: Pre-fit event yields and statistical uncertainties in bins of invariant tagging jet mass

my; the signal region, e ™ /ute™ channel.

Lower Bin Edges [GeV] 500 700 1000 1500
Charge Mis-ID 1.28 + 0.18 0.86 = 0.13  0.51 &+ 0.10 0.31 + 0.08
Wry 0.23 £+ 0.21 - 0.18 = 0.16 0.03 + 0.03
top 0.06 = 0.02 0.10 + 0.04 0.03 £ 0.01 0.04 + 0.01
Zy - 0.01 + 0.01  0.01 + 0.01 —~
wW*Z 3.79 £ 0.24 2.77 + 028 1.41 + 0.12 0.96 £ 0.09
tri-boson 0.03 + 0.01 0.05 + 0.04 0.02 + 0.01 0.01 + 0.00
non-prompt 3.24 + 1.56 1.62 + 1.47 028 + 0.52 1.21 4+ 0.89
z27Z 0.11 + 0.02 0.08 + 0.01 0.04 + 0.02 0.04 + 0.01
WEW+jj-Ew 1.39 £ 0.05 1.76 + 0.06 1.76 + 0.05 1.54 + 0.05
WEW*54-Qcp 0.46 + 0.02 0.41 £+ 0.02 0.24 + 0.02 0.12 £+ 0.01

Table C.4: Pre-fit event yields and statistical uncertainties in bins of invariant tagging jet mass

m;; the signal region, e~ = /pu~e” channel.

Lower Bin Edges [GeV] 500 700 1000 1500
Charge Mis-1D - - - -

top 0.10 + 0.03 0.06 + 0.02 0.03 + 0.02 0.01 + 0.00
Zry[Wry - - - -
w*Zz 2.04 + 0.13 149 + 0.15 1.19 + 0.11 0.78 + 0.08
tri-boson 0.03 & 0.01 0.00 £ 0.00 0.01 £ 0.00 0.01 £ 0.00
non-prompt - - - -

77 0.05 & 0.01 0.02 £ 0.01  0.03 £ 0.01 0.01 £ 0.00
WEW=*jj-Ew 1.45 + 0.05 1.97 = 0.06 2.39 &= 0.06 3.33 + 0.08
WEW=54-Qcp 0.60 = 0.03 0.54 + 0.02 0.38 + 0.02 0.28 £ 0.02

Table C.5: Pre-fit event yields and statistical uncertainties in bins of invariant tagging jet mass

m; the signal region, p* " channel.
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Lower Bin Edges [GeV] 500 700 1000 1500
Charge Mis-ID - - - -

top 0.80 + 0.03 0.91 + 0.04 0.91 + 0.04 0.88 + 0.04
Zy /W - - - -
Wz 1.36 + 0.11 1.21 + 0.12  0.64 + 0.14 0.44 4+ 0.07
tri-boson 0.01 + 0.01 0.01 = 0.00 0.01 + 0.01 0.00 + 0.00
non-prompt 0.36 + 0.12 0.20 = 0.10  0.06 &+ 0.04 0.06 + 0.04
77 0.03 + 0.02 0.04 + 0.01 0.01 = 0.01 0.01 + 0.01
WEW+jj-Ew 0.80 + 0.03 091 + 0.04 091 4+ 0.04 0.88 + 0.04
WEW+;j-Qcp 0.30 + 0.02 0.23 £+ 0.02 0.15 + 0.01 0.08 £+ 0.01

Table C.6: Pre-fit event yields and statistical uncertainties in bins of invariant tagging jet mass
m;; the signal region, 1~y channel.

Channel etet

e"e efut/utet  eTpT/uTen php o
Charge Mis-ID  1.38 & 0.08 1.46 + 0.09 3.07 + 0.27 3.04 + 0.25 - -
Wy 0.08 + 0.05 0.15 + 0.15 0.16 + 0.07 0.95 + 0.48 - -
top 0.13 + 0.03 0.05 + 0.02 049 + 0.07 0.17 + 0.04 0.27 + 0.05 0.15 + 0.04
Z - - - 0.04 £ 0.04 - -
w*z 1.67 £ 0.18 127 4+ 0.13 11.23 + 052 848 + 0.46 4.61 + 0.22 3.24 £ 0.19
tri-boson 0.03 £ 0.01 0.02 £ 0.01 0.13 £ 0.02 0.09 £ 0.02 0.12 £ 0.03 0.04 + 0.01
non-prompt 042 + 0.64 346 + 1.77 10.73 + 2.80 7.04 + 224 219 + 0.71 0.95 + 0.18
7z 0.10 &£ 0.02 0.10 £ 0.03 0.34 £ 0.06 0.38 £ 0.06 0.15 £ 0.02 0.12 £ 0.02
WEW*jj-Ew  0.60 + 0.03 044 + 0.05 2.71 £ 0.07 1.76 + 0.06 1.65 = 0.09 1.00 £ 0.04
WEW=*jj-Qcp 020 + 0.02 0.14 + 0.01  1.71 + 0.04 0.98 + 0.03 1.00 + 0.03 0.56 + 0.03

Table C.7: Pre-fit event yields and statistical uncertainties in the low-m; ; control region in a
range from 200 GeV to 3000 GeV.

Channel A
Wo -

top 6.17 = 0.25
Z~ 1.52 + 0.60
tri-boson 1.26 4+ 0.06
wW*Zz 197.09 + 1.42
107474 0.02 + 0.01
Z7 14.12 + 0.27
tt 4.27 + 1.02
Zjets 2.54 + 1.40
Wiets -
WEW=*jj-Ew 0.00 £+ 0.00
WEW=*55-Qcp -

Table C.8: Pre-fit event yields and statistical uncertainties in the W*Z control region in the
combined ¢*¢* channel in a range from 200 GeV to 3000 GeV.
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C.3 Pre- and Post-Fit Invariant Tagging Jet Mass Distribution

C.3.1 Invariant Tagging Jet Mass Distributions with Asimov Data
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Figure C.4: Pre-fit m;; distributions in six lepton charge and flavor channels in the signal region.
Poisson uncertainties are shown for the Asimov data points. In the ratio plot, statistical (blue)
and systematic (orange) uncertainties are shown separately. Background contributions are grouped
into categories as listed in Table 9.1.
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Figure C.5: Post-fit m;; distributions in six lepton charge and flavor channels in the signal region.
Poisson uncertainties are shown for the Asimov data points. In the ratio plot, the combined statis-

tical and systematic uncertainty is shown. Background contributions are grouped into categories
as listed in Table 9.1.
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C.3.2 Invariant Tagging Jet Mass Distributions with Observed Data
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Figure C.6: Pre- and post-fit m;; distributions in the combined ¢*¢* channel in the signal region,
including observed data. Poisson uncertainties are shown for the data points. In (a), statistical
(blue) and systematic (orange) uncertainties are shown separately the ratio plot. In (b), the
combined statistical and systematic uncertainty is shown. Background contributions are grouped
into categories as listed in Table 9.1.

C.4 Pre- and Post-Fit Event Yields

In this section, event yields at different stages of the fit are presented Event yields from different
contributions are summarized in groups. These are

Other Prompt: This category contains top, tri-boson, ZZ production in all regions.

Charge Mis-ID: In the signal region, this corresponds the to data-driven charge mis-ID estimate.
As no data-driven estimate is available in the W*Z control region, Z and WW production
are listed.

Non-Prompt: In the signal region, this corresponds the to data-driven non-prompt estimate. As no
data-driven estimate is available in the W*Z control region, tf and W production are listed.

Conversion: This category contains V-~ production in all regions.

In addition to these groups, event yields for the W*Z and W*W+;;j-Qcp background as well as
W*W*jj-Ew production are given. Pre- and post-fit yields in the W*Z control region for the fit
to Asimov and observed data are shown in Table C.9 and C.10. Pre-fit event yields in the signal
and low-m;; control region are listed in Table C.11. Moreover, post-fit event yields after both fits
are shown in Table C.12 and C.13. In addition to the central yields, uncertainties broken into
statistical, theory and systematic sources are presented.
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Asimov, pre-fit Asimov, post-fit

Other Prompt 21.545+ 0.369+ 0.000+£21.929 21.5274+ 0.223+ 0.000+ 4.064
wW*Zz 172.451 £+ 1.423+£58.703+£11.718 172.390+ 1.784 +20.478 £11.235
Charge Mis-ID 0.0194+ 0.013+ 0.000£ 0.019 0.0194& 0.0004+ 0.000£ 0.000
Conversion 2.683+ 0.6024+ 0.000+ 3.452 2.685+ 0.028 4+ 0.000+ 2.020
Non-Prompt 6.816 4+ 1.7294+ 0.000+£ 6.816 6.816 & 0.071+ 0.000£ 0.143
WEWjj QCD 0.0004+ 0.000+ 0.000+ 0.000 0.0004+ 0.000+ 0.000+ 0.000
WEW+jj EW 0.0024 0.000+ 0.000£ 0.002 0.0024+ 0.000+ 0.000£ 0.001
Asimov Data 203.52 203.52

Total Expectation 203.516+ 2.348 £58.703+33.901 203.439+ 2.106 £20.478 +13.132

Table C.9: Event yields in the £*¢*¢T channel of the W*Z control region at different stages in
the fit to Asimov Data. In addition, statistical, theory and systematic uncertainties are given.

Observed, pre-fit Observed, post-fit

Other Prompt 21.545+ 0.369+ 0.000+£21.929 22.892+ 0.237+ 0.000+ 4.287
w*Zz 172451+ 1.4234+58.7034+11.718 170.872+ 1.767 +£20.623 +11.476
Charge Mis-ID 0.019+ 0.013+ 0.000+ 0.019 0.019+ 0.000+ 0.000+ 0.000
Conversion 2.683+ 0.602+ 0.000+ 3.452 1.703+ 0.018+ 0.000+ 1.747
Non-Prompt 6.816 = 1.729+ 0.000+ 6.816 6.816+ 0.070+ 0.000+ 0.143
WEW=*3j; QCD 0.000+ 0.000+ 0.000+ 0.000 0.000+ 0.000+ 0.000+ 0.000
WEW=j; EW 0.002 4+ 0.000+ 0.000+ 0.002 0.003+ 0.000+ 0.000+ 0.001
Data 2015/16 201 201

Total Expectation 203.516 £ 2.348 £58.703 £33.901 202.305+ 2.092 £ 20.623 £ 13.586

Table C.10: Event yields in the ££¢*¢T channel of the W* Z control region at different stages in
the fit to observed Data. In addition, statistical, theory and systematic uncertainties are given.
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et /utet

e /ue”

e

Signal region

Other Prompt 0.1694 0.027+ 0.000% 0.174 0.1414 0.025+ 0.00040.146  0.8964 0.077+ 0.000&+ 0.913  0.600+ 0.073+ 0.000£0.612  0.3614 0.044+ 0.000£ 0.371 0.1874 0.031+£ 0.000+ 0.194 2.355+ 0.1254 0.000£ 2.399
w+z 1.637+ 0.145+ 0485+ 0.153 1.142+ 0.103+ 0.339+0.132 12.082+ 0.465+ 3.549+ 0.748 7.811% 0.404+ 226840.562 4.813+ 0.241+ 14274 0.387 3.189+ 0.221+ 09314 0.414  30.674+ 0.7204+ 8.998+ 1.838
Charge Mis-ID 1.332+ 0.080+ 0.000+ 0.120 1.173+ 0.075+ 0.000+£0.101  3.475+ 0.309+ 0.000+ 0.211 29504 0.258 £ 0.00040.205  0.000%+ 0.000£ 0.0004 0.000 0.000+ 0.000£ 0.0004 0.000 8.9314+ 0.417+ 0.000+ 0.574
Conversion 0.406+ 0.168+ 0.000% 0.449 0.6184 0.216+ 0.00040.685  2.6504 0.745+ 0.000% 3.004  0.795+ 0.264+ 0.000£1.038  0.0004 0.000+£ 0.000£ 0.000 0.0004 0.000+£ 0.000+ 0.000 4.468+ 0.837+ 0.000+ 5.023
Non Prompt 4.0784+ 1.746+ 0.0004 1.504 2.308+ 1.469+ 0.00040.884  9.347+ 2.624+ 0.0004+ 4.101  6.344+ 2375+ 0.000£2.887  0.573+ 0.133+ 0.000+ 0.057 0.668+ 0.168+ 0.000+ 0.186  23.318+ 4.227+ 0.000+ 8.709
WEWjj QCD 0.3844+ 0.018+ 0.1284 0.385 0.157+ 0.013+ 0.0524+0.157  3.0234+ 0.057+ 1.013+ 3.025 1.214+ 0.035+ 0.403+1.215 1.800+ 0.043+ 0.604+ 1.802 0.760+ 0.029+ 0.252+ 0.761 7.338+ 0.0884+ 2.451+ 7.343
WEW+jj EW 3.801£ 0.0004+ 0.218+ 3.803 1.492+ 0.000+ 0.079£1.493 16.494+ 0.000+ 0.949£16.501  6.452+ 0.000% 0.339£6.456  9.139+ 0.000+ 0.526+£ 9.146 3.503+ 0.000% 0.185+ 3.506  40.8814 0.000 £ 2.282+40.902

Asimov Data
Data 2015/16

11.81
10

7.03
4

47.97
44

26.17
28

16.69
25

8.31
11

117.97
122

Total Expectation

11.808+ 1.762+ 0.547+ 5.007

7.031+

1.491+ 0.351+2.594

47.966 £ 2.786+ 3.811£23.509 26.167+ 2.439+ 2.329+9.591

16.686+ 0.283+ 1.637411.328

8.307+ 0.281+ 0.982+ 4.489

117.965+ 4.3914 9.602 +55.901

Low-mj; Control Region

Other Prompt 0.2764+ 0.040+ 0.0004 0.289 0.159+ 0.034+ 0.00040.168  1.2004+ 0.090+ 0.000+ 1.221  0.765+ 0.076+ 0.000+0.788  0.626+ 0.058+ 0.000+ 0.639 0.370+ 0.044+ 0.000+ 0.386 3.395+ 0.148+ 0.000+ 3.452
w*z 1.765+ 0.179+ 0.485+ 0.232 1373+ 0.128+ 0.378+0.130 12.067+ 0.516+ 3.319+ 0.670 9.021+ 0.459+ 2.4814+0.686 5.039+ 0.223+ 1.386+ 0.338 3.459+ 0.185+ 0.952+ 0.327  32.723+ 0.780+ 9.001+ 1.905
Charge Mis-ID 1.697+ 0.078+ 0.000+ 0.171 1.768+ 0.085+ 0.000+0.144  4.004+ 0.265+ 0.000£ 0.330  3.558+ 0.247+ 0.00040.408  0.000+ 0.0004 0.000+ 0.000 0.000+ 0.000+ 0.0004+ 0.000 11.027+ 0.380+ 0.000+ 0.967
Conversion 0.183+ 0.046+ 0.000+ 0.205 0.262+ 0.1484+ 0.000£0.290  0.284+ 0.066+ 0.000+ 1.075  2.200+ 0.482+ 0.000+2.457  0.000%+ 0.000+ 0.000+ 0.000 0.000+ 0.000+ 0.0004 0.000 2.929+ 0.511+ 0.000+ 3.451
Non Prompt 0.7124+ 0.638+ 0.000+ 0.229 4.374+ 1.7654+ 0.000+£1.747 12.7754+ 2.804+ 0.000+ 4.945 8.619+ 2.2414+ 0.000£3.363  2.425+ 0.710£ 0.000+ 1.919 1.175+ 0.179+ 0.000£+ 0.200  30.080+ 4.116+ 0.000410.298
WEWjj QCD 0.235+ 0.015+ 0.066+ 0.236 0.153+ 0.0124+ 0.043+0.154  1.988+ 0.044+ 0.554+ 1.989 1.146+ 0.032+ 0.319+1.147 1.160+ 0.030+ 0.323+ 1.162 0.641+ 0.025+ 0.179+ 0.642 5.324+ 0.070+ 1.483+ 5.328
WEW*jj EW 0.6384 0.000+ 0.1074 0.639 0.4744 0.000+ 0.07940.477  2.967+ 0.000+ 0.496+ 2.968  1.988+ 0.000+ 0.333+£1.990 1.8254 0.000+ 0.305+ 1.826 1.1144 0.000+ 0.186+ 1.115 9.006 4+ 0.000+ 1.507+ 9.009
Asimov Data 5.51 8.56 35.28 27.30 11.08 6.76 94.48

Data 2015/16 5 3 39 38 10 6 101

Total Expectation — 5.507+ 0.670+ 0.501+ 1.395 8.563+ 1.778+ 0.388+2.051 35.283+ 2.866+ 3.402+ 8.278 27.297+ 2.352+ 2.5244+7.128 11.075+ 0.747+ 1.456+ 4.114 6.759+ 0.262+ 0.986+ 2.163  94.484+ 4.241+ 9.246 +23.394

Table C.11: Pre-fit event yields in the signal

and low-m,; control region. In addition, statistical, theory and systematic uncertainties are given.
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etet e"e” etut/ptet e T /uTe ptpt oo Vadad
Signal region
Other Prompt 0.1694+ 0.026+ 0.000+ 0.040 0.141+ 0.025+ 0.000+0.037  0.896+ 0.074+ 0.000+£0.177  0.600+ 0.070+ 0.000+0.120  0.361+ 0.013+ 0.000+ 0.085 0.187+ 0.010+ 0.0004+ 0.047 2.354+ 0.1124+ 0.000+ 0.457
w2z 1.635+ 0.247+ 0.223+ 0.148 1.140+ 0.222+ 0.156+0.126 12.070+ 0.996 + 1.674+0.737 7.807+ 0.851+ 1.110+0.544 4.806+ 0.166+ 0.653+ 0.372 3.182+ 0.171+ 0.446+ 0.379 30.640+ 1.401+ 4.261+ 1.780
Charge Mis-ID 1.3324+ 0.2284+ 0.000+ 0.120 1.173+ 0.206+ 0.000+0.101 3476+ 0.294+ 0.000+0.211 2,951+ 0.318+ 0.000+£0.204  0.0004 0.000+ 0.000+ 0.000 0.000+ 0.000+ 0.000+ 0.000 8.932+ 0.543+ 0.000+ 0.571
Conversion 0.4054+ 0.089+ 0.000+ 0.186 0.618+ 0.197+ 0.0004+0.287  2.641+ 0.285+ 0.000+£1.350 0.796+ 0.0954+ 0.000+0.630  0.000+ 0.000+ 0.000+ 0.000 0.000+ 0.0004 0.000+ 0.000 4.461+ 0.375+ 0.000+ 2.204
Non Prompt 4.069+ 0.935+ 0.000+ 0.929 2.302+ 0.7114+ 0.0004+0.548  9.299+ 0.773+ 0.000+£2.217 6.313+ 0.739+ 0.000+1.596  0.574+ 0.023+ 0.000+ 0.055 0.667+ 0.0354+ 0.000+ 0.144  23.224+ 1.632+ 0.000+ 4.818
WEW=jj QCD 0.383+ 0.062+ 0.127+ 0.028 0.156+ 0.029+ 0.0514+0.011  3.016+ 0.253+ 1.004+£0.124 1.212+ 0.133+ 0.399+0.059 1.796+ 0.063+ 0.599+ 0.081 0.758+ 0.042+ 0.250+ 0.034 7.321+ 0.309+ 2430+ 0.314
WW#jj EW 3.822+ 0.000+ 0.217+ 0.142 1.500%+ 0.000£ 0.079+0.064 16.582+ 0.000+ 0.942+0.597  6.487+ 0.000+ 0.338£0.254  9.187+ 0.000+ 0.522+ 0.389  3.521+ 0.000+ 0.184+ 0.168 41.100+ 0.000+ 2.268+ 1.553
Asimov Data 11.81 7.03 47.97 26.17 16.69 8.31 117.97
Total Expectation 11.816+ 1.540+ 0.340+ 0.979 7.030+ 1.300+ 0.183+0.636 47.980+ 2.597+ 2.180+2.908 26.166+ 2.145+ 1.226+1.958 16.724+ 0.261+ 1.035+ 0.807 8.316+ 0.256+ 0.543+ 0.557 118.032+ 4.044+ 5.428+ 6.415
Low-mj; Control Region
Other Prompt 0.2754+ 0.038+ 0.000+ 0.084 0.160+ 0.033+ 0.000+0.054  1.199+ 0.098+ 0.000+£0.231  0.764+ 0.068+ 0.000+0.179  0.626+ 0.048+ 0.000+ 0.131 0.370+ 0.017+ 0.000+ 0.104 3.3944+ 0.142+ 0.000+ 0.626
w*z 1.760+ 0.2454+ 0.282+ 0.222 1.373+ 0.288+ 0.220+0.130 12.056+ 0.988+ 1.929+0.641 9.004+ 0.803+ 1.441+0.658 5.032+ 0.382+ 0.805+ 0.324 3.452+ 0.162+ 0.552+ 0.312  32.677+ 1.420+ 5.229+ 1.832
Charge Mis-ID 1.697+ 0.2364+ 0.000+ 0.171 1.770+ 0.371+ 0.000+0.144  4.006+ 0.328+ 0.000£0.329  3.558+ 0.317+ 0.000+0.406  0.000£ 0.000+ 0.000£ 0.000 0.000%+ 0.000%+ 0.000+ 0.000 11.029+ 0.650+ 0.000+ 0.963
Conversion 0183+ 0.0254 0.000+ 0.087 0.262% 0055+ 0.00040.122 0288+ 0.024% 0.000+£0.965 2194+ 0.196+ 0.000+1.060 0.000+ 0.000%+ 0.000% 0.000 0.000+ 0.000% 0.000+ 0.000  2.9274 0209+ 0.000% 1.757
Non Prompt 0.714+ 0.099+ 0.000£ 0.198 4.366+ 0.916+ 0.000+£1.069 12.726+ 1.043+ 0.000£2.834 8596+ 0.767+ 0.000+2.204 2.408=+ 0.183+ 0.000+ 1.139 1.174+ 0.055+ 0.000£ 0.160 29.985+ 1.645+ 0.000+ 6.097
WEW=jj QCD 0.235+ 0.033+ 0.065+ 0.010 0.153+ 0.032+ 0.042+0.011 1.985+ 0.163+ 0.549+0.078 1.144+ 0.102+ 0.316+£0.046 1.158+ 0.088+ 0.320+ 0.065 0.640+ 0.030+ 0.177+ 0.030 5314+ 0.222+ 1471+ 0.211
WEW=jj EW 0.6434+ 0.000+ 0.105+ 0.031 0.478+ 0.000+ 0.0784+0.051 2,989+ 0.000+ 0.489+0.104 2.003+ 0.000+ 0.327+0.104 1.838+ 0.000+ 0.301+ 0.075 1.1224+ 0.000+ 0.183+ 0.043 9.073+ 0.000+ 1.483+ 0.316
Asimov Data 5.51 8.56 35.28 27.30 11.08 6.76 94.48
Total Expectation — 5.507+ 0.676+ 0.299+ 0.391 8.561+ 1.696+ 0.231+1.073 35.249+ 2.643+ 2.016+£3.172 27.263+ 2.253+ 1.480+2.521 11.062+ 0.701+ 0.889+ 1.220 6.759+ 0.265+ 0.591+ 0.383  94.400+ 4.100+ 5.490+ 6.923
Table C.12: Event yields in the signal low-m; control region after the fit to Asimov data. In addition, statistical, theory and systematic uncertainties
are given.
etet ee etut/utet e p/pe whpt o Er*
Signal region
Other Prompt 0.158 £ 0.027+ 0.000+ 0.036  0.143+ 0.027+ 0.0004+0.036  0.897+ 0.075+ 0.000+0.179  0.624+ 0.070+ 0.000£0.120 0.387+ 0.014+ 0.000+ 0.086  0.217+ 0.012+ 0.000+ 0.051 2425+ 0.113+ 0.000+ 0.464
w*z 1.441+ 0.226+ 0.193+ 0.131 1.053+ 0.209+ 0.152+0.125 11.257+ 0.953+ 1.562+0.721 7.730+ 0.835+ 1.1284+0.537 4.804+ 0.168+ 0.675+ 0.365 3.310+ 0.184+ 0.497+ 0.359  29.596+ 1.348+ 4.200+ 1.767
Charge Mis-ID 1.204+ 0.220+ 0.000+ 0.112 1.046+ 0.195+ 0.0004+0.094  3.380+ 0.292+ 0.000+0.206 2.973+ 0.321+ 0.00040.208  0.000+ 0.000+ 0.000+ 0.000  0.000+ 0.000+ 0.000+ 0.000 8.603+ 0.536+ 0.000+ 0.557
Conversion 0.422+ 0.100+ 0.000£ 0.199  0.530+ 0.207+ 0.000£0.249  2.924+ 0.284+ 0.000 £ 1.502 1.379+ 0.191+ 0.0004+1.019  0.0004 0.000+ 0.000% 0.000  0.000+ 0.000+ 0.000+ 0.000 5.255+ 0.4194+ 0.000+ 2.739
Non Prompt 2282+ 0.571+ 0.000+ 1.256  1.2094+ 0.392+ 0.0004+0.652  5.859+ 0.499+ 0.000+2.851  4.626+ 0.547+ 0.0004+1.767  0.5754+ 0.023+ 0.000%= 0.053  0.653+ 0.035+ 0.000+ 0.137 15204+ 1.044+ 0.000+ 6.325
WEW#jj QCD 0.348+ 0.060+ 0.114+ 0.025 0.146 £ 0.0284& 0.045+£0.011 2926+ 0.251+ 0.952+0.124 1.208+ 0.132+ 0.388+£0.060 1.792+ 0.063+ 0.587+ 0.082 0.762+ 0.041+ 0.245+ 0.036 7.182+ 0.305+ 2.332+ 0.317
WEWHjj EW 5.648+ 0.000+ 0.309+ 0.208 2.236+ 0.000+ 0.114+£0.097 24.5184+ 0.000+ 1.345+0.890 9.542+ 0.000+ 0.488+0.378 13.601+ 0.000+ 0.745+ 0.575 5225+ 0.000+ 0.266+ 0.250 60.7714+ 0.000+ 3.247+ 2.316
Data 2015/16 10 4 44 28 25 11 122
Total Expectation 11.503+ 1.164+ 0.391+ 1.259 6.363+ 0.976+ 0.199+0.684 51.760+ 2.287+ 2.318+3.386 28.082+ 2.024+ 1.299+2.142 21.160+ 0.264+ 1.188+ 0.982 10.168+ 0.268+ 0.620%+ 0.597 129.037+ 3.511+ 5.905+ 7.702
Low-m; Control Region

Other Prompt 0.249+ 0.035+ 0.000+ 0.078  0.145+ 0.035+ 0.0004£0.044 1.235+ 0.101+ 0.000£0.234 0.961+ 0.083+ 0.000+£0.219  0.617+ 0.047+ 0.000+ 0.132 0.316£ 0.015+ 0.000%= 0.096 3.524+ 0.151+ 0.000£ 0.649
w*z 1.799+ 0.252+ 0.305+ 0.237 1.106+ 0.266+ 0.178+0.105 11.986+ 0.977+ 1.938+0.674 9.928+ 0.858+ 1.659+0.805 4.870+ 0.371+ 0.791+ 0.343 3.508+ 0.165+ 0.586+ 0.321  33.197+ 1.441+ 5.452+ 2.099
Charge Mis-ID 1.675+ 0.234+ 0.000+ 0.169 1.472+ 0.354+ 0.000+0.131  4.152+ 0.338+ 0.000+0.339  3.914+ 0.3384+ 0.000£0.440 0.000+ 0.000%+ 0.000£ 0.000 0.000%£ 0.000£ 0.000+ 0.000 11.213+ 0.656+ 0.000+ 0.998
Conversion 0.171+ 0.024+ 0.000+ 0.084 0.235+ 0.056+ 0.0004£0.110 1.743+ 0.142+ 0.000 £ 1.791 2.647+ 0.2294+ 0.000£1.307 0.000%+ 0.000+ 0.000£ 0.000 0.0004 0.000+ 0.000+ 0.000 4.795+ 0.282+ 0.000+ 2.924
Non Prompt 0.922+ 0.129+ 0.000+ 0.271 2.184+ 0.5254+ 0.000+£1.431 9.668+ 0.788+ 0.000+3.314  6.563+ 0.567+ 0.000+£2.815 2.216+ 0.169+ 0.000+ 0.902  1.157+ 0.054%+ 0.000+ 0.154 22.708+ 1.157+ 0.000+ 7.390
WEW#jj QCD 0.228+ 0.032+ 0.063+ 0.010 0.133+ 0.032+ 0.0354+0.009 2.031+ 0.166+ 0.555+0.078 1.2414+ 0.107+ 0.337+0.051 1.176 + 0.090+ 0.313+ 0.067 0.6454+ 0.030+ 0.174+ 0.030 5454+ 0.227+ 1477+ 0.215
WEW*jj EW 0.897+ 0.000+£ 0.148+ 0.044 0.610+ 0.000+ 0.1104£0.072 4.144+ 0.000+ 0.688+0.149  2.738+ 0.000+ 0.461+£0.150 2.513+ 0.000+ 0.423+ 0.108 1.554+ 0.000+ 0.258+ 0.061 12,455+ 0.000+ 2.089+ 0.447
Data 2015/16 5 3 39 38 10 6 101
Total Expectation  5.941+ 0.705+ 0.330+ 0.453 5.885+ 1.268+ 0.202+1.421 34.958+ 2.512+ 2.050+3.579 27.991+ 2.183+ 1.701+2.964 11.392+ 0.676+ 0.905+ 1.020 7.180+ 0.264+ 0.636+ 0.396  93.347+ 3.799+ 5.789+ 7.874

Table C.13: Event yields in the signal low-m;; control region after the fit to observed data
are given.

. In addition, statistical, theory and systematic uncertainties
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C Additional Material on the Fitting

C.5 Nuisance Parameter Correlations

C.5.1 Nuisance Parameter Correlations after Fit to Asimov Data

Parameter 1

Parameter 2

Correlation [%]

W*Z Shower

WEZ Scale

Non Prompt e Stat.
WEW=jj-Ew Shower

Non Prompt e Sys.

Non Prompt p Sys.

Non Prompt e Sys.
WEW=5j-Qcp Scale

Jet Flavor Composition

Non Prompt e Sys.

Non Prompt e Sys.

Bkg Stat. SR, etut/utet Chan, Bin 4
Non Prompt p Sys.

Non Prompt p Sys.

Non Prompt e Sys.

Jet Energy Resolution

Non Prompt e Sys.

Non Prompt u Sys.

Non Prompt p Sys.

Non Prompt e Sys.

Jet Flavor Composition

Non Prompt e Sys.
WEW=*jj-Ew Ew Corr.
Luminosity

Jet Energy Resolution

Bkg Stat. SR, et ut/utet Chan, Bin 3
Non Prompt p Stat.

Non Prompt u Sys.
Conversion Model V-~
Pile-up Reweight. data SF
Non Prompt p Sys.

Flavor Tag Eff. Eigen Light 1
W=*Z Shower

Non Prompt u Sys.

Jet Flavor Composition

Jet Pile-up OffsetNPV
WEW=jj-Ew Scale

Non Prompt e Sys.

Non Prompt e Sys.

Jet Etalntercalibration Modeling
Conversion Model Vv

Jet Etalntercalibration Modeling
Jet Energy Resolution

Non Prompt e Stat.

Flavor Tag Eff. Eigen Light 1
Pile-up Reweight. data SF
Non Prompt p Sys.

Non Prompt e Stat.

m

WEW=£;j-Qcp Shower

Interference

Bkg Stat. SR, etut/uTet Chan, Bin 2
Conversion Model Vv

Non Prompt p Sys.

Non Prompt p Sys.

Bkg Stat. SR, e~ p~ /u~ e~ Chan, Bin 3
Non Prompt p Sys.

Jet Energy Resolution

Muon Eff. Sys.

Conversion Model Vv

W#*Z PDF

Non Prompt p Sys.

Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 4

nw z

KWz

Non Prompt e Sys.

n

Bkg Stat. Low-mj; CR, e”e~ Chan, Bin 1

n

Bkg Stat. SR, e”e~ Chan, Bin 2

n

nwz

Bkg Stat. SR, eTe® Chan, Bin 2

I

n

Bkg Stat. SR, e p~ /u~ e~ Chan, Bin 1

W=*Z Shower

Non Prompt p Sys.

Bkg Stat. SR, et ut/utet Chan, Bin 2

Bkg Stat. Low-m;; CR, e~ p~ /u~ e~ Chan, Bin 1
MWz

Bkg Stat. Low-m;; CR, eTpT/ptet Chan, Bin 1
Bkg Stat. Low-m;; CR, eyt /utet Chan, Bin 1

I

W#*Z Shower

I

I

Bkg Stat. SR, etput/utet Chan, Bin 1
I

Non Prompt p Sys.

Jet Energy Resolution

Non Prompt e Sys.

I

Bkg Stat. SR, etput/utTet Chan, Bin 2
I

I

Bkg Stat. Low-mj; CR, ptu® Chan, Bin 1
Bkg Stat. SR, e p~ /u~ e~ Chan, Bin 4
Bkg Stat. SR, e u~ /u~ e~ Chan, Bin 4
I

MW Z

Bkg Stat. SR, ete® Chan, Bin 1

i

I

MW Z

KWz

Bkg Stat. Low-m;; CR, e p~ /u~ e~ Chan, Bin 1
KWz

Bkg Stat. SR, e~ p~ /u~ e~ Chan, Bin 2
Bkg Stat. SR, e pu~ /u~ e~ Chan, Bin 2
I

KWz

I

I

m

Bkg Stat. SR, e”e~ Chan, Bin 2
WEW=E54-Qcp Scale
WEW=jj-Ew Ew Corr.

I

WEW=jj-Ew Shower

Bkg Stat. SR, e~ p~ /u~ e~ Chan, Bin 2

o

Bkg Stat. Low-m;; CR, e p~ /u~ e~ Chan, Bin 1
MWz

Bkg Stat. Low-m;; CR, e”e” Chan, Bin 1

I

—67.1
—66.6
—26.1
21.3
—19.2
—18.2
—16.6
—16.2
—14.9
—14.0
—13.7
—13.4
—13.1
12.7
—12.3
—12.1
—11.8
—11.4
—11.1
—9.5
—9.3
8.9
8.8
—8.7
8.6
—8.4
—8.2
—8.1
—7.9
7.8
—7.8
=77
7.2
—7.0
—7.0
—7.0
—6.9
—6.8
—6.7
—6.3
—6.3
—6.2
6.1
—5.9
—5.9
—5.9
—5.7
—5.7
—5.6
—5.6
5.6
—5.6
—=5.1
—5.0
—5.0
—4.9
—4.9
—4.9
—4.9
—4.8
—4.7
4.7
—4.7
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Parameter 1

Parameter 2

Correlation [%)]

Jet Energy Resolution

Non Prompt e Stat.

Non Prompt p Sys.

Non Prompt e Stat.

Jet Pile-up RhoTopology

Non Prompt p Sys.

Jet Flavor Composition

Non Prompt e Stat.

Non Prompt e Stat.

77 x-sec.

Muon Eff. Sys.

Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 2
Jet Pile-up p, Term

Jet Energy Resolution

Jet Flavor Response

Bkg Stat. SR, e~ e~ Chan, Bin 2

Non Prompt e Sys.

W=*Z Shower

Non Prompt p Sys.

Conversion Model Vv

Non Prompt p Sys.

Non Prompt g Sys.

Jet Flavor Response

Non Prompt e Stat.

Bkg Stat. Low-mj; CR, e”e” Chan, Bin 1
Bkg Stat. SR, e~ e~ Chan, Bin 3

Non Prompt p Sys.

Non Prompt e Sys.

Non Prompt p Stat.

Conversion Model Vv

Bkg Stat. SR, etet Chan, Bin 2

Non Prompt p Sys.

Jet Etalntercalibration Non-Closure
W*Z Shower

top x-sec.

Non Prompt e Stat.

Jet Flavor Composition

Bkg Stat. SR, e~ e~ Chan, Bin 2

Non Prompt e Sys.

Non Prompt p Sys.

WE~ x-sec.

Non Prompt p Sys.

Conversion Model V-~

Bkg Stat. Low-mj; CR, e~ pu~ /u~ e~ Chan, Bin 1
W=*Z Shower

W=*Z Shower

W=*Z Shower

W=*Z Shower

Jet EffectiveNP 2

Non Prompt p Sys.

Bkg Stat. SR, etut/utet Chan, Bin 1
Non Prompt e Stat.

Non Prompt e Sys.

CRW=*Z 3Lep ¢*¢*¢F Chan, Bin 1
Non Prompt e Sys.

Bkg Stat. SR, e~ e~ Chan, Bin 2

Jet Pile-up p, Term

Bkg Stat. Low-mj; CR, e”e~ Chan, Bin 1
Non Prompt p Sys.

Conversion Model Vv

Charge Mis-ID Energy Corr.

Non Prompt e Stat.

Non Prompt p Stat.

Charge Mis-ID Energy Corr.

Jet Flavor Composition

Bkg Stat. Low-mj; CR, e"p~ /u~ e~ Chan, Bin 1
Bkg Stat. SR, eTet Chan, Bin 2

Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 1

Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 1

Bkg Stat. Low-m;; CR, et pT/utet Chan, Bin 1
Pile-up Reweight. data SF

Non Prompt p Sys.

Wz

Bkg Stat. Low-mj; CR, e p~ /u~ e~ Chan, Bin 1
Bkg Stat. Low-mj; CR, et pT/utet Chan, Bin 1
Bkg Stat. Low-m;; CR, e”e~ Chan, Bin 1

W=*Z Shower

Hrwz

Wz

o

I

o

Wz

Bkg Stat. Low-m;; CR, e”e™ Chan, Bin 1

Jet Flavor Composition

Bkg Stat. Low-mj; CR, e p~ /u~ e~ Chan, Bin 1
Bkg Stat. SR, eTet Chan, Bin 2

Bkg Stat. SR, et ut/utet Chan, Bin 3

Bkg Stat. SR, e~ e~ Chan, Bin 2

Interference

I

Bkg Stat. SR, eTet Chan, Bin 1

Bkg Stat. Low-mj; CR, e~ /u~ e~ Chan, Bin 1
0

Bkg Stat. SR, etut/utet Chan, Bin 3

WEy x-sec.

I

Bkg Stat. SR, etut/utet Chan, Bin 2

Bkg Stat. Low-mj; CR, e”e” Chan, Bin 1

Bkg Stat. SR, etpt /utet Chan, Bin 1

I

Bkg Stat. SR, etut/utet Chan, Bin 3

Wz

w2z

Jet Pile-up OffsetNPV

Bkg Stat. Low-m;; CR, e~ pu~ /u~ e~ Chan, Bin 1
Bkg Stat. SR, etut/utet Chan, Bin 1

Bkg Stat. SR, etut/utet Chan, Bin 4

I

Jet Etalntercalibration Modeling

Non Prompt e Stat.

KW Z

WEW=E;j-Qcp Scale

WEW*;j-Ew Shower

WEW=*jj-Ew Ew Corr.

Bkg Stat. Low-mj; CR, et T /utet Chan, Bin 1
HW z

WEW=jj-Ew Scale

I

Bkg Stat.
Bkg Stat.
Wz
Bkg Stat.
Bkg Stat.
Hrwz
Bkg Stat. Low-mj; CR, et pT/utet Chan, Bin 1
Bkg Stat. SR, etet Chan, Bin 1

Jet Energy Resolution

Non Prompt e Sys.

Jet Flavor Composition

W=*Z Shower

I

Bkg Stat. SR, e~ p~/u~ e~ Chan, Bin 1

Bkg Stat. Low-m;; CR, et pT/utet Chan, Bin 1
0

Bkg Stat. Low-m;; CR, et pT/utet Chan, Bin 1

SR, etet Chan, Bin 2
SR, e"u~ /u~ e~ Chan, Bin 4

Low-mj; CR, etet Chan, Bin 1
SR, etet Chan, Bin 2

4.7
—4.7
—4.7
—4.6
—4.6

4.6
—4.5
—4.4

4.4
—4.3
—4.3
—4.3
—4.2

4.2

4.1

4.1
—4.0

4.0

3.9
—3.9

3.8
—3.7

3.7
—3.7

3.6
—3.6
—3.6
—3.6
—3.6
—3.6

3.6
—3.5

3.5
—3.4
—3.3
—3.3
—3.3

3.2
—3.2

3.2
—3.2

3.1
—3.1
—3.1

3.1

3.1

3.1

3.0
—3.0

2.9
—2.9
—2.9
—2.9
—2.9

2.9

2.9
—2.8

2.7

2.7
—2.7

2.7
—2.7

2.6

2.6

2.6

2.6
—2.6

2.6
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Parameter 1

Parameter 2

Correlation [%]

Bkg Stat. SR, et ut/utet Chan, Bin 3
Pile-up Reweight. data SF
WEW*jj-Ew Ew Corr.
WEW=jj-Ew Shower

Bkg Stat. SR, eTe™ Chan, Bin 2
WEW=5j-Qcp Scale

MET Soft Trk. Resolution
Conversion Model Vv

Interference

Bkg Stat. Low-m;; CR, et puT/utet Chan, Bin 1
Non Prompt e Sys.

Non Prompt p Sys.

W*Z as

WEn x-sec.

Jet Flavor Composition

Bkg Stat. Low-m;; CR, et uT/utet Chan, Bin 1
Non Prompt p Stat.

Jet Flavor Composition

Charge Mis-ID Scale Fac.

Pile-up Reweight. data SF
CRW=*Z 3Lep ¢£¢£¢F Chan, Bin 1
Conversion Model Vv

Conversion Model Vv

Pile-up Reweight. data SF

W=*Z Shower

Conversion Model Vv

Charge Mis-ID Energy Corr.

Non Prompt e Stat.

Non Prompt e Sys.

Non Prompt e Sys.

Bkg Stat. SR, e~ e~ Chan, Bin 2
Non Prompt e Sys.

Bkg Stat. SR, eteT Chan, Bin 1
Wiv X-sec.

Jet EffectiveNP 3

MW Z

Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 1

MW Z

KWz

Bkg Stat. Low-m;; CR, e p~ /u~ e~ Chan, Bin 1
HW z

Hrwz

WEn x-sec.

W=*Z Shower

I

WEW=E;j-Ew Shower

Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 4
1237784

Bkg Stat. SR, e”e~ Chan, Bin 2

Bkg Stat. Low-m;; CR, e"e~ Chan, Bin 1
nwz

1237784

Bkg Stat. SR, etput/uTet Chan, Bin 2
Non Prompt e Sys.

Bkg Stat. SR, et ut/utet Chan, Bin 3

I

Bkg Stat. Low-m;; CR, eTut/utet Chan, Bin 1
12377874

MW Z

Bkg Stat. SR, etput/utet Chan, Bin 1

Bkg Stat. SR, eTe®™ Chan, Bin 2

Bkg Stat. Low-m;; CR, e p~ /pu~ e~ Chan, Bin 1
Bkg Stat. SR, e~ e~ Chan, Bin 3

Bkg Stat. Low-m;; CRr, pTp* Chan, Bin 1

WEW=jj-Ew Ew Corr.

Bkg Stat. Low-m;; CR, eTpT/ptet Chan, Bin 1
Pile-up Reweight. data SF

Bkg Stat. Low-m;; CR, e"e” Chan, Bin 1

Bkg Stat. Low-mj; CR, e p~ /e~ Chan, Bin 1
I

2.5
—2.5
—2.5
—2.5

2.5
—2.5
—2.5
—2.5

2.4

2.4
—2.4

2.3
—2.3
—2.3

2.3
—2.3
—2.2

2.2
—2.2

2.2

2.2

2.2
—2.2

2.1

2.1

2.1

2.1
—2.1

2.1
—2.1

2.0
—2.0

2.0
—2.0
—2.0

Table C.14: Pair-wise correlation factors between two nuisance parameters after the fit to Asimov
data. Parameter pairs are sorted by descending absolute correlation value. Only correlations larger

than 2 % are given.

C.5.2 Nuisance Parameter Correlations after Fit to Observed Data

Parameter 1

Parameter 2

Correlation [%]

W*Z Shower

WEZ Scale
WEW=Ejj-Ew Shower
Non Prompt e Sys.
Non Prompt e Stat.
Non Prompt e Sys.
Non Prompt e Sys.
Non Prompt e Sys.
Conversion Model Vv
Jet Flavor Composition
Conversion Model Vv
Jet Energy Resolution
Non Prompt e Sys.
WEW=5j-Qcp Scale
Non Prompt e Sys.

Jet Flavor Composition
Jet Flavor Composition
Luminosity

Jet Flavor Composition
Non Prompt e Sys.
Non Prompt e Sys.
Flavor Tag Eff. Eigen Light 1

12377874

Wz

m

Bkg Stat. Low-mj; CRr, e”"e~ Chan, Bin 1
Non Prompt e Sys.

Bkg Stat. SR, e”e~ Chan, Bin 2

Bkg Stat. SR, eTe™ Chan, Bin 2

m

Jet Energy Resolution

Wz

Non Prompt e Sys.

Bkg Stat. SR, et ut/utet Chan, Bin 2
Jet Flavor Composition

I

W=*Z Shower

Bkg Stat. SR, e u~ /u~ e~ Chan, Bin 4
Jet Pile-up OffsetNPV

I

I
Non Prompt u Sys.

Bkg Stat. Low-m;; CR, e p~ /u~ e~ Chan, Bin 1
I

—69.2
—66.7
28.2
—25.4
—24.8
—21.0
—18.7
—18.5
—15.7
—15.5
—15.2
—15.0
—14.5
—13.9
12.1
—12.0
—11.7
—11.6
—11.3
—11.2
—9.9
—9.6
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Parameter 1

Parameter 2

Non Prompt e Sys.

Non Prompt e Sys.

Jet Energy Resolution

Jet Flavor Composition

Non Prompt e Sys.

Non Prompt p Sys.

Jet Pile-up RhoTopology
Conversion Model Vv

Bkg Stat. SR, etut/utet Chan, Bin 3
Jet Etalntercalibration Modeling
Non Prompt e Sys.

Bkg Stat. SR, etut/utet Chan, Bin 4
Pile-up Reweight. data SF

Jet Pile-up OffsetNPV

Non Prompt e Sys.

Jet EffectiveNP 2

Non Prompt e Stat.

Conversion Model Vv

Jet Flavor Response

Jet Energy Resolution

Jet Energy Resolution

Flavor Tag Eff. Eigen Light 1
Non Prompt e Sys.

Jet Etalntercalibration Modeling
WEW=*jj-Ew Scale

Jet Flavor Composition

Non Prompt p Sys.

Non Prompt g Sys.

Non Prompt e Sys.

W#*Z Shower

Bkg Stat. SR, e~ e~ Chan, Bin 2
Muon Eff. Sys.

WEW=*jj-Ew Ew Corr.

Jet Energy Resolution

Bkg Stat. SR, etet Chan, Bin 2
Non Prompt g Sys.

Non Prompt p Sys.

Non Prompt e Stat.

Non Prompt e Stat.

Conversion Model Vv

Pile-up Reweight. data SF
Conversion Model Vv

Non Prompt p Sys.

77 x-sec.

W*Z PDF

Interference

WEW=;j-Qcp Shower

Non Prompt e Sys.

MET Soft Trk. Resolution

Muon Eff. Sys.

Bkg Stat. Low-m;; CR, e”e” Chan, Bin 1
Jet Flavor Composition

Non Prompt p Stat.

Non Prompt p Sys.

Bkg Stat. SR, e~ e~ Chan, Bin 2
W*Z Shower

Bkg Stat. SR, e~ e~ Chan, Bin 2
Non Prompt p Sys.

Charge Mis-ID Energy Corr.
Pile-up Reweight. data SF
Conversion Model Vv

m
WEW=jj-Ew Ew Corr.
Non Prompt e Sys.

Non Prompt p Sys.

Jet Pile-up p, Term
WEy x-sec.

Non Prompt p Stat.

Bkg Stat. SR, eTet Chan, Bin 1 —9.2
Bkg Stat. Low-m;; CR, et pT/utet Chan, Bin 1 —8.9
Bkg Stat. SR, etput/utet Chan, Bin 1 8.7
Bkg Stat. Low-m;; CR, et pT/utet Chan, Bin 1 —8.7
Jet Energy Resolution 8.7
o —8.5
rwz —8.4
Jet Flavor Composition 8.4
o —8.0
HWz —8.0
“wz —8.0
o 7.9
o 7.8
Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 4 —7.6
Wy x-sec. —7.5
HWzZ =73
Jet Flavor Composition 7.1
I —7.0
rwz 7.0
rwz 7.0
Wy x-sec. —6.8
Pwz —6.6
Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 1 —6.6
o —6.4
o —6.2
Bkg Stat. Low-mj; CR, e”e~ Chan, Bin 1 6.2
W=*Z Shower 6.1
Bkg Stat. SR, e~ p~ /u~ e~ Chan, Bin 1 —6.1
Bkg Stat. SR, etut/utet Chan, Bin 2 —6.1
o 6.1
Bkg Stat. Low-mj; CR, e”e™ Chan, Bin 1 6.0
o —5.8
o 5.7
Bkg Stat. SR, e~ p~/u~ e~ Chan, Bin 2 —5.7
Bkg Stat. Low-mj; CR, e”e” Chan, Bin 1 5.5
Bkg Stat. Low-m,; CR, eTpt/utet Chan, Bin 1 —5.5
Bkg Stat. SR, etut/utet Chan, Bin 2 —5.4
Bkg Stat. Low-m;; CR, e~ pu~ /u~ e~ Chan, Bin 1 —5.4
W+Z Shower 5.3
Non Prompt e Stat. —5.3
Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 2 —5.3
w2z —5.2
Hwz —5.0
Hwz —4.9
KWz —4.9
m 4.8
m —4.7
WEW=jj-Ew Shower —4.6
KWz —4.5
MWz —4.5
m 4.5
Wi’y X-Sec. 4.5
Non Prompt p Sys. —4.5
Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 2 —4.4
m 4.3
WEW=*jj-Ew Shower 4.3
Bkg Stat. SR, ete® Chan, Bin 2 4.3
Bkg Stat. Low-mj; CR, utpt Chan, Bin 1 —4.3
Non Prompt e Sys. 4.1
“wz 4.1
Bkg Stat. SR, ete® Chan, Bin 2 4.1
B“wz —4.1
WEW=*jj-Ew Shower —4.0
Bkg Stat. Low-mj; CR, eTeT Chan, Bin 1 4.0
Bkg Stat. Low-m;; CR, e”e~ Chan, Bin 1 3.9
I —-3.9
o —3.8
o —3.8

Correlation [%)]
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Parameter 1

Parameter 2

Correlation [%]

Non Prompt e Sys.

W=*Z Shower

Bkg Stat. SR, e~ p~ /u~ e~ Chan, Bin 2
Jet Flavor Composition

WEW=Ejj-Ew Shower

Bkg Stat. SR, e u~ /u~ e~ Chan, Bin 4
Non Prompt e Stat.

Bkg Stat. SR, e”e~ Chan, Bin 4

Bkg Stat. Low-mj; CR, e”e~ Chan, Bin 1
Conversion Model Vv

Jet Flavor Composition

WEW=jj-Ew Ew Corr.

top x-sec.

W=*Z Scale

Non Prompt e Stat.

Jet Energy Resolution

Interference

WEW=jj-Ew Ew Corr.

Non Prompt e Sys.

Interference

Non Prompt e Stat.

Non Prompt u Sys.

Conversion Model Vv

W#*Z Shower

Non Prompt p Sys.

Non Prompt e Sys.

Non Prompt p Sys.

Jet Flavor Response

Non Prompt e Stat.

Non Prompt u Sys.

Bkg Stat. SR, e~ e~ Chan, Bin 2

W=*Z Shower

Jet EffectiveNP 2

Jet Energy Resolution

Jet Energy Resolution

Bkg Stat. Low-mj; CRr, e”e~ Chan, Bin 1
Non Prompt e Sys.

Non Prompt e Stat.

Interference

WEW=jj-Ew Shower

Jet Etalntercalibration Non-Closure
WEW=jj-Ew Shower

Bkg Stat. SR, eteT Chan, Bin 1

Non Prompt u Sys.

Non Prompt p Stat.

Jet Flavor Composition

CRW=EZ 3Lep ¢£¢*¢F Chan, Bin 1
Bkg Stat. Low-m;; CR, e~ /u~ e~ Chan, Bin 1
Bkg Stat. Low-m;; CR, e~ /u~ e~ Chan, Bin 1
Interference

Jet EffectiveNP 2

Jet Pile-up RhoTopology

Conversion Model Vv

Conversion Model Vv

Non Prompt e Stat.

Jet Energy Resolution

Pile-up Reweight. data SF

Non Prompt e Sys.

Non Prompt p Sys.

W*Z Shower

Bkg Stat. SR, e~ p~ /u~ e~ Chan, Bin 4
Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 3
Non Prompt p Sys.

Bkg Stat. SR, e"e~ Chan, Bin 2

Non Prompt e Stat.

Non Prompt e Sys.

W=*Z Shower

Bkg Stat. SR, e~ e~ Chan, Bin 3

Bkg Stat. SR, etput/utTet Chan, Bin 1
WEW=+jj-Ew Ew Corr.

I

Bkg Stat. SR, ete® Chan, Bin 2

KW Z

I

Bkg Stat. Low-mj; CR, eTp™/pTet Chan, Bin 1
I

Bkg Stat. Low-m;; CR, e”p~ /u~ e~ Chan, Bin 1
Bkg Stat. Low-mj; CRr, e"e~ Chan, Bin 1

Bkg Stat. SR, e~ p~ /u~ e~ Chan, Bin 1

nwz

123% 784

W=*Z Shower

1237784

Bkg Stat. SR, e~ pu~ /u~ e~ Chan, Bin 1
WEW=£jj-Ew Ew Corr.

WEW=jj-Ew Scale

WEW=£jj-Ew Ew Corr.

W=*Z Shower

I

WEW=jj-Ew Shower

Bkg Stat. Low-m;; CR, e~ p~ /u~ e~ Chan, Bin 1
Bkg Stat. Low-m;; CR, e~ /pu~ e~ Chan, Bin 1
Bkg Stat. SR, e~ e~ Chan, Bin 2

Interference

Bkg Stat. Low-m;; CR, e~ /u~ e~ Chan, Bin 1
I

Bk:% Stit, SR, e pu~ /u~ e~ Chan, Bin 2
W=E=W=jj-Ew Ew Corr.

Bkg Stat. Low-m;; CR, e p~ /pu~ e~ Chan, Bin 1
WEW=55-Qcp Scale

W=*Z Scale

Bkg Stat. Low-mj; CRr, e”"e~ Chan, Bin 1

I

Bkg Stat. Low-m;; CR, e put/utet Chan, Bin 1
Non Prompt p Stat.

Bkg Stat. SR, eTe® Chan, Bin 1

nw z

Bkg Stat. Low-mj; CR, eTp™/ptet Chan, Bin 1
I

Bkg Stat. Low-m;; CR, e~ /u~e” Chan, Bin 1
Bkg Stat. Low-mj; CR, e”e” Chan, Bin 1

Bkg Stat. SR, eTe™ Chan, Bin 2

W=+Z Shower

Bkg Stat. SR, e”e~ Chan, Bin 2

KWz

Bkg Stat. Low-mj; CR, eTp™/ptet Chan, Bin 1

KW Z
WEW=Ejj-Ew Shower

W=*Z Shower

W*Z Scale

Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 4
Bkg Stat. SR, etput/utTet Chan, Bin 1
Bkg Stat. Low-m;; CR, e"e~ Chan, Bin 1

Bkg Stat. SR, eTe™ Chan, Bin 2

Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 1
Bkg Stat. SR, e”e~ Chan, Bin 3
Interference

Bkg Stat. SR, etput/utet Chan, Bin 3
nwz

m

WEW=;j-Qcp Scale

Bkg Stat. Low-m;; CR, eTpT/pTet Chan, Bin 1
Bkg Stat. SR, e~ e~ Chan, Bin 3

Jet Etalntercalibration Non-Closure

Bkg Stat. SR, e”e~ Chan, Bin 2

m

—3.8
3.8
—3.7
3.7
—3.7
—3.7
—3.7
—3.7
3.7
3.6
3.6
—3.6
—3.5
3.5
—3.5
3.5
—3.5
3.4
—3.4
3.4
—3.4
—3.4
—3.3
3.3
3.3
—3.2
3.2
3.2
—3.2
—3.2
3.1
3.1
3.1
—3.1
3.1
3.0
—3.0
—3.0
—3.0
—3.0
3.0
—3.0
3.0
3.0
3.0
3.0
—2.9
2.9
—2.9
—2.9
2.9
2.8
—2.8
—2.8
—2.8
—2.8
—2.7
2.7
—2.7
—2.7
2.7
—2.7
—2.6
2.6
—2.6
—2.6
—2.6
—2.6



C.5 Nuisance Parameter Correlations

Parameter 1

Parameter 2

Bkg Stat. SR, eTet Chan, Bin 2
Non Prompt e Stat.

W=*Z Shower

Non Prompt e Stat.

Non Prompt e Sys.

Conversion Model Vv
WEW=;5-Qcp Scale

Jet Energy Resolution

Charge Mis-ID Scale Fac.
WEW=jj-Ew Scale

Non Prompt p Stat.

Non Prompt p Sys.

Bkg Stat. SR, e~ e~ Chan, Bin 2
Conversion Model Vv

Jet Flavor Composition

W*Z Shower

Bkg Stat. SR, etput/utet Chan, Bin 2
Jet Pile-up p, Term

Non Prompt e Sys.

Bkg Stat. SR, e~ u~/u~ e~ Chan, Bin 2
Conversion Model Vv

Jet Pile-up RhoTopology

Jet Pile-up OffsetNPV

Flavor Tag Eff. Eigen C 1
Interference

Bkg Stat. SR, eTet Chan, Bin 2
Bkg Stat. SR, etet Chan, Bin 4
Pile-up Reweight. data SF
Flavor Tag Eff. Eigen Light 2
Bkg Stat. SR, eTet Chan, Bin 1
Flavor Tag Eff. Eigen C 1
Conversion Model Vv

W=*Z Shower

W*Z Shower

Jet Flavor Response

Jet Energy Resolution
WEW=jj-Ew Scale

Jet Flavor Composition

W=*Z Shower

Bkg Stat. SR, etput/utet Chan, Bin 1
Bkg Stat. SR, etut/utet Chan, Bin 3
W=*Z Shower

WEW=*jj-Ew Ew Corr.

Charge Mis-ID Energy Corr.
Non Prompt e Sys.

Wiv X-sec.

W*Z Shower

Bkg Stat. Low-mj; CR, e"p~ /u~ e~ Chan, Bin 1 2.6
WE~ x-sec. —2.6
Bkg Stat. Low-mj; CR, et T /utet Chan, Bin 1 2.6
WEW=jj-Ew Shower —2.6
WEW*;j-Qcp Scale —2.6
Bkg Stat. SR, e~ e~ Chan, Bin 2 —2.6
Wz —2.6
Bkg Stat. SR, p~p~ Chan, Bin 3 2.6
Bkg Stat. Low-mj; CR, e"e~ Chan, Bin 1 —2.5
WEW=jj-Ew Shower 2.5
bWz —2.5
Pile-up Reweight. data SF —2.5
Bkg Stat. SR, eTet Chan, Bin 1 2.5
Bkg Stat. SR, etut/utet Chan, Bin 3 —2.5
WEW=*jj-Ew Ew Corr. 2.4
Bkg Stat. SR, e~ u~ /u~ e~ Chan, Bin 2 2.4
w2z —2.4
Hwz —2.4
MET Soft Trk. Resolution 2.4
HW z —2.3
Pile-up Reweight. data SF —2.3
W#Z Shower 2.3
o —2.3
" —2.2
WEW=*jj-Ew Scale 2.2
Bkg Stat. Low-m;; CR, eTpt/utet Chan, Bin 1 2.2
I —2.2
Bkg Stat. SR, et ut/utet Chan, Bin 3 2.2
I 2.2
Bkg Stat. SR, eTet Chan, Bin 2 2.2
bwz —2.2
Bkg Stat. SR, etut/utet Chan, Bin 2 2.1
Bkg Stat. Low-mj; CR, e”e” Chan, Bin 1 —2.1
WEW=Ejj-Ew Scale —2.1
W=*Z Scale —2.1
Bkg Stat. SR, etet Chan, Bin 1 —2.1
bwz 2.1
W*Z Shower 2.1
Bkg Stat. Low-mj; CR, etet Chan, Bin 1 2.1
7 —2.1
bwz 2.1
Bkg Stat. SR, etet Chan, Bin 2 —2.0
Bkg Stat. SR, etut/utet Chan, Bin 4 2.0
Non Prompt e Stat. 2.0
WEW=Ejj-Ew Scale 2.0
Hwz —2.0
Bkg Stat. Low-m;; CR, pTput Chan, Bin 1 2.0

Table C.15: Pair-wise correlation factors between two nuisance parameters after the fit to observed
data. Parameter pairs are sorted by descending absolute correlation value. Only correlations larger

than 2 % are given.

Correlation [%)]
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C.6 Pre-and Post-Fit Uncertainties on the Precision of Simulated

Backgrounds

Lower Bin Boundary Background Precision Uncertainty [%]

[GeV] ece” etet etp/pmem etpt/utet ptpm o ptpt

Pre-Fit

500 +22.81 +33.47 +18.02 +13.97 +8.44  +£5.73

700 +42.52 +40.38 +27.02 +16.17 +10.29 +8.22

1000 +59.94 +£11.40 +21.38 +18.41 +18.43 +8.16

1500 +52.63 +£24.20 +34.45 +30.15 +14.63 +8.06

Post-Fit to Asimov Data

500 up 5.05 13.99 7.50 4.62 3.22 2.11
down  —4.38 —11.51 —6.86 —4.28 -3.06 —2.03

700 up 23.74 15.71 6.89 5.15 3.08 2.15
down —18.53 —12.57 —5.97 —4.70 —2.90 —-2.04

1000 up 10.42 1.18 2.97 3.89 2.87 1.59
down  —7.39 —1.09 —2.58 —3.42 —2.56 —1.50

1500 up 2.43 1.52 4.52 3.38 1.54 0.99
down —1.73 —1.29 —3.65 —2.82 —1.41 —0.94

Post-Fit to Observed Data

500 up 6.83 15.54 7.53 5.11 3.26 2.02
down  —5.90 —12.54 —6.80 —4.70 -3.09 —1.95

700 up 22.33 15.32 6.50 4.74 2.92 2.29
down —16.51 —11.81 —5.56 —4.26 —2.75  —2.18

1000 up 13.64 1.64 3.08 4.16 3.24 1.57
down  —9.59 —1.52 —2.69 —-3.71 —290 —1.50

1500 up 3.60 1.98 5.23 3.45 1.40 0.97
down —2.61 —1.71 —4.28 —2.88 —1.28 —0.93

Table C.16: Overview of pre- and post-fit relative systematic uncertainties on the simulated
background precision in the signal region.



C.6 Pre-and Post-Fit Uncertainties on the Precision of Simulated Backgrounds 199

Lower Bin Boundary Background Precision Uncertainty [%]

[GeV] e"e” efet ep/pTem etpt/utet pTpm o optut

Pre-Fit

200 +21.98 +£13.77 +9.30 +8.87 +4.65  +£8.08

Post-Fit to Asimov Data

200 up 22.48 14.60 9.22 8.38 4.77 7.78
down —19.49 —13.22 —8.62 —8.00 —4.62 —7.42

Post-Fit to Observed Data

200 up 26.05 14.63 8.90 8.38 4.77 7.80
down —22.04 —13.34 —8.39 —7.93 —4.63 —7.42

Table C.17: Overview of pre- and post-fit relative systematic uncertainties on the simulated
background precision in the low-m,; control region.

Lower Bin Boundary Background Precision Uncertainty [%)]
[GeV] Pre-Fit Post-Fit to Asimov Data Post-Fit to Observed Data
900 up +1.15 +1.04 +1.04

down —1.15 —1.03 —1.03

Table C.18: Overview of pre- and post-fit relative systematic uncertainties on the simulated
background precision in the W*Z control region.



C.7 Ranking of Nuisance Parameters

Rank Nuisance Parameter 0 Apostt Apost fobs Aprefbobs

up down up down up down
1 W*W* EW Shower -0.0095 0.9809 -0.9843 0.0844 -0.0793 0.0861 -0.0805
2 Non-Prompt e Sys. -0.7291 0.7807 -0.6154 -0.0573 0.0525 -0.0631 0.0777
3 WEW= QCD Scale -0.0339 0.9799 -0.9877 -0.0513 0.0328 -0.0523 0.0332
4 Non-Prompt p Sys. -0.1292 0.5642 -0.8599 -0.0398 0.0072 -0.0786  0.0091
5 Jet Flavor Composition 0.5217 0.8764 -1.2215 -0.0288 0.0361 -0.0325 0.0308
6 Luminosity 1.0001 0.0210 -0.0210 -0.0331 0.0347 -0.0331 0.0347
7 Flavor Tag Eff. Eigen Light 0 -0.0602 0.9995 -0.9998 -0.0277 0.0284 -0.0277 0.0284
8 Conversion Model Vgamm 0.1481 0.9985 -0.9897 -0.0220 0.0233 -0.0220 0.0235
9 Pile-up Reweight. data SF -0.0949 0.9835 -0.9901 0.0225 -0.0227 0.0229 -0.0229
10 WZ Shower -0.0567 0.9809 -0.9421 0.0146 -0.0222 0.0148 -0.0239
11 Jet Etalntercalibration Modelling 0.0704 1.0039 -1.0044 -0.0177 0.0187 -0.0176 0.0186
12 WEW* EW Scale 0.2051 0.9946 -1.0111 -0.0186 0.0162 -0.0187 0.0161
13 W*W+ EW EW Corr. -0.3367 0.9745 -0.9757 0.0152 -0.0180 0.0155 -0.0184
14 Muon Eff. Sys. 0.0369 0.9986 -0.9986 -0.0168 0.0171 -0.0168 0.0171
15 WEW+ QCD Shower -0.0148 0.9561 -0.9602 -0.0124 0.0156 -0.0129 0.0163
16 Interference -0.1665 1.0040 -0.9930 0.0121 -0.0151 0.0121 -0.0152
17 Jet Pile-up pp Term 0.0824 1.0046 -1.0067 -0.0092 0.0136 -0.0091 0.0135
18 FakeMuSt 0.0104 0.9920 -0.9922 -0.0130 0.0103 -0.0131 0.0104
19 Wgamma x-sec. 0.0560 0.9981 -0.9980 -0.0114 0.0112 -0.0114 0.0113
20 Jet Energy Resolution -0.6344 0.9594 -0.7811 0.0107 -0.0092 0.0111 -0.0104
21 FakeEISt 0.0698 0.9540 -0.9560 -0.0106 0.0086 -0.0112 0.0089
22 Jet Etalntercalibration Non-Closure 0.0300 1.0094 -1.0191 0.0097 -0.0070 0.0096 -0.0068
23 Jet Flavor Response 0.0299 1.0065 -1.0103 0.0093 -0.0092 0.0093 -0.0091
24 Jet Pile-up OffsetNPV 0.0812 0.9944 -1.0892 -0.0076 0.0005 -0.0076 0.0007
25 Flavor Tag Eff. Eigen C 0 -0.0049 0.9997 -0.9997 -0.0065 0.0066 -0.0065 0.0066
26 Flavor Tag Eff. Eigen Light 1 0.0178 1.0000 -1.0000 0.0064 -0.0063 0.0064 -0.0063
27 Jet EffectiveNP 2 0.0821 1.0147 -1.0245 -0.0044 0.0054 -0.0044 0.0053
28 Charge Mis-ID Energy Corr. -0.1612  0.9961 -0.9961 0.0050 -0.0050 0.0050 -0.0050
29 W*W* QCD PDF 0.0017 1.0008 -1.0009 -0.0047 0.0040 -0.0047 0.0040
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Rank Nuisance Parameter 0 Apostt Apost Hobs Aprellobs

up down up down up down
30 WZ Scale -0.0415 1.0084 -1.0103 0.0038 -0.0047 0.0038 -0.0047
31 Muon ID -0.0061 1.0853 -1.0826  0.0047 0.0043 0.0043 0.0039
32 77 x-sec. 0.0019 0.9998 -0.9999 0.0047 -0.0046 0.0047 -0.0046
33 Electron Eff. Iso TOTAL INPCOR PLUS UNCOR -0.0237 0.9997 -0.9997 -0.0046 0.0046 -0.0046  0.0046
34 Charge Mis-ID Scale Fac. -0.1447 1.0541 -1.0221 -0.0045 0.0001 -0.0043  0.0001
35 Electron Eff. ID CorrUncertaintyNP14 -0.0195 0.9997 -0.9997 -0.0045 0.0045 -0.0045 0.0045
36 Muon Scale 0.0042 1.1005 -1.1032 0.0044 0.0034 0.0040 0.0031
37 Muon Iso Sys. 0.0091 0.9999 -0.9999 -0.0042 0.0042 -0.0042 0.0042
38 Muon MS -0.0034 1.0968 -1.0941 0.0034 0.0041 0.0031 0.0038
39 Jet Pile-up RhoTopology -0.0936 1.0211 -1.0083 -0.0035 0.0040 -0.0034 0.0039
40 MET Soft Trk. ResoPer 0.0441 0.9992 -0.9992 -0.0035 0.0039 -0.0035 0.0039
41 Muon Eff. Stat. 0.0090 0.9999 -0.9999 -0.0037 0.0037 -0.0037  0.0037
42 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP8  -0.0264 0.9998 -0.9998 -0.0035 0.0035 -0.0035 0.0035
43 Jet Etalntercalibration Total Stat. -0.0055 0.9831 -0.9836 -0.0032 0.0004 -0.0033 0.0004
44 Flavor Tag Eff. Eigen C 1 -0.0058 1.0000 -1.0000 -0.0030  0.0030 -0.0030  0.0030
45 Muon Eff. TrigSystUncertainty 0.0079 0.9999 -0.9999 -0.0030 0.0030 -0.0030  0.0030
46 Jet EffectiveNP 3 -0.0310 1.0129 -1.0108 0.0025 -0.0028 0.0024 -0.0027
47 W*W* EW PDF 0.0345 0.9732 -0.9670 -0.0008 0.0028 -0.0008  0.0029
48 Flavor Tag Eff. Eigen Light 2 0.0102 1.0000 -1.0000 0.0027 -0.0027 0.0027 -0.0027
49 Flavor Tag Eff. Eigen Light 3 0.0102 1.0000 -1.0000 0.0027 -0.0027 0.0027 -0.0027
50 WEW* QCD as -0.0015 0.9999 -0.9999 -0.0026 0.0027 -0.0026 0.0027
51 Flavor Tag Eff. extrapolation from charm -0.0019 0.9999 -0.9999 0.0018 -0.0018 0.0018 -0.0018
52 Electron Eff. Reco TOTAL INPCOR PLUS UNCOR -0.0072 1.0000 -1.0000 -0.0018 0.0018 -0.0018 0.0018
53 Muon Eff. TrigStatUncertainty 0.0038 0.9999 -0.9999 -0.0017 0.0017 -0.0017 0.0017
54 Jet EffectiveNP 1 -0.0634 1.0033 -1.0020 -0.0017 0.0008 -0.0017  0.0008
55 Flavor Tag Eff. Eigen C 2 -0.0068 1.0000 -1.0000 -0.0016 0.0016 -0.0016 0.0016
56 Jet Pile-up OffsetMu 0.0121 1.0254 -1.0274 0.0016 -0.0004 0.0015 -0.0004
57 Muon TTVA Stat. 0.0036 1.0000 -1.0000 -0.0015 0.0015 -0.0015 0.0015
58 Jet EffectiveNP 4 -0.0034 0.9906 -0.9908 -0.0015 0.0006 -0.0015  0.0006
59 Jet EffectiveNP 8restTerm 0.0054 0.9887 -0.9884 -0.0014 0.0005 -0.0015 0.0006
60 WEWE EW oy -0.0266 0.9971 -0.9975 0.0010 -0.0014 0.0010 -0.0014
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Rank Nuisance Parameter 0 Apostt Apost obs Aprelbobs

up down up down up down
61 e/v RESOLUTION ALL -0.0091 1.0057 -1.0054 0.0002 -0.0013 0.0002 -0.0013
62 MET Soft Trk. Scale 0.0003 0.9891 -0.9890 0.0010 0.0012 0.0010 0.0013
63 Muon TTVA Sys. 0.0029 1.0000 -1.0000 -0.0012 0.0012 -0.0012 0.0012
64 WZ as 0.0199 1.0015 -1.0017 0.0007 -0.0011 0.0007 -0.0011
65 Electron Eff. ID CorrUncertaintyNP11 0.0047 1.0000 -1.0000 0.0011 -0.0011 0.0011 -0.0011
66 Electron Eff. ID CorrUncertaintyNP10 0.0047 1.0000 -1.0000 0.0011 -0.0011 0.0011 -0.0011
67 Flavor Tag Eff. Eigen Light 4 -0.0122 1.0000 -1.0000 -0.0011 0.0011 -0.0011 0.0011
68 Flavor Tag Eff. extrapolation 0.0030 1.0000 -1.0000 0.0010 -0.0010 0.0010 -0.0010
69 WZ PDF -0.0015 1.0027 -1.0028 -0.0007 0.0009 -0.0007  0.0009
70 Jet EffectiveNP 6 0.0174 0.9892 -0.9881 0.0002 -0.0009 0.0002 -0.0009
71 MET Soft Trk. ResoPar -0.0895 0.9995 -0.9994 -0.0008 0.0008 -0.0008 0.0008
72 Flavor Tag Eff. Eigen B 0 -0.0100 0.9997 -0.9997 -0.0008 0.0008 -0.0008 0.0008
73 triboson x-sec. 0.0028 1.0000 -1.0001 -0.0007 0.0007 -0.0007 0.0007
74 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP6  -0.0052 1.0000 -1.0000 -0.0007 0.0007 -0.0007 0.0007
75 Jet EffectiveNP 7 0.0050 0.9929 -0.9928 -0.0001 -0.0007 -0.0001 -0.0007
76 e/~ Scale ALLCORR -0.0041 1.0037 -1.0036  0.0000 0.0006 0.0000 0.0006
77 Muon Iso Stat. 0.0008 1.0000 -1.0000 -0.0005 0.0005 -0.0005 0.0005
78 Jet EffectiveNP 5 0.0185 0.9876 -0.9863 -0.0004 -0.0001 -0.0004 -0.0001
79 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP7  -0.0043 1.0000 -1.0000 -0.0004 0.0004 -0.0004 0.0004
80 Electron Eff. Trigger TOTAL INPCOR PLUS UNCOR -0.0001 1.0000 -1.0000 -0.0004 0.0004 -0.0004 0.0004
81 Zgamma, X-Sec. 0.0185 1.0001 -1.0001  0.0003 -0.0003 0.0003 -0.0003
82 top x-sec. -0.0336  1.0007 -0.9989  0.0003 -0.0003 0.0003 -0.0003
83 Electron Eff. ID CorrUncertainty NP9 -0.0029 1.0000 -1.0000 -0.0003 0.0003 -0.0003 0.0003
84 e/ Scale LARCALIB EXTRA2015PRE 0.0019 1.0085 -1.0086 -0.0003 -0.0001 -0.0003 -0.0001
85 e/~ Scale EASCINTILLATOR 0.0005 1.0025 -1.0025 -0.0001 -0.0003 -0.0001 -0.0003
86 Electron Eff. ID CorrUncertaintyNP13 0.0017 1.0000 -1.0000 0.0002 -0.0002 0.0002 -0.0002
87 Jet BJES Response -0.0025 0.9948 -0.9948 0.0002 0.0001 0.0002 0.0001
88 Jet JvT Efficiency 0.0006 1.0001 -1.0001 -0.0001 0.0002 -0.0001 0.0002
89 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP15  0.0013 1.0000 -1.0000 -0.0002 0.0002 -0.0002 0.0002
90 Flavor Tag Eff. Eigen B 2 0.0011 1.0000 -1.0000 -0.0002 0.0002 -0.0002 0.0002
91 Jet PunchThrough MC15 -0.0004 0.9991 -0.9991 0.0000 -0.0002 0.0000 -0.0002
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Rank Nuisance Parameter 0 Apostt Apost Hobs Aprellobs

up down up down up down
92 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP5  -0.0007 1.0000 -1.0000 -0.0002 0.0002 -0.0002 0.0002
93 e/v Scale LARTEMPERATURE EXTRA2015PRE -0.0000 1.0036 -1.0036 -0.0001 -0.0001 -0.0001 -0.0001
94 e/v Scale LARTEMPERATURE EXTRA2016PRE -0.0000 1.0036 -1.0036 -0.0001 -0.0001 -0.0001 -0.0001
95 Flavor Tag Eff. Eigen B 1 -0.0038 1.0000 -1.0000 -0.0001 0.0001 -0.0001 0.0001
96 Electron Eff. ID CorrUncertaintyNP7 -0.0002 1.0000 -1.0000 -0.0001 0.0001 -0.0001 0.0001
97 Electron Eff. ID CorrUncertaintyNP8 0.0002 1.0000 -1.0000 -0.0001 0.0001 -0.0001 0.0001
98 Electron Eff. ID CorrUncertaintyNP12 -0.0002 1.0000 -1.0000  0.0000 -0.0000  0.0000 -0.0000
99 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP14  0.0003 1.0000 -1.0000 -0.0000 0.0000 -0.0000  0.0000
100 Electron Eff. ID CorrUncertaintyNP6 0.0004 1.0000 -1.0000 0.0000 -0.0000 0.0000 -0.0000
101 Electron Eff. ID CorrUncertaintyNP1 0.0000 1.0000 -1.0000  0.0000 0.0000 0.0000 0.0000
102 Electron Eff. ID CorrUncertaintyNPO 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
103 Electron Eff. ID CorrUncertaintyNP2 0.0000 1.0000 -1.0000  0.0000 0.0000 0.0000 0.0000
104 Electron Eff. ID CorrUncertaintyNP3 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
105 Electron Eff. ID CorrUncertaintyNP4 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
106 Electron Eff. ID CorrUncertaintyNP5 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
107 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNPO 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
108 Muon Eff. Sys. low pp 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
109 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP1 0.0000 1.0000 -1.0000  0.0000 0.0000 0.0000 0.0000
110 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP10  0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000  0.0000
111 Muon Eff. Stat. low pp 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
112 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP11 ~ 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000  0.0000
113 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP12 ~ 0.0000 1.0000 -1.0000 0.0000  0.0000 0.0000 0.0000
114 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP13 ~ 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000  0.0000
115 Jet SingleParticle HighPt -0.0000 1.0000 -1.0000  0.0000  0.0000  0.0000  0.0000
116 Jet RelativeNonClosure MC15 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
117 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP2 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
118 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP3 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
119 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP4 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
120 Electron Eff. ID SIMPLIFIED UncorrUncertaintyNP9 0.0000 1.0000 -1.0000 0.0000 0.0000 0.0000 0.0000
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up down up down up down

Table C.19: Ranking of nuisance parameters according to their pre-fit impact on the signal strength. Nuisance parameters accounting for background
precision uncertainties are not included. For each nuisance parameters, the pre- and post-fit impact on the signal strength as well as the post-fit
parameter pull and uncertainty, Apostd, are given along with their best estimate, é, after the fit to observed data. The pre-fit uncertainties on the
nuisance parameter pulls are 1 for all parameters
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