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Abstract

The Standard Model of particle physics predicts triple-gauge boson pro-
duction that test the non-abelian electroweak gauge structure. This thesis
reports the first measurement of ZZ+~ production with the ATLAS detector
at the Large Hadron Collider. The analysis uses the full Run 2 dataset
(2015-2018), corresponding to an integrated luminosity of 140 fb™' of
proton-proton collisions at /s = 13 TeV. The study targets the fully lep-
tonic final state, pp — ZZy — £Y0~ 0" ¢’y with £,¢ = e or . A fiducial re-
gion is defined to suppress contributions from photon final-state radiation
and maximize the signal-to-background ratio. The dominant background—
non-prompt photons from jets—is estimated with a novel jet-ratio method
that extrapolates from a high-statistics control region, achieving a relative
systematic uncertainty of 18% on this background. Eight candidate events
are observed with an expected background of 0.92 + 0.15 events, corre-
sponding to a significance of 4.40. The fiducial cross-section is measured
as ol = 0.14470 077 (stat.) 4 0.005 (syst.) fb, in agreement with the Stan-
dard Model prediction of 0.143 + 0.005 fb. This measurement validates the
Standard Model description of electroweak triple-gauge boson production
within its uncertainties and provides a benchmark for future studies of
anomalous quartic-gauge couplings with larger datasets.

vii



Zusammenfassung

Das Standardmodell der Teilchenphysik sagt Triple-Eichboson-Prozesse
voraus, die die nicht-abelsche elektroschwache Eichstruktur direkt tes-
ten. In dieser Arbeit wird die erste Messung der Z Z~ Produktion mit dem
ATLAS-Detektor am Large Hadron Collider vorgestellt. Die Analyse nutzt
den kompletten Run 2 Datensatz (2015-2018), der einer integrierten Lu-
minositit von 140 fb—! an Proton-Proton-Kollisionen bei /s = 13 TeV
entspricht. Untersucht wird der vollstindig leptonische Endzustand, pp —
ZZn — LY 00"y mit £,£' = e oder u. Eine Signalregion wird defi-
niert, um den Beitrag von Ereignissen mit Bremsstrahlung zu minimieren
und das Signal-zu-Untergrund-Verhiltnis zu maximieren. Der dominante
Untergrund—nicht-prompte Photonen aus Jets—wird mit einer neu ent-
wickelten Jet-Verhiltnis-Methode bestimmt, die aus einer Kontrollregion
mit hoher Statistik extrapoliert; damit wird eine relative systematische
Unsicherheit von 18% auf diesen Untergrund erreicht. Insgesamt werden
acht Ereignisse gemessen bei einem erwarteten Untergrund von 0.92 +0.15
Ereignissen, was einer Signifikanz von 4.40 entspricht. Der gemessene
Wirkungsquerschnitt betragt o} = 0.14470-07% (stat.) +0.005 (syst.) fb
und stimmt mit der Vorhersage des Standardmodells von 0.143 + 0.005 fb
uberein. Damit bestitigt die Messung im Rahmen ihrer Unsicherheit die
Beschreibung der elektroschwachen Triple-Eichboson-Produktion im Stan-
dardmodell und liefert einen Referenzwert fiir zukiinftige Studien anomaler
quartischer Eichkopplungen mit grofleren Datensitzen.
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Chapter 1

Introduction

From the first Trans-Atlantic voyages to the discovery of the Higgs bo-
son [1, 2], humanity’s drive to explore the unknown has endured. Today
that same spirit is channeled into testing the Standard Model of particle
physics (SM) [3, 4], a quantum field theory (QFT) that successfully describes
the properties and interactions of the fundamental particles. Despite its
remarkable predictive power, the SM is incomplete and several open ques-
tions persist: why is gravity absent, what is the nature of dark matter, and
why does matter dominate over antimatter? Consequently, precise tests of
the SM and its structure are crucial for uncovering physics beyond it.

The Large Hadron Collider (LHC) [5]—the world’s highest-energy accel-
erator—offers the most powerful means of testing the fundamental proper-
ties of the SM. During Run 2 (2015-2018), the LHC delivered proton-proton
collisions at a center-of-mass (COM) energy of 13 TeV, corresponding to
an integrated luminosity of 140 fb—! recorded by the ATLAS detector [6].
This unprecedented dataset provides sufficient statistics to study rare elec-
troweak processes that directly probe the non-abelian gauge structure of
the SM. Fully neutral triple- and quartic-gauge couplings are forbidden in
the SM; any deviation would therefore be a clear sign of new physics.

In this thesis we focus on electroweak processes and present the first
measurement of ZZ~ production. By selecting events with two opposite-
sign same-flavor (OSSF) lepton pairs and an isolated photon, we define a
fiducial region. Additional selection criteria suppress photon final-state
radiation (FSR) contributions and maximize the signal-to-background ratio.
The two dominant background contributions are non-prompt photons
from jets and misidentified leptons from hadron decays. Both are estimated
with data-driven techniques: a newly developed jet-ratio method for the
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non-prompt photons and the classic matrix method for the misidentified
leptons. With the number of observed events and predicted background,
the fiducial cross-section is measured for the first time.

The remainder of the thesis is structured as follows. Chapter 2 and Chap-
ter 3 provide the theoretical and experimental background, respectively.
Chapter 4 details the analysis strategy, event selection, and signal expecta-
tion. Chapter 5 discusses the estimation of all non-negligible background
contributions. Chapter 6 presents the signal extraction, the measured cross-
section, and its interpretation. Finally, Chapter 7 summarizes the main
results and future prospects.



Authotr’s contribution

The analysis presented in this thesis would not have been possible without
the collective effort of the entire ATLAS Collaboration. This includes the
full detector construction and operation, data processing and computing
infrastructure, as well as the organized support structures for analyses,
discussions, and technical guidance.

As part of the ATLAS Collaboration, I ensured the correct timing of the
Level-1 (L1) Trigger through analysis of splash events and a high-statistics
timing study of special runs. Furthermore, I helped monitor the events
where the trigger was mistimed and was the primary person responsible
for updating the code that tracks these events for the Run 3 Phase-I system.
Additionally, I took part in monitoring detector operations during Run 3 in
the ATLAS control room.

This thesis is based on the work I did as part of the analysis team. All
results presented in Chapters 4 to 6, including the analysis strategy, event
selection, and background estimation, are my own work, except for the
derivation of the theoretical uncertainties and the initial idea for the non-
prompt photon estimation. As part of my role as the analysis contact, I
also took care of the sample processing (DAODs to nTuples), the overall
structure and organization of the analysis (team), and communication with
the collaboration. As one of the three paper editors, I wrote a significant part
of the publication, replied to the comments, and was responsible for the
technical details during the publication process. The publication presenting
the ZZ~ analysis has been submitted to Physical Review Letters and is
available as a pre-print [7].






Chapter 2

Theoretical background

Particle interactions through the fundamental forces of the weak, strong,
and electromagnetic interactions can be described by the laws of QFT,
a theory combining quantum mechanics, field theory, and the concept
of special relativity. The SM is formulated as a QFT and describes the
underlying laws of particle physics. Although it is still incomplete (e. g.,
the masses of neutrinos), the model has proven to be very successful, and
particle physicists around the world are testing its limitations.

This chapter will provide the theoretical foundation for the analysis of
the ZZ~ production process. First, the theory of the SM will be outlined
in Section 2.1. Subsequently, an overview of triple-gauge-boson production
will be presented in Section 2.2.

2.1 The Standard Model of particle physics

The SM is a renormalizable gauge theory [8] based on the
SUB)c®SU2)LU(1)y

symmetry group [4]. This model describes the strong, weak, and electromag-
netic forces. The SU(3)¢ group is the non-abelian gauge group of the strong
interaction, Quantum Chromodynamics (QCD). The subscript C represents
the quantum number of QCD, known as color. Only quarks and gluons
carry color charge, and hence are affected by QCD [9]. The SU(2), group
is a chiral, non-abelian symmetry group that acts only on left-handed (LH)
weak-isospin doublets [10]. The U(1)y group is also chiral but abelian; it
has the weak hypercharge Y as its quantum number and the B,, field as
its force carrier. The SU(2);, ® U(1)y symmetry describes the electroweak
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interactions, the unification of the weak and electromagnetic forces [11].
After spontaneous symmetry breaking (SSB), the SU(2), ® U(1)y symme-
try group breaks down to the U(1)gy group, with the massless photon as
force carrier; the gauge bosons of the electroweak force—the W+ and Z
bosons—acquire mass [12].

The SM currently consists of 12 spin-1 gauge bosons, 12 spin-; fermions
with their corresponding antiparticles, and one spin-0 scalar boson. The
spin-1 gauge bosons are eight massless gluons, the heavy W+ and Z bosons,
and the massless photon; these bosons are the force carriers of the strong
and electroweak forces. The fermions come in three generations, ordered
by increasing mass, and can be grouped into quarks and leptons. While all
quarks have electromagnetic and color charges, only three leptons (e, u, 7)
have electromagnetic charge and none has color charge. The three neutral
leptons are neutrinos, which interact only via the weak force. The Higgs
boson is the spin-0 boson, and it gives mass to all massive particles in the
SM [11]. A pictorial overview of the SM is displayed in Fig. 2.1.

The SM is described by a Lagrangian, which can be broken down into
different components:

Lsm = ﬁgauge + £kinetic + EHiggs + EYukawa- (2'1)

Here, Lgauge is the Lagrangian for the gauge-bosons’ kinetic terms, describ-
ing their interactions and self-interactions. The fermion kinetic terms and
the interaction of fermions with the gauge bosons are described in Lyjpetic-
All interactions involving the Higgs bosons are contained in Lyjggs and
Lyukawa describes the Yukawa couplings resulting in the fermion mass
terms [12]. We will describe the components of the Lagrangian in more
detail in the following sections.

2.1.1 Gauge-bosons’ kinetic terms

The Lagrangian of the gauge-bosons’ kinetic terms is given by
1 a v,a 1 T v,i 1 v
Lgauge = —ZGWG“ e — ZWM,,W“ - ZBM,,B“ . (2.2)
The field-strength tensor of the gluon gauge field is G,,.. The W, and
B,., gauge fields are the field-strength tensors of the SU(2)r and U(1)y
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Figure 2.1: Pictorial representation of the Standard Model, taken and mod-
ified from [13]. The neutrinos are assumed to be massless in the SM, even
though it has been proven that at least two neutrinos have mass [14].

symmetry groups, respectively. Since the U(1)y group is abelian, its field
strength is

B,, =0,B, — 0,B,. (2.3)

In the case of the non-abelian SU(3)¢ and SU(2) 1, gauge groups, the field-
strength tensors are given by

GZV = aﬂG?/ - BVGZ - gsfachZG,(i a, b, c= 1, .. 8

i i i J1ik - (2.4)
Wi, = 0,Wi —8,W} — geyWiWE i jk=1,.,3.

The gauge couplings of the SU(3)¢ and SU(2), groups are g, and g, re-
spectively. These gauge groups have structure constants: fu. for SU(3)¢
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and ¢;;, for SU(2) 1, group. The non-abelian nature of the symmetry groups
gives rise to the gauge-boson self-interactions [10, 12].

The interaction strength is proportional to the coupling strength and is
determined by the coupling constant «. While in Quantum Electrodynam-
ics (QED) the coupling strength decreases with distance, the opposite is
true in QCD. This phenomenon is known as running coupling.

The self-interactions of the gluons result in the absence of free quark
or gluon states at large distances (low energies). These particles are always
confined in color-neutral hadrons, such as baryons (¢ggq) and mesons (¢q).
Since the potential of the self-interaction grows stronger with distance,
new gluons or quark-antiquark pairs are produced between the separating
quarks and gluons, resulting in hadronization—the production of color-
neutral bound states. While we have confinement at low energies, in the
high energy regime the quarks and gluons are almost free, interacting
weakly; this behavior is called asymptotic freedom [ 4, 9].

2.1.2 Fermion Kkinetic terms
For the fermion kinetic terms, the Lagrangian is given by
Liinetic = LitDL;i+QiiPQ; +LriilPLri+tiriiPupi+driiPdr;+h.c., (2.5)

the slash notation refers to the contraction with the gamma matrices -y, and
h.c. being the abbreviation for Hermitian conjugate. The covariant derivative
D is given by

D* = 0" 4 igsG* L, + igW!T; + ig' B*Y. (2.6)

Here, L and  are the LH isospin doublets for the three different generations
and £g, ug and dg the right-handed (RH) singlets. The doublets are defined

L= (Zf) and Q = (Z) (2.7)

with £ = e, u, 7, u up-type quarks (u, ¢, t) and d down-type quarks (d, s, b).
Since the neutrinos are massless in the SM, there is no RH neutrino com-
ponent. In the covariant derivative (Eq. (2.6)), G4, W/, and B* are the
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eight gluon fields, the three weak-interaction fields, and the weak hyper-
charge field, respectively. The ¢’ is the coupling constant associated with
the U(1)y group. The generators of the symmetry groups are L,, T;, and
Y. They act only on their corresponding states, i. e. L, acts only on color
triplets, and T; only on isospin doublets.

2.1.3 Higgs boson terms and gauge-boson masses

While the SU(2) ® U(1) symmetry group describes the electroweak interac-
tions well, the theory does not allow for any gauge-boson mass terms [15].
This contradicts the observed massive W and Z bosons [16]. One solution
to this problem is through SSB via the Brout-Englert-Higgs mechanism [17,
18]. Here, a complex scalar SU (2) doublet ® with a gauge-invariant so-called
Mexican-hat potential:

V(®) = —H2¢'T(I) + % (<I>T<I>)2, with & = (f;) ) (2.8)

is introduced, where p and ) are parameters of the potential with u? <
0 [9]. This potential has one unstable local maximum at ® = 0 and a
global, degenerate circle of minima whose radius equals the non-zero
vacuum-expectation value (vev) \/iiv. Through the choice of a particular
solution, the symmetry is spontaneously broken, giving mass to the gauge
bosons [11].

This mechanism is embedded in the SU(2);, ® U(1)y symmetry and
leads to the unification of the electromagnetic and weak interactions [19-
21]. The SU(2), ® U(1)y symmetry is spontaneously broken into U(1)qgp,

SUB)ec®SUR)LRU1)y 2 SU(3)e ® U(1)grp

With the U(1)qep symmetry remaining, three out of four symmetries are
broken, giving mass to three vector bosons—the W* and Z bosons. The
remaining gauge boson stays massless and is the photon [22].

Because the complex scalar field has a non-zero vev, a massive excitation
remains; this is the Higgs field [4]. The Lagrangian describing the Higgs
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couplings is

£Higgs = |1);L<I)|2 - V(Q)

(2.9)
:mﬂW+ﬁ@¢—%@%f,

where the first term is the kinetic term with the covariant derivative as
stated in Eq. (2.6). After SSB the Lagrangian becomes

1g2+gl2

Z Y AWAZ 2
2 4 13 (’U+h)

1
EHiggs =ZQ2W’:WH+ ('U + h)z +
1 (2.10)
_mm_mm_?m,

where h represents the Higgs field, which arises through the parametriza-
tion of the scalar doublet via the unitary gauge with [10, 15]

® = % (h _?_ v) . (2.12)

The Wf and Z, boson fields in Eq. (2.10) are combinations of the W and
B,, fields according to

. 1
W,FiW?) and Z,=—(gW:—g'By). (212)

1
WE=—
V2

The photon field A, is given by [19]

A, = (dWS + gB,). (2.13)

1
The kinetic terms describe the Higgs couplings to the massive gauge bosons
through triple or quartic interactions and always involve two massive gauge
bosons whose total electric charge is zero. The potential includes the Higgs
boson triple and quartic self-interaction terms [3].

2.1.4 Yukawa coupling

While the Higgs mechanism solves the problem of massive gauge bosons,
the Higgs field also provides the possibility of fermion mass terms. Due to
the non-conserving gauge symmetry of the combination of LH doublets

10
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and RH singlets, fermion mass terms are not allowed in the SM without the
Higgs field. However, by adding the complex scalar Higgs field, invariance
under gauge transformations is maintained [4]. The coupling between a
fermion field and a scalar field is called a Yukawa coupling [12]. The SM
Lagrangian of the Yukawa coupling is

Lyukawa = —YeLi®lr; — yaQi®dr; — yuQ;®°ur; + h.c. (2.14)

with the Yukawa coupling constants yy, y4, and y,,. To conserve the U(1)y
symmetry in the case of up-type quarks, the charge-conjugated Higgs dou-
blet ®¢ = —ig,®* is used, with o5 the second Pauli matrix. After SSB and
using the unitary gauge parametrization, the Lagrangian can be written as

EYul(awa = - Z (mff_f + mf%ff) ) with f = f, u, d. (2~15)
f

Here, my is the fermion mass, defined as my = % The first part of the
Lagrangian gives the fermions their masses through the non-zero vev. The
second part is the coupling between two fermions and the Higgs boson.
This representation of the SM Yukawa coupling with the fields in the mass
basis is the most general and does not include flavor indices or mixing

matrices [4, 11].

We will briefly discuss the quark Yukawa couplings and their effects.
In contrast to leptons, the flavor eigenstates of the quarks are not equal to
their mass eigenstates. We can transition from the mass basis to the flavor
basis with a unitary 3 x 3 rotation matrix. This matrix is called the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [23, 24], Vckm, and the amplitude of the
off-diagonal elements is proportional to the probability of flavor-changing
weak interactions. The matrix has four parameters: three mixing angles
and one phase. The phase is the only source of charge-parity violation in
the SM [11, 12, 25].

We can now combine the different parts to write out the full SM La-

11
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grangian,

1 1 1
Loy =— ZGZVG/W,a _ ZWleVWuu,b _ ZBWBMV

+ LiiDL; + QiiPQ; + LriilPlr; + UriiPur; + driiPPdg; + h.c.
+|D, @ + p2ete — g (d'®)?

— Yo Li®lRr; — yaQ:i®dRr; — yuQi®“ur; + h.c..
(2.16)

2.2 Triple-gauge-boson production

The Standard Model of particle physics has 19 independent free param-
eters that need to be experimentally determined [10]. We can probe the
consistency of different parameters through a variety of measurements—
over-constraining the SM. While we are trying to find deviations from
the SM, a multitude of measurements are consistent with the present the-
ory [26]. In the LHC era, with an unprecedented amount of data available,
there are two complementary ways to test the limits of the SM: precision
and rarity. The study of triple-gauge-boson production belongs to the sec-
ond category. With the requirement of three gauge bosons in the final state,
the production cross-section is drastically reduced.

Typical Feynman diagrams of the triple-gauge-boson production are
presented in Fig. 2.2. These processes are among the few that involve triple
and quartic gauge couplings at leading order (LO), resulting in a primary
testing ground for probing the non-abelian nature of the weak interac-
tion [27]. The exact cancellation of divergences from the interference of
gauge-boson self-interactions and their interactions with the Higgs boson
is essential for electroweak unification via SSB [28, 29]. Thus, studies of
triple-gauge-boson production can test the theory of electroweak symmetry
breaking.

An overview of the measured SM production cross-sections with the
ATLAS detector at the LHC is given in Fig. 2.3. The cross-section measure-
ments of triple-gauge-boson processes are shown in the lower-right corner.
Despite their low cross-section and thus low number of expected events,

12
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¢ ———— s T

Figure 2.2: Typical Feynman diagrams producing triple-gauge-boson final
states. Here, V = {Z, W™, ~}, but not all combinations are allowed in the
SM.

many triple-gauge-boson final states have been observed or measured, such
as WWW [30], VV Z [31], W~y [32], W Z~ [33], and Z~~ [34]. However, the
Z Z~ final state remains unobserved. The full analysis and its first evi-
dence will be presented in this thesis. Before detailing the analysis, the
experimental setup will be described in the following chapter.

Status: June 2024

Standard Model Production Cross Section Measurements
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Figure 2.3: Cross-section measurements of Standard Model production
processes from the ATLAS detector at the LHC, taken from [35].
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Chapter 3

Experimental setup

By primarily colliding proton beams at luminosities up to 2.1-1034 cm—2s~!

and COM energies up to 13.6 TeV, the LHC is the most powerful tool to
test the SM. As part of a large accelerator complex, the LHC belongs to
the European Organization for Nuclear Research (CERN) and is located
in Switzerland. Here, many experiments, such as the ATLAS experiment,
share common resources and combined efforts, resulting in a wide-ranging
physics program.

This chapter provides an overview of the experimental environment.
The LHC, as part of an accelerator complex, will be outlined in Section 3.1,
the ATLAS detector will be described in more detail in Section 3.2, and the
reconstruction of particles traversing the ATLAS detector, as well as their
simulation, will be presented in Section 3.3.

3.1 The Large Hadron Collider

The LHC is the highest-energy particle collider, located approximately
100 m underground in a 27 km long tunnel at the French-Swiss border [36].
The tunnel originally built for the Large Electron-Positron Collider (LEP)
is repurposed to accommodate the main ring of the circular LHC. Due to
the high beam intensity, the use of an antiproton beam is not feasible.
Thus, two counter-rotating proton beams with opposite magnetic dipole
fields need to fit in the same tunnel [5]. The ring contains dipole and
quadrupole magnets, whose fields keep the particles on the LHC orbit and
focus them [37].

The LHC accelerates particle beams that collide at four crossing points,
also called interaction points (IPs) [5]. These four IPs house the four major
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Figure 3.1: Schematic overview of the CERN accelerator complex with the
LHC ring, its experiments, and injector chains. Taken from [42].

LHC experiments: A Large Ion Collider Experiment (ALICE) [38], the AT-
LAS experiment [6], the Compact Muon Solenoid (CMS) experiment [39],
and the Large Hadron Collider beauty (LHCb) experiment [40]. While the
ATLAS and CMS experiments have general-purpose detectors and a wide-
ranging physics program to exploit the full potential of the LHC, the ALICE
experiment focuses on heavy-ion physics and the LHCb experiment on fla-
vor physics—especially b-physics. Besides protons, the LHC can be supplied
with (heavy) ions, such as lead, which allows the study of extreme energy
densities, such as quark-gluon plasma [41].

Before the particles enter the LHC, they are accelerated by an entire ac-
celerator complex (see Fig. 3.1). In the case of protons, their journey starts as
negatively charged hydrogen ions, which are accelerated in a linear accelera-
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tor (LINAC) and stripped of electrons during the transfer to a booster. Up to
2018, LINAC2 supplied the Proton Synchrotron Booster (PSB) with 50 MeV
protons. Since 2020, LINAC4 accelerates the protons to 160 MeV [43, 44].
In the PSB, the protons are further accelerated to 1.4 GeV and injected into
the Proton Synchrotron (PS). Before transferring the protons to the Super
Proton Synchrotron (SPS), they reach an energy of 26 GeV. The SPS supplies
the LHC with 450 GeV protons, which can then be further accelerated up
to the design COM energy of 7 TeV [45].

The LHC schedule is divided into different run periods for data-taking
and long shutdowns for maintenance and upgrades. The data analysis in
this thesis is from Run 2, the second data-taking period from 2015 to 2018.
Currently, Run 3 is ongoing, and after the next long shutdown, further data-
taking periods with the High-Luminosity Large Hadron Collider (HL-LHC)
will start [46, 47]. For the HL-LHC, the LHC will upgrade its injector com-
plex to reach higher beam intensities and replace the focusing magnets to
squeeze the beam further [36, 48].

3.1.1 Luminosity

The two key parameters that characterize particle colliders are the beam
energy and its luminosity. The higher the COM energy, the heavier particles
can be produced —or the smaller scales can be probed—and the larger the
luminosity, the more collisions occur per unit time [49]. Luminosity, L, is a
quantity that measures the number of interactions produced per unit time:

Cﬁlit% = Lo. (3.1)
Here, an interaction (event) is the collision of two particles; dR/d¢ is the
number of events per unit time [50], and ¢ is the cross-section—a measure
of the probability of a collision. In the LHC, we do not have individual
particles colliding; instead, we have bunched beams with N particles per
beam and a beam density p. Thus, the luminosity in a head-on collision is
given by

L= 2N Naf N, / / / / o1(@,, 2 D)pa(@, 9, 2, ) dody dzdt,  (3.2)
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where the indices 1 and 2 refer to the two beams, N, is the number of
bunches (packages of particles) per beam, and f is the revolution frequency.
Assuming equal Gaussian beams with beam widths o, and o,, and head-on
collisions, the definition of the luminosity simplifies to

NiN2f N,
I = 12fb

Here, L is the luminosity at a given moment in time and is called instan-
taneous luminosity. In contrast, the integrated luminosity, £, is defined as
L = [ Ldt. Since the integrated luminosity £ directly relates the number
of events to its cross-section,

N = Lo, (3.4)

the precise knowledge of it is crucial [49, 50].

3.2 The ATLAS detector

The high interaction rates, radiation doses, and requirements for precision
measurements of different particle signatures demand a custom-built de-
tector. The ATLAS experiment is a cylindrical detector with different layers
of custom-made sub-detectors surrounding the IP*. The detector provides
full azimuthal angle coverage and a large pseudorapidity acceptance with
its central barrel and two End-Cap (EC) structures.

The innermost part, the Inner Detector, provides precise tracking infor-
mation for charged particles. Their trajectories are bent by the supercon-
ducting solenoid, which surrounds the Inner Detector. Electromagnetic and
hadronic showers are mostly contained, and their energies are measured in
the electromagnetic (EM) and hadronic calorimeters around the solenoid.
The outermost layer is the muon spectrometer, which is immersed in the

*ATLAS uses a right-handed coordinate system with the origin at the nominal IP at the
center of the detector. The z-axis is along the beam line, while the z-axis points towards the
center of the LHC ring and the y-axis points upwards. Most of the time spherical coordinates
are used with the azimuthal angle ¢ around the z-axis in the transverse plane, and the polar
angle 0 from the beam axis. The pseudorapidity is defined as » = — Intan(6/2) and, in the
relativistic limit, agrees with the rapidity y, y = % In ( Dipe ) Angular distances are defined

E-p,
as AR = 1/ (An)2 + (Ag¢)? [6].
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Figure 3.2: Schematic overview of the ATLAS detector for Run 3. The new
small wheel muon chambers were installed during the long shutdown
between Run 2 and Run 3. The remaining layout of the detector has not
been changed. Taken from [55].
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magnetic field of the three large superconducting toroids [6, 51]. Events
are selected by successfully passing the L1 trigger and the High-Level Trig-
ger (HLT) [52].

A schematic overview of the detector is presented in Fig. 3.2 and will be
described in more detail in the following sections. While the ATLAS detec-
tor is the main part of the experiment, smaller detectors such as Luminosity
measurement using Cherenkov Integrating Detector (LUCID)-2 53] or
Absolute Luminosity for ATLAS (ALFA) [54] provide crucial information
about luminosity measurements and the total inelastic proton-proton (pp)
cross-section.

3.2.1 The magnet system

The ATLAS detector has a central solenoid and three toroidal magnets:
one barrel toroid and two EC toroids. These magnets provide the necessary
bending power to measure charged-particle momenta [6, 56]. The super-
conducting solenoid is located in the center of the experiment and creates
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a 2 T magnetic field in the Inner Detector [57]. The three superconducting
toroids have eight coils, which are radially and symmetrically arranged
around the beam line. Here, the EC toroids are rotated by 22.8° for optimal
bending power [56, 58].

3.2.2 The Inner Detector

The Inner Detector is immersed in the solenoid field and provides track-
ing information for charged particles up to |n| < 2.5 through its three
independent, complementary sub-detectors [6].

The innermost sub-detector is the silicon-pixel detector, providing pre-
cision tracking and secondary-vertex positions near the IP. The three pixel
layers are accompanied by a fourth layer—the Insertable B-layer, which
was installed closest to the beam pipe before the start of Run 2 [59, 60].

The pixel detector is surrounded by the Semiconductor Tracker (SCT),
with four layers of silicon-strip sensor modules in the barrel and nine disks
in the ECs [61].

The outermost part of the Inner Detector is the Transition Radiation
Tracker (TRT), where straw tubes are used as tracking drift chambers. The
spaces between the straws are filled with fiber/foil to create transition
radiation for electron identification [59, 62]. The TRT is separated into a
barrel and two EC detectors, providing approximately 35 hits per track [63,

64].

3.2.3 The calorimeters

The calorimeters of the ATLAS detector cover a pseudorapidity range of
|n| < 4.9. A fine-granularity EM sampling calorimeter with liquid argon as
the active material and lead absorber plates covers the pseudorapidity up
to |n| = 3.2. The calorimeter has accordion-shaped layers for full azimuthal
coverage and uses liquid argon for its radiation hardness, linear behavior,
and stability. The EM sampling calorimeter is split into a barrel and two EC
parts, resulting in a transition region (1.37 < |n| < 1.52) between them [6,
65]. To minimize the energy loss of particles in front of the calorimeters,
their vacuum vessel is shared with the solenoid. Additionally, a pre-sampler
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corrects for the energy loss from upstream material [66].

The hadronic sampling calorimeter with steel absorbers and plastic
scintillating tiles covers the pseudorapidity || < 1.7. It consists of a long
barrel and two extended barrels with the tile gap (1.0 < || < 1.1) in
between [67]. The hadronic tile calorimeter is accompanied by the hadronic
end-cap Calorimeters (HECs), two wheels each containing a liquid-argon
sampling calorimeter and copper absorber plates on each EC [68].

In the forward regions (3.2 < |n| < 4.9), additional EM and hadronic
calorimeters—the Forward Calorimeters (FCals)—are installed to extend
the energy measurements to higher pseudorapidities. The FCals experience
high radiation and thus have, per side two layers of tungsten (hadronic)
and one layer of copper (EM) as absorbers, and liquid argon as active mate-
rial [66].

Overall, the different ATLAS calorimeters not only cover a large pseu-
dorapidity range but also contain the EM and hadronic showers well. The
EM calorimeters have a depth of up to 24 X, (radiation length), and the
hadronic calorimeters extend to 11 A (interaction length) [6].

3.2.4 The muon system

The high-resolution Muon Spectrometer (MS) has precision tracking cham-
bers for |n| < 2.7 as well as standalone triggering chambers for || < 2.4.
The muon trajectories are deflected by the three large air-core toroids and
measured by three layers of Monitored Drift Tubes (MDTs) or Cathode
Strip Chambers (CSCs). The MDTs are precision tracking chambers made
of aluminum tubes with wires inside. Closest to the beam pipe and at larger
pseudorapidities, CSCs—multi-wire proportional chambers with cathode-
strip readout—are used due to the high background.

For triggering, Resistive Plate Chambers (RPCs) and Thin Gap Cham-
bers (TGCs) are implemented in the barrel and ECs, respectively. While
RPCs are gaseous detectors with narrow gas gaps between two parallel resis-
tive plates, TGCs are multi-wire proportional chambers with a small wire
distance resulting in a short drift time. Besides triggering information, these
chambers also provide information on the bunch-crossing identification
and the second coordinate of the muon trajectories [6, 69].
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3.2.5 The trigger and data acquisition system

The main functions of the Trigger and Data Acquisition (TDAQ) system
are managing the data flow and online event selection [70]. The ATLAS
experiment has a two-level trigger system for filtering and selecting events—
the hardware-based L1 trigger with custom electronics and the software-
based HLT.

The L1 trigger reduces the event rate from 40 MHz to 100 kHz with a
latency of 2.5 us [6, 71]. The trigger decision is made by the Central Trig-
ger Processor (CTP) after receiving reduced granularity information from
the L1 Calorimeter trigger and the L1 Muon trigger, as well as topologi-
cal requirements from the L1 topological trigger. In case of a L1 Accept,
Regions-of-Interest are sent to the HLT.

With fast trigger algorithms to reject events early and more computa-
tionally intensive and precise algorithms thereafter, the HLT reduces the
event rate to 1.2 kHz. All events passing the HLT are sent to permanent
storage for further offline analysis [52].

3.3 Particle reconstruction

The particles created in pp collisions at the IP traverse the ATLAS detector,
leaving characteristic signatures. This section will provide an overview of
the signals generated by each sub-detector and how they are combined to
reconstruct properties of different particles. The reconstruction of objects
relevant for the analysis, e. g., electrons, photons, and muons, will then be
described in more detail.

3.3.1 Particle signatures

Charged particles traversing the Inner Detector leave hits—signals in the
sub-detectors. The hits are combined into tracks using the Kalman-filter
algorithm [72]. The track curvature depends on the particle’s transverse
momentum and charge.

In the EM calorimeters, particles deposit their energy through material
interactions with the lead absorbers. The deposited energy is measured in
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the active material, liquid argon, via ionization. Highly energetic particles,
especially hadrons, produce large showers that extend to the hadronic
calorimeters. Here, the deposited energy is measured by scintillating tiles
or liquid argon.

The minimum-ionizing muons and some extremely high-energy par-
ticles can reach the muon spectrometer, where the charged particles are
bent by the magnetic field, and leave signals in the tracking and trigger-
ing chambers. Through the combination of these signals, tracks can be
reconstructed [45, 51].

3.3.2 Reconstruction overview

Electron and photon candidates are reconstructed through their energy
deposits in the EM calorimeters. Additional information from the Inner
Detector is needed to differentiate between electrons, converted and uncon-
verted photons. Converted refers to photons producing an electron-positron
pair in the Inner Detector via material interaction. While the photons leave
no hits in the Inner Detector, the electron-positron pair does. This results
in a conversion vertex with oppositely bent hits emerging from it. Energy
deposits matched to a track in the Inner Detector are reconstructed as elec-
trons. If no track is matched to the energy deposit, it is reconstructed as
unconverted photon, and matched conversion vertices are reconstructed
as converted photons [73].

Muon candidates are objects that have matched tracks in the Inner
Detector and the MS [74].

Neutrinos escape the detector without leaving any signals behind. The
only way to reconstruct neutrinos is indirectly through the energy imbal-
ance. Energy conservation demands that the total transverse energy be
the same before and after the collision. Since the transverse energy is zero
before the collision, the vector sum of all energy deposits must cancel.
Thus, the missing energy can be inferred from the sum of the measured
energy [45, 51].

Quarks or gluons are not observed as free particles due to confinement.
Their hadronization results in a multitude of collimated objects defined as
jets. Specific algorithms are needed to group the energy deposits from the
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particles together. The ATLAS experiment uses the anti-kr algorithm [75,
76] based on recursive clustering of the energy clusters. To compensate for
energy losses, e. g., from decays into neutrinos, or energy deposits from
other pp collisions in the same or neighboring bunch crossings, sophisti-
cated energy-scale calibrations are applied to reconstructed jets [77].

3.3.3 Primary vertex reconstruction

Vertices are the interaction points of particle collisions or decays. In the
ATLAS detector, the primary vertices refer to the collisions of the incom-
ing protons and lie along the beam line. Secondary vertices are displaced
vertices originating from material interactions or decays of particles that
travel a measurable distance in the detector [78].

For the reconstruction of the primary vertices, a subset of all recon-
structed tracks is used. These tracks are required to have a minimum trans-
verse momentum of 400 MeV, a sufficient number of hits in the Inner Detec-
tor, and to fulfill minimum transverse and longitudinal impact-parameter
requirements [79]. The transverse impact parameter, dy, is the transverse
distance of the track’s closest approach to the beam line, and the longitudi-
nal impact parameter is the z position at the track’s closest approach [51].

An iterative fitting algorithm estimates the best vertex position for
the tracks. Not all tracks belong to a single vertex. Thus, the algorithm
chooses a subset of tracks for one primary vertex and applies the same
fitting procedure to the remaining tracks until no tracks are left.

Of all reconstructed primary vertices from one pp collision, approxi-
mately one belongs to the hard-scatter physics process. This vertex has the
highest sum of squared transverse momenta of the contributing tracks [79,
80]. In the following, this vertex is called the primary vertex, and all other
primary vertices are called pileup vertices. Pileup refers to all pp interactions
other than the hard-scatter in the same or neighboring bunch crossings [81].

3.3.4 Electron and photon reconstruction

Electron and photon candidates start by dynamically and topologically
clustering EM calorimeter cells into EM topological clusters. Afterwards,
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the track candidates reconstructed in the Inner Detector are matched to
the topological clusters [73].

An electron candidate is reconstructed if a track matches the topological
cluster; a primary track with hits in the innermost two layers is chosen. To
reduce the background contribution from non-prompt electrons that are
reconstructed as electron candidates, further identification and isolation
requirements are imposed.

Regarding the candidate identification, three working points (WPs)
with fixed efficiencies for a prompt electron to pass each WP are defined—
loose (93%), medium (88%), and tight (80%). Lateral and longitudinal shower-
development variables, as well as track-quality criteria, are used to create
signal- and background-likelihood distributions. Different thresholds of
the likelihood discriminant define the WPs.

For calorimeter isolation, the energy of all clusters whose barycenter
lies within a fixed radius around the EM topological cluster is selected
and summed. The energy of the particle candidate is subtracted, as well as
leakage and pileup correction. Track isolation is sum of the momenta of
good-quality tracks with pr > 1 GeV in a cone around the primary track.
Photon conversions and bremsstrahlung are not included. For particle
isolation, different WPs are defined with thresholds on calorimeter and
tracking isolation [73, 82-84].

Photon candidates are classified into two categories: if a reconstructed
conversion vertex is matched to an EM topological cluster, the photon is
classified as converted; otherwise, it is classified as unconverted. Similar to
electron candidates, identification and isolation requirements are imposed
on photon candidates.

The loose identification WP of photons is defined through one-dimen-
sional selection criteria on shower shape variables and calorimeter energy.
The tight identification WP is optimized differently for converted and un-
converted photons using a multivariate analysis. The definition of calorime-
ter isolation for photons is the same as for electrons. For track isolation,
the momenta of tracks matching a cone around the EM topological cluster
direction are summed [73, 82-85].
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3.3.5 Muon reconstruction

Muons are minimum-ionizing particles that leave a signature in all detec-
tors. The reconstruction of muons primarily combines tracking information
from the MS and the Inner Detector. Additional information from calorime-
ters and the second-coordinate measurement of the MS triggering chambers
is used as well [74].

For MS tracks, hits in the MDT or CSC are grouped into segments ac-
cording to the Hough transform [86]. These segments are fitted together
with the second-coordinate measurements of the RPC/TGC to form track
candidates [87]. There are five different types of muon candidates, depend-
ing on what information is used and how it is combined. Muon candidates
used in analyses are mainly combined muons, where MS track candidates
are combined with Inner Detector track candidates and energy losses in
calorimeters by applying a combined track fit. Extrapolated Inner Detector
tracks that are then combined with MS hits and calorimeter information to
recover MS inefficiencies are called inside-out combined. The other muon
types (MS extrapolated, segment-tagged, and calorimeter-tagged) use in-
formation from only one or two subsystems and are lower-quality muon
candidates [74].

To increase the selection efficiency and purity of muon candidates,
further identification and isolation requirements can be imposed. Five
identification WPs are defined: while most analyses use the tight, medium,
and loose WPs, which are subsets of each other, a high-pr and a low-pr WP
exist for targeting extreme phase spaces. The tighter the WP, the higher-
quality muon candidates are selected; consequently, more track hits are
required, stricter track-fit criteria are imposed, and the compatibility among
the Inner Detector, calorimeters, and MS information improves.

Muon isolation WPs are constructed similarly to electron and photon
WPs: in a cone around the muon candidate, track-based and calorimeter-
based isolation are defined as the sum of transverse-momentum tracks or
the sum of EM topological clusters, respectively. The isolation WPs use
different thresholds for isolation; most WPs combine track- and calorimeter-
based isolation information to improve performance [74, 87, 88].
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3.4 Simulation of proton-proton collisions

To understand and analyze the reconstructed data from the ATLAS detec-
tor, theoretical predictions and their simulations are needed. However, the
exact modeling of the multidimensional distributions with limited theoret-
ical understanding and computationally heavy integrations is, by today’s
standards, an impossible task to perform. The use of Monte Carlo (MC)
sampling techniques, to select variables from probability density func-
tions, and the factorization into different steps, results in event generators
describing the physical processes and their experimental characteristics
sufficiently [89].

We will give an overview of the different components and limitations
of a general-purpose event generator in the next section, followed by a short
description of the detector simulation and event-weighting.

3.4.1 Event simulation

The event generators simulate the physics process of interest with corre-
sponding parameters (e. g., COM, beam). Starting with the inclusive cross-
section calculation of the hard interaction (e. g., 0p— x ), most event gen-
erators factorize the integration into the matrix element at fixed order in
perturbation theory, and the parton distribution functions (PDFs) of the
incoming particles.

The order in perturbation theory refers to the order of the strong cou-
pling constant, o, present in the matrix-element calculation. While LO
refers to the tree-level calculation, next-to-leading order (NLO) or next-to-
next-to-leading order (NNLO) include an increasingly larger amount of
(loop) corrections [90].

At LO, the PDFs of the incoming particles represent the probability to
find a parton—quark or gluon—in the hadron (e. g., proton) depending
on the momentum fraction z of the hadron carried by the parton [91]. The
integration over the PDFs of the incoming particles determines the rate of
the physics process. Since the PDFs cannot be determined accurately from
the current theoretical understanding of QCD and the available computing
power, a global fit to all deep-inelastic and hard-scattering data at different
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energy scales is performed [92, 93].

After the inclusive cross-section calculation, the event generators simu-
late (QCD) bremsstrahlung from the initial- and final-state particles, called
initial-state radiation (ISR) and FSR, respectively. While ISR results in
parton radiation in the direction of the incoming particles, FSR can hap-
pen from any particle after the hard interaction and is also responsible for
the broad jet structure. These radiation processes are referred to as parton
shower. Through the iterative branching of one particle into two particles
under flavor and four-momentum conservation, the parton shower pro-
duces approximate higher-order real-emission corrections to the inclusive
cross-section [89, 90, 94].

So far, only radiation from the hard interaction has been considered.
However, more than one parton-parton interaction can take place during a
hadron-hadron collision. These interactions can occur either through the
color charges of partons within the hadron, or via additional parton-parton
interactions resulting from the hadron-hadron collision, and are referred to
as the underlying event [95]. These semi-hard parton-parton interactions
are described by independent models, such as those developed by Sjostrand
and van Zijl [96].

Due to color confinement, all partons from the hard interaction, the
parton shower, and the underlying event must hadronize into observable,
color-neutral bound states. This transition is implemented through models
such as the Lund string model [97, 98] or the cluster model [99-101]. While
both models form color-connected singlets and decay non-perturbatively,
the Lund string model is based on string fragmentation, treating the color
singlets as connected strings that fragment into hadrons. The cluster model,
on the other hand, is based on pre-confinement, treating the color singlets
as massive clusters that decay into hadrons [90, 102].

3.4.2 Detector simulation

Through the combination of the previously described steps, event genera-
tors simulate particle interactions at the so-called particle level, independent
of the detector. To use the output of the event generators for detector correc-
tions, performance optimizations, analysis optimizations, and comparisons
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to data, a simulation of the modeled particles as they pass through the de-
tector is necessary [89].

In the case of the ATLAS experiment, the detector simulation is per-
formed using GEANT4 [103], a toolkit for simulating particle interactions
with matter. The detector simulation involves the geometry of the system,
material densities and distributions, as well as detector components and
their response to particle interactions.

By combining event generation with detector simulation, the simula-
tion of particle collisions and their corresponding detector responses is ob-
tained. For the ATLAS experiment, the full event simulation produces out-
put in a hit format identical to that of the detector output format. The out-
put of both—data and simulated events—are digitized. Simulated events
are then overlaid with additional pp interactions (pileup), and noise is
added to create a more realistic setting.

Energy, trajectories, and transverse momenta are reconstructed using
the same algorithms for both event types. After completing the full simula-
tion chain, the data and simulated events can be compared for calibration
or analysis purposes at the so-called reconstruction level [104].

3.4.3 Weights and scaling

An advantage of simulations is the possibility of increasing the number
of simulated events arbitrarily; however, computational resources are nor-
mally the limiting factor and trade-off against unlimited statistical pre-
cision. In order to save computing resources while maintaining a high
statistical precision, event weights have been introduced. The weights
reflect the relative probability of the event. Since we want to compare sim-
ulation to data, we are interested in the number of selected events, Ngim,
for a given integrated luminosity. Thus, the selected events with weights,
wee1, Need to be scaled according to:

OsimL

)PP w;’

with the simulated cross-section oy, the integrated luminosity £, and the

Wse] = Wsel (3-5)

sum of all simulated weights ) . w; for normalization.
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The simulated events in the MC event generator samples are addition-
ally reweighted to minimize differences between simulation and measure-
ment. For all simulated efficiencies (e. g., reconstruction, identification,
isolation, and trigger), correction factors—also called scale factors—with
their uncertainties are determined [73]. These scale factors are used to cor-
rect each event weight.
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The Z Z~ analysis

The analysis to determine the ZZ~ production cross-section will be pre-
sented in this thesis. Due to the low cross-section of this triple-gauge-boson
production process, which results in a low number of produced events, the
measurement of the ZZ~ production has not been achieved earlier. In re-
cent years, an unprecedented integrated luminosity has been delivered by
the LHC, addressing the low event rate. The analysis uses the full Run 2
dataset taken by the ATLAS detector at the LHC between 2015 and 2018,
corresponding to an integrated luminosity of 140 fb—!, and recorded at a
COM energy of /s = 13 TeV. While this Run 2 dataset contains billions of
events, only a very few are expected to originate from the ZZ~ production.
The Z Z~ analysis, with its optimized event selection and precise estimation
of the background, yields the first evidence of the ZZ~ production.

In the following, the overall analysis strategy for the measurement of
Z Z~ production will be described. Subsequently, the event selection, with
its characteristic criteria, will be presented in Section 4.2, and the expected
signal contribution with its uncertainties will be outlined in Section 4.3.

4.1 Analysis strategy

The analysis of the measurement of ZZ~ production must fulfill three
main requirements: efficiently selecting the signal contribution, suppress-
ing background, and estimating the remaining background with high pre-
cision to achieve in a sufficiently large signal significance. The analysis
is performed blinded to prevent bias. This means that data fulfilling the
signal selection are not used for any selection optimization or background
estimation.
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This analysis focuses on the leptonic decays of both Z bosons into elec-
trons or muons. The hadronic decay channels cannot be distinguished from
large background contributions. The Z-boson decays into tau leptons are
not explicitly considered. The tau leptons decay within the ATLAS detector
and their reconstruction is not precise enough. While they mainly decay
hadronically—not feasible due to the large background contribution—,
their leptonic decay contains missing transverse momentum due to the
neutrinos, resulting in a poor reconstruction of the invariant Z-boson
mass. However, tau leptons decaying to electrons or muons and passing the
selection criteria are considered signal. While this choice reduces the cross-
section (0zz,(py > 15GeV) ~ 30b) by a factor of 200, it results in a very
clean final state: two pairs of OSSF leptons and one photon, £T£= £/~
(4f~) with £,¢' = e or p.

The production of the fully leptonic Z Z+~ final state is predominantly
produced via Feynman diagrams such as those shown in Fig. 4.1a. The three
gauge bosons are all produced through an incoming quark-antiquark pair.
We refer to these processes as direct production.

The same final state can be produced through Higgs radiation from a
Z boson, referred to as Higgs contribution. A typical production diagram
of this process is given in Fig. 4.1b. The cross-section of the radiation of
a Higgs boson off a Z boson is relatively large (¢ ~ 0.9 pb [105]) but the
branching ratio of the Higgs boson into a Z boson and a photon is loop-
suppressed, and thus very low (BRy_,z, ~ 1073 [106]), resulting in an
overall small but not negligible contribution to the 4¢v final state. The
Higgs contribution contains ZZ~ production and is considered part of the
signal.

Another process results in the same 4¢v final state: ZZ production
with a photon being radiated off one of the final leptons, see Fig. 4.1c.
Events from this production are called final-state radiation events. Due to
the significantly larger cross-section of ZZ production (¢ ~ 17 pb [35])
relative to the expected ZZ~ production, even with a tight ZZ~ event
selection, more than two out of three events are FSR events. While the final
state of the FSR events is indistinguishable from the final state of the signal
process, other event characteristics and properties provide discriminating
power, such as the isolation of the radiated photon or the invariant mass of
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4.1 Analysis strategy

(a) Direct production (b) Higgs contribution (c) Final State Radia-
tion

Figure 4.1: Typical Feynman diagrams that produce an £7£~£'T¢'~~ final
state. The dominant production of the ZZ~ final state can be represented
by Feynman diagrams of the type presented in (a). A non-negligible signal
contribution comes from processes with Higgs strahlung, represented by
Feynman diagrams such as (b). Since the Higgs boson does not directly
decay into a Z boson and a photon, the decay is represented by an effective
coupling in the Feynman diagram. Final-state photon radiation off a lepton
from ZZ production results in the same final-state particles; see (c). The
FSR contribution is suppressed in the signal selection.

the OSSF pair with the FSR photon. It is crucial to suppress FSR events in
the signal selection to ensure that only ZZ~ production events are selected.

For the measurement of ZZ~ production, each event must pass a set
of selection criteria to be analyzed further. A signal region (SR) is defined
where the signal-to-background ratio is maximized. In this selection, the
final-state particles are required to satisfy minimum transverse-momentum,
isolation, and identification criteria. Additionally, event characteristics
of the signal and background processes are used to optimize the signal
selection. A description of the selection will be given in Section 4.2.

Given the event selection, the signal contribution—including its kine-
matic distributions and characteristics—must be fully understood. For this,
MC event simulations of the processes shown in Fig. 4.1 are studied. The
simulations are also used to estimate the theoretical and experimental un-
certainties on the signal. A summary of these studies will be presented
in Section 4.3.

Although the event selection is optimized to reject as much background
as possible, a remaining fraction of around 12% is still present. For the study
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of the Z Z~ signal sensitivity, it is crucial to understand the different sources
of background and estimate their contributions with the highest possible
accuracy. Various MC simulations and the analysis of data in regions or-
thogonal to the blinded SR, referred to as control regions (CRs), are used
for background estimation. Three different background sources with non-
negligible contributions have been identified: non-prompt photon events
frome. g., ZZ events (9%), events with misidentified or non-prompt leptons,
e.g., from W Zvy or tty events, (2%), and pileup (1%).

The non-prompt photon contribution is estimated using a ratio method
due to the limited statistics in the phase space close to the signal selection.
Data-driven approaches are used to estimate the number of non-prompt
photon events in a Z~ CR, which are extrapolated into the SR.

A data-driven matrix method, applied in a ZZ CR without any photon
requirements (to avoid limited statistics), is used to derive the misidentified
and non-prompt lepton background.

Pileup is a combinatorial background arising from the simultaneous
production of a ZZ event and a single photon event in the same bunch
crossing. The background is estimated by overlaying MC event simulations.

The study and estimation of the different contributions, including their
uncertainties, will be outlined in Chapter 5.

After the full study of signal and background events, the data are un-
blinded. The signal extraction results in the measurement of the fiducial
cross-section and is compared to the SM expectation. The results and their
interpretation will be detailed in Chapter 6.

4.2 Event selection

This analysis applies a classical event selection with predefined thresholds
and selection criteria to select the ZZ~ events in the Run 2 dataset. The
set of conditions can be separated into a baseline selection, which will be
fulfilled by all events in every region (SR and CRs), and a tighter signal
selection, defining the SR.
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4.2 Event selection

4.2.1 Baseline selection

The baseline selection imposes minimum event-selection criteria and loose
object-selection requirements on electrons, muons, photons, and jets. The
first requirement of each event is to be on the Good Run List. All events on
the list are recorded during normal detector operating conditions and pass
the data quality requirements as described in Ref. [107].

Each selected event must have a reconstructed primary vertex, and one
of the considered triggers must have fired. These two selection criteria
ensure that the event has a hard interaction and contains at least one of
the final-state particles with sufficient transverse momentum. The ZZy
analysis uses unprescaled single- and dilepton triggers with the lowest
transverse-momentum thresholds; a detailed list is given in Appendix A.1.

Unprescaled (prescale factor = 1) means that every event that fulfills
the trigger requirements is selected. Prescaled triggers with a prescale factor
of n only select every n'! event passing its conditions. If lower thresholds
are needed, triggers can be prescaled to reduce the rate.

With a photon and leptons in the final state, single-photon triggers as
well as lepton triggers are of interest. The unprescaled single-lepton trigger
with the lowest transverse-momentum threshold in 2016-2018 requires a
lepton with a transverse momentum of p&. > 26 GeV [108, 109]. The lepton
with the highest transverse momentum, referred to as the leading lepton,
has a transverse-momentum distribution peaking around p4 ~ 60 GeV,
well above the trigger threshold.

Since this trigger has additional requirements on identification and iso-
lation, single-lepton triggers with higher transverse-momentum thresholds
and looser identification and isolation requirements, as well as dilepton
triggers with even lower transverse-momentum thresholds, are considered
as well. The combination of these triggers, with a logical OR, results in a
fully efficient selection and the least biased dataset. Thus, there is no need
to include any single-photon or prescaled triggers.

To reduce the introduced bias as much as possible, all events from
MC simulations are required to have been triggered by one of the above-
mentioned triggers. The trigger requirements and inefficiencies are imple-
mented in the detector simulation. Additional scale factors are derived by
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Chapter 4 The Z Z~y analysis

reweighting the simulations to match data, resulting in good agreement.

Next, we consider the selection criteria for the particle candidates of
the 44~ final state. Lepton candidates—electrons and muons—must have
a minimum transverse momentum of p% > 10 GeV. The reconstruction
algorithms become inefficient for leptons with lower transverse momenta.

Electron candidates must pass the loose identification WP [73] (see Ap-
pendix A.2.1) and their absolute pseudorapidity must satisfy |n| < 2.47.
This pseudorapidity limit comes from the limited coverage of the precision
tracking of the Inner Detector, which provides discrimination between
electron and photon candidates. Electron candidates with pseudorapidities
within the transition region—the gap between the barrel and end-cap EM
calorimeters (1.37 < |n| < 1.52)—are excluded due to dead material and
reduced instrumentation in this region.

Additionally, requirements on transverse and longitudinal impact pa-
rameters increase the probability that the electron track originates from the
primary vertex. Thus, a transverse-impact-parameter significance, |dg|/04,,
of less than 5 is required, and the longitudinal impact parameter, zo, must
satisfy |zo sin(f)| < 0.5mm [80, 110].

Muon candidates must have an absolute pseudorapidity less than |n| <
2.5, pass the medium identification WP [87] (see Appendix A.2.1), have a
dy significance of less than 10, and also satisfy |2y sin(#)| < 0.5 mm [74].

Photon candidates are required to have a transverse momentum of
Py > 15GeV, a loose identification WP [73] (see Appendix A.2.1), and a
pseudorapidity of |n| < 2.37, excluding the transition region. The pseu-
dorapidity coverage is smaller than that for electrons due to the higher
granularity requirements on the calorimeters needed to suppress photons
originating from neutral-pion decays, 7% — v [85].

Jets are considered in CRs. Using particle-flow objects [111], jet can-
didates must pass a minimum transverse-momentum threshold of pr >
20 GeV and have an absolute rapidity of |y| < 4.4.

The reconstruction algorithms for different physics objects (e. g., elec-
trons, muons, jets) are independent of each other. Thus, multiple physics
objects can be reconstructed from the same hits or clusters. To prevent
double-counting, objects that are too close to each other in AR space are
removed. This step is referred to as overlap removal. Only candidates that
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4.2 Event selection

pass the previously mentioned requirements are considered in the overlap
removal. For each event, physics objects are removed in the following order:

1. remove jets overlapping with photons within AR < 0.4

2. remove jets overlapping with electrons within AR < 0.2

3. remove photons overlapping with electrons within AR < 0.4
4. remove photons overlapping with muons within AR < 0.4

5. remove electrons overlapping with muons within AR < 0.2

This order prefers lepton and photon candidates over jet candidates, lepton
candidates over photon candidates, and muon candidates over electron
candidates. It reflects the interest in the final-state particles and favors
physics objects with more reliable reconstruction algorithms.

The physics objects that survive the overlap removal are used for the se-
lection requirements of the SR and CRs. There are no explicit requirements
on the presence or absence of additional physics objects. In the following,
we will describe the selection criteria of the SR in detail. The CRs will be
defined when needed, and the differences relative to the SR will be high-
lighted. An overview of the baseline selection is presented in Table A.6.

4.2.2 Signal selection

The events in the SR of the ZZ~ analysis must contain at least four leptons
and one photon—the final-state particles. Since the four leptons originate
from Z-boson decays, two pairs of OSSF lepton pairs are required. In cases
where there are more than two potential pairs or an inherent pairing ambi-
guity (e. g., four electrons or four muons), the two pairs whose dilepton in-
variant mass, mye,1 and myy 2, closest to the Z-boson mass, mz = 91.1876 +
0.0021 GeV [112], are selected, minimizing (|mge1 — mz| + |mee,2 — mz|).
To remove low-mass resonances (i.e. J/1) and optimize the signal-to-
background ratio (see Appendix B.1), a minimum dilepton invariant mass
requirement of my, > 40 GeV is applied afterwards.

The four selected leptons are ordered by transverse momentum. The
leading and sub-leading lepton must have transverse momenta exceeding
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p% > 30GeV and p% > 25GeV, respectively. Due to the Z-boson mass
of around mz ~ 90 GeV, the leptons are expected to carry a substantial
amount of momentum. In a Z-boson decay at rest, both leptons should have
a momentum of around p ~ 45 GeV. However, in the experimental setting
of the ATLAS detector at the LHC, a Z-boson decay at rest is not guaranteed,
and through radiation or measurement uncertainties, a broader momentum
distribution is observed. Depending on the decay, a considerable portion
of the momenta is in the transverse plane. The transverse-momentum
thresholds ensure fully efficient triggering.

If one of the selected leptons is an electron, the medium identification
WP and loose isolation WP [73] (see Appendix A.2) are imposed. This re-
duces the number of misidentified electrons and increases the purity of the
selected electrons.

If one of the selected leptons is a muon, the PflowLoose isolation WP
(see Appendix A.2.2) and a dy significance below |dy|/04, < 3 [74] must be
satisfied. This ensures that muons originate from the hard interaction and
not from heavy-flavor decays.

The photon candidate with the highest transverse momentum is se-
lected. For an improved signal significance, a transverse momentum of
p7 > 20 GeV is required (see Appendix B.1). To reduce the background con-
tribution from non-prompt photons coming from hadron decays, the pho-
ton must pass the tight identification WP and the loose isolation WP [85]
(see Appendix A.2).

4.2.3 Final state radiation rejection

So far, the signal selection has targeted prompt leptons coming from a ZZ
decay. The requirements on the selected photon suppress the contribution
from non-prompt photons within jets but barely affect FSR photons. Be-
cause we want to suppress FSR events, we remove them from the signal
selection with a dedicated rejection criterion:

(Meey +myeg) >2-my. (4.1)

The requirement that the three-body invariant mass of two leptons and
the photon, my,, plus the two-body invariant mass of the same two lep-
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tons, myy, must be larger than twice the Z-boson mass, mz, results in the
rejection of FSR events.

In case of an FSR photon radiating off one of the leptons from the Z-
boson decay, this decay is no longer a two-body decay, but a three-body
decay. Due to the missing energy of the radiated photon, the dilepton
invariant mass is expected to be below the Z-boson mass. However, the
three-body invariant mass of the two leptons and the photon should reflect
the Z-boson invariant mass. This property provides discriminating power
needed to reject FSR events in the signal selection.

In Fig. 4.2, the 2D distributions of the three-body invariant mass of
two leptons plus photon, my,.,, versus the dilepton invariant mass of the
same two leptons, myy, are presented. From the main signal sample—an
inclusive production of the 4/~ final state with FSR and signal events but
without the Higgs contribution—all events passing the above-mentioned
selection criteria, not including the FSR rejection criterion, are shown in
the upper two distributions of Fig. 4.2. The number of events is scaled to
the full Run 2 integrated luminosity of 140 fb—!.

Both upper distributions have accumulations of events in two regions:
a vertical band around 90 GeV on the z-axis, and a horizontal band around
90 GeV on the y-axis. The vertical band shows an accumulation of FSR
events. As expected, the three-body invariant mass of the two leptons plus
photon is centered around 90 GeV, the invariant mass of the Z boson. The
dilepton invariant mass of these events shows a broad distribution around
65 GeV, roughly the difference between the minimum transverse momen-
tum of the photon and the Z-boson mass.

The horizontal band shows the accumulation of events without photon
radiation from one of the leptons from the Z-boson decay. Here, the dilepton
invariant mass is centered around 90 GeV, and the three-body invariant
mass is mainly distributed between 120 GeV and 160 GeV.

A striking feature of the two figures is the larger contribution of FSR
events in the distribution of the sub-leading Z boson. Due to the radiation
of a photon, the reconstructed energy and momentum of the Z boson
through its decay leptons is underestimated and results in lower values.

Since the FSR events can clearly be distinguished in the distributions
shown in Fig. 4.2, the three-body invariant mass and two-body invariant
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Figure 4.2: The 2D distributions of the three-body invariant mass of two
leptons plus photon, mye, versus the dilepton invariant mass of the same
two leptons, my,, for the pp — 44+ signal MC simulation sample. Top:
The distributions of the leptons from the leading and sub-leading Z boson
before the FSR rejection are shown in (a) and (b), respectively. The FSR
events are accumulated in the band around the Z-boson mass on the z-axis,
while decays without photon radiation are centered in the band around
the Z-boson mass on the y-axis. Bottom: The same two distributions for
the leading and sub-leading Z boson are shown after the FSR rejection

in (c) and (d), respectively. The diagonal line visualizes the FSR rejection
criterion, (myeey + Mee) > 2 - mz.
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4.2 Event selection

mass are used to apply the rejection criterion on the FSR events, (mg., +
myg) > 2 - myz. The requirement results in a rejection of all events in the
lower-left region. The lower two distributions in Fig. 4.2 show the 2D dis-
tribution of all events passing the FSR rejection.

The rejection criterion is applied to the leptons of the leading and sub-
leading Z boson separately to account for FSR of all selected leptons. This
means that events in the horizontal band in one distribution (e. g., leading
Z boson) might have an FSR photon in the decay of the other Z boson, thus
lying in the vertical band of that distribution (e. g., sub-leading Z boson)
and are rejected by the requirement in Eq. (4.1). This results in a significant
reduction of events, approximately % of the events.

4.2.4 Pairing

While the FSR rejection criterion efficiently rejects correctly paired FSR
events, the minimization algorithm selecting the two OSSF lepton pairs
might fail in the case of an FSR event due to the momentum carried by
the photon. After selecting the two best lepton pairs (mgy,1, My 2) with the
minimization algorithm, an additional algorithm corrects the pairing if
a different lepton combination (mj, ;,m;, ;) with an FSR photon is more
suitable, minimizing:

min (|myp, ; — mz| + [y, ; — mz|, [mees —mz| + |mes —mzl), (4.2)

where i, j represent all exclusive potential OSSF lepton pairs in the event.
This minimization process selects a different lepton combination if the
differences to the Z-boson mass of the dilepton invariant mass of the one
pair, mj, ;, and the three-body invariant mass of the photon and the leptons
from another pair, mZ/Z% ;, are smaller than the differences to the Z-boson
mass of the previously chosen pairs (g 1, M, 2). All events for which the
pairing is changed through this minimization process are FSR events and
are subsequently rejected by the FSR rejection criterion. The effect of this
improved algorithm is studied in more detail in the following.

After applying the full signal selection, including the FSR rejection but
without the improved minimization algorithm, we can cross-check whether
we paired the leptons correctly in events with four electrons or four muons
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in the final state. These events have an inherent pairing ambiguity, and we
can invert the pairing:

7y 050y, 2y s 0b ey 2 7 ohey, 7Lt ey (4.3)

pairing

If all events have been paired correctly, invariant mass distributions of
the inverted pairs should be relatively homogeneous and have no distinct
features. However, when we consider the same 2D distributions as for the
FSR rejection with inverted pairing, see Fig. 4.3, structures are evident.

Focusing on Fig. 4.3a, we can see an accumulation of events around the
Z-boson mass on the y-axis. This indicates that the inverted pairing ap-
pears correct since the dilepton invariant mass is very close to the Z-boson
mass. The goal of the minimization algorithm is to select this combination,
so why did it fail? In Fig. 4.3b, an accumulation of events with an FSR
photon from the sub-leading Z-boson decay is visible. Combining these
two observations, the algorithm seems to fail in the case of an FSR event.

This can be explained by the transverse momentum and energy car-
ried by the photon, which are missing from reconstructed invariant mass.
In certain events, the invariant mass contribution of the photon is large
enough to result in a significant difference of the dilepton invariant mass
from the Z-boson mass. In such a case, a different lepton pairing might
result in a smaller difference to the Z-boson mass.

We can now study the effect of the improved algorithm on the inverted
lepton pairs for the 4e and 4y events. The lower two distributions in Fig. 4.3
show the 2D distributions for the inverted pairs after applying the im-
proved selection algorithm. No structure or accumulation of events is ob-
served. The relatively homogeneous distribution of events indicates that
the refined algorithm selects the correct decay products even when photon
radiation occurs off one of the leptons.

The improved selection algorithm is always applied whenever there is
at least one Z boson and a photon in the selection region. A summary of
the selection criteria applied to all events in the SR is given in Table 4.1.
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Figure 4.3: The 2D distributions of the three-body invariant mass of two
leptons plus photon, my., versus the dilepton invariant mass of the same
two leptons, myy, for 4e or 4y events of the pp — 44+ signal MC simula-
tion sample. The pairing of the minimization algorithm is inverted. Top:
The inverted lepton pair of the leading and sub-leading Z boson after the
full event selection, including the FSR rejection, is shown in (a) and (b),
respectively. Bottom: The same 2D distributions are shown after the imple-
mentation of the refined algorithm for the leading and sub-leading Z boson
in (c) and (d), respectively. The diagonal line visualizes the FSR rejection
criterion, (meey + mee) > 2-mz.
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Table 4.1: Overview of the event selection in the SR.

Electrons Muons Photon
Kinematics pt > 30,25,10,10 GeV pr > 20 GeV

In| < 2.47 In| < 2.5 In| < 2.37
excluded 1.37 < |n| < 1.52 1.37 < |n] < 1.52
Isolation Loose PflowLoose Loose

AR(u,e) > 0.2 AR(¢,v) > 0.4
Identification Medium Medium Tight
do significance <5 <3
Multiplicity > 2 OSSF pairs > 1 photon
Invariant mass min(|mee1 — mz| + |mee2 — mz|)*,
myge > 40 GeV, (mgh + mu) >2-my

Trigger Single and dilepton trigger

*improved pairing algorithm

4.2.5 Fiducial region

Similar to the SR, a fiducial region (FR) at particle level is defined. In this
region, independent of detector effects, the cross-section measurement
is performed. The fiducial selection is as similar as possible to the signal
selection at the reconstruction level to reduce model dependence, but does
not need to account for special detector requirements.

For the selection of the FR at particle level, only photons and leptons
that do not originate from hadron decays within jets are considered.

To correct for lepton energy losses due to radiation, the energy of all
photons within AR < 0.1 of the lepton is summed and added to the lepton.
All photons within AR < 0.4 of a lepton are discarded. A harmonized
pseudorapidity requirement of |n| < 2.5 is applied to both electrons and
muons. The transition region is not excluded. The four signal leptons are
selected using the same refined pairing algorithm as in the definition of
the SR, a minimum dilepton invariant mass of 40 GeV is required, and
the transverse-momentum requirements of the SR must be satisfied. No
isolation or identification requirements are imposed on the leptons.
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Table 4.2: Overview of the fiducial selection.

Electrons Muons Photon
Kinematics pr > 30,25,10,10 GeV pr > 20 GeV
n <25 |n <25 In| < 2.37
Isolation Egne®0 [EY < 0.07
AR(¢,v) > 04
Multiplicity > 2 OSSF pairs > 1 photon
Invariant mass min(|myge,1 — mz| + |mee2 — mzl|)*,

myee > 40 GeV, (ma,\/ +my) >2-myz

*improved pairing algorithm

The highest-energy photon is selected and must pass the pseudorapidity
condition |n| < 2.37 and be isolated. Since all isolation WPs depend on
detector parameters, the photon isolation at the particle level is defined
through the isolation cone sum. This sum is the transverse-momentum sum
of all stable particles (traveling more than approximately 10 mm before
decaying), except neutrinos and muons, within a cone of radius AR =
0.2 around the photon. This isolation cone sum must be less than 7% of
the photon’s own transverse momentum for the photon to be considered
isolated. The relative fraction of transverse momentum in the cone was
optimized in the ATLAS Z+ analysis [113].

The FSR rejection is also applied to events at particle level. An overview
of all selection criteria applied to electrons, muons, and photons in the FR
is presented in Table 4.2.

4.3 Signal expectation

The signal contribution consists of the direct ZZ~ production and the Higgs
contribution. Both production channels can be modeled using MC event
generators, which are used as a basis for studying kinematic distributions,
event characteristics, and the number of expected signal events.

The direct production is simulated using the SHERPA 2.2.11 pp —
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£~ 0+ ¢'~~ MC event-generator sample [95], also referred to as the 4¢y
sample. The matrix element with zero jets in the final state is calculated
at NLO and with up to two jets at LO. The NNPDF 3.0 NNLO PDF sets
are used [114]. This calculation is merged with the SHERPA parton shower
algorithm [115] following the CKKW procedure [116]. Since this sample
represents the inclusive production of four leptons and one photon, FSR
events are included.

Due to the higher-order, loop-suppressed Higgs-boson decay to a Z
boson and a photon, the Higgs contribution is not included in the 4/~
sample. An additional sample simulating this process is generated: the
POWHEGPYTHIAS pp — ZH — ZZ~ sample, referred to as the ZH —
Z Z~ sample. The matrix element is calculated using POWHEGBOX [117-
119] and includes Higgs radiation off the Z boson and the explicit decay of
the Higgs boson into a Z boson and a photon. The CTEQ6 LO PDF sets
are used [120]. All Z-boson decays are simulated, reducing the statistics of
the simulated events in the £+~ ¢'T¢'~~ final state. The parton shower is
simulated using PYTHIAS8 [121]. Due to the small total width of the Higgs
boson [122], the interference contribution between direct production and
the Higgs contribution is assumed to be negligible.

To analyze the signal contribution and its distributions, we require all
events in the aforementioned signal samples to pass the requirements of the
SR. This leads to a signal expectation of 7.04 4+ 0.20 events for Run 2. Events
with a Z-boson decay into tau leptons that pass the signal selection are
included in the signal expectation (Z — 7+~ contribution: 0.036 4 0.007).
The separation into different signal samples and decay channels of the final
state (4e, 2e2p and 4u), as well as their combinations, are shown in Table 4.3.
Total uncertainties are given. Individual uncertainty components and their
contributions to the signal samples will be described in Section 4.3.1.

Furthermore, we can study the distributions of different kinematic
properties, such as the dilepton invariant mass or the transverse momentum
of final-state particles, Fig. 4.4. All distributions represent selected events
from the 4/~ signal sample in the SR. The same distributions for the ZH —
Z Z+ signal sample are shown in Appendix B.2.

In Fig. 4.4a, the dilepton invariant mass distribution for the leading
and sub-leading Z boson is shown. Differences between distributions are
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Figure 4.4: Top: The invariant mass distributions of the two leptons from
the leading and sub-leading Z bosons (a) and the dilepton invariant mass
of electron- and muon-pairs (b). Bottom: The kinematic distributions of
the transverse momentum of the photon (c) and the transverse-momentum
distribution of the leading, sub-leading, third-leading and fourth-leading
leptons (d). All distributions show events simulated with the 4/~ signal
sample that pass the SR selection criteria. Total uncertainties are shown as
shaded bands, and the events are scaled to the Run 2 luminosity.
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Table 4.3: Summary of the signal contributions for the different chan-
nels (4e, 2e2, and 4u) and their combination (4¢). Total uncertainties are
shown.

4e 2e2u ' 44
40~ 1.134+0.09 3.04+0.11 2.11+0.07 6.28+0.20
ZH — ZZ~ 0.124+0.02 0.38+0.04 0.26+0.02 0.76+0.04
Signal 1.25+0.09 3.42+0.12 237+£0.07 7.04+£0.20

very minor. The invariant mass distribution of the sub-leading Z boson is
shifted slightly to lower invariant masses, as expected from its definition;
the width of the two distributions is approximately the same. Both Z bosons
are mainly produced on-shell since the distributions show a clear peak
around the Z-boson mass. Additionally, no significant remnants of FSR
events are visible; these would appear as a broad distribution centered
around my; ~ 60 GeV.

The comparison between di-electron and di-muon invariant mass distri-
butions is displayed in Fig. 4.4b. Both distributions agree with the invariant
mass distributions of decay products from an on-shell Z boson. While the
branching ratios for Z-boson decays into electrons and muons are the
same [112], more muon pairs are selected. This preference results from the
differences in reconstruction efficiency and pseudorapidity acceptance.

The transverse-momentum distribution of the photon (Fig. 4.4c) isa
falling distribution. It can be clearly seen that the transverse-momentum
threshold of p). > 20 GeV has a significant impact on the selected number
of signal events. The increase in photons with low transverse momenta is a
direct result of photon production through bremsstrahlung.

The comparison between the transverse momentum of the four selected
signal leptons is shown in Fig. 4.4d. Leptons are ordered by their transverse
momentum and labeled as lepton 1 (leading), lepton 2 (sub-leading), lepton
3, and lepton 4. The mean of the transverse-momentum distribution shifts
to smaller values from lepton 1 to lepton 4; while this directly results from
the ordering of the leptons, one can also observe that the width of the
distributions decrease because the available phase space is reduced.
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4.3 Signal expectation

4.3.1 Signal uncertainties

The total uncertainties stated in Table 4.3 consist of a statistical uncertainty
contribution (stat.), experimental uncertainties arising from the measure-
ment and reconstruction of the final-state particles in the detector (exp.),
and theoretical uncertainties from the limited theory knowledge (theo.).
Split into their different uncertainty contributions, we can write the signal
contributions as follows:

Ay : Ny, = 6.28 £ 0.09 (stat.) & 0.16 (exp.) = 0.09 (theo.)
ZH — ZZv : Nyig = 0.76 £ 0.03 (stat.) £ 0.03 (exp.) = 0.01 (theo.).

Statistical uncertainties

The statistical uncertainty arises from the finite number of simulated events
in the MC simulation samples. In a weighted MC simulation sample, the sta-
tistical uncertainty of each selected event is 4 /w?Z,. For a sample of events—
events are independent of each other and thus uncorrelated—the total
statistical uncertainty is the sum of all selected events, |/ w2, [123, 124].

Experimental uncertainties

The experimental uncertainties account for: uncertainties in calibration
and measurement efficiencies during the reconstruction of the final-state
particles; the uncertainty in the luminosity measurement; and the varia-
tions arising from the pileup reweighting—the overlaying of additional
pp events in simulation. All these systematic uncertainties are centrally
provided by ATLAS. The determination of the luminosity uncertainty is
presented in Ref. [125] and corresponds to 0.83%. The +1¢ variations of all
other experimental uncertainties are propagated through the analysis, and
the difference between the resulting event yield and the nominal value is
taken as the uncertainty. The different sources and their relative contribu-
tion to the signal samples are presented in Table 4.4.

The electron reconstruction, identification, isolation, and trigger effi-
ciency uncertainties are propagated via scale factors. Scale factors represent
the relative difference between the efficiency measurements in dataand MC
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Chapter 4 The Z Z~y analysis

Table 4.4: Relative values of the different experimental uncertainties for the
two signal samples. In the case of asymmetric uncertainties, the larger one
is used and symmetrized. Uncertainties contributing less than o0.1% are not
listed.

Source Relative uncertainty [%]
46y ZH — ZZ~y

Electron identification efficiency 0.54 0.48
Electron reconstruction efficiency 0.17 0.18
Photon identification efficiency 1.23 1.37
Photon isolation efficiency 1.01 1.02
Electron-photon energy resolution 0.37 0.24
Electron-photon energy scale 0.37 0.21
Muon isolation efficiency 0.56 0.61
Muon reconstruction efficiency 0.49 0.43
Muon momentum resolution 0.29 0.22
Muon momentum scale 0.32 0.29
Pileup reweighting 1.35 3.21
Luminosity 0.83 0.83
Total experimental uncertainty 2.53 3.87

event simulations. Each of the electron efficiencies is determined through
tag-and-probe methods or template fits in data and MC event simulations.
The systematic uncertainties in the efficiencies are estimated, for example,
by varying the selection criteria, changing the template or fit function, or
varying the normalization of different contributions (e. g., signal, back-
ground) 73, 126].

The photon reconstruction, identification, and isolation efficiencies
also have uncertainties, which are propagated through scale factors. The
photon efficiencies are measured separately for converted and unconverted
photons. In the low-pr region, photons are mainly selected from Z — £¢~y
decays, and the efficiencies are estimated with a template fit. Alternatively,
the efficiencies are estimated with a matrix method using photons from
an inclusive photon sample, triggered by one of the single-photon trig-
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4.3 Signal expectation

gers, or by extrapolating from the electron efficiency after adjusting the
shower-shape variables. Efficiency uncertainties arise mainly from MC
event generator modeling uncertainties or non-closure uncertainties [82,
85, 127].

Electrons and photons are reconstructed from energy deposits in the
calorimeters, resulting in a combined energy resolution and scale uncer-
tainty. After the energy calibration, their scale and resolution are deter-
mined from the invariant mass of Z — ete~ decays. The uncertainties are
propagated from material and calibration uncertainties, as well as estimated
via variations of the Z — ete™ event selection [83].

The muon reconstruction, identification, isolation, and trigger efficien-
cies are determined via tag-and-probe and template fit methods in data and
simulation. The systematic uncertainties in the efficiencies arise mainly
from the applied methods (e. g., template shape, background fit, matching
procedure) [74, 109].

The muon momentum resolution and scale are estimated via Z —
ptp~ and J/¥ — ptp~ decays. Muon momentum scale corrections are
needed because of detector misalignment and are derived from a fit to
simulated samples with ideal detector alignment. The dominant uncertain-
ties are determined by varying the event-selection criteria and the fitting
procedure. The resolution is only corrected in simulation by matching it to
data [128].

Theoretical uncertainties

The limited knowledge of PDFs and the strong coupling constant a;, as well
as the missing higher-order terms in the matrix-element calculation at fixed
order in perturbation theory, lead to the dominant sources of theoretical
uncertainties.

The PDFs used in event generators are determined through a global fit
to data. Various PDF sets from different groups contain variations in their
central values and uncertainties, e. g., Refs. [92, 114, 120, 129, 130]. These
differences can come from the experimental data considered in the fit or
the underlying model assumptions.

The value of «; is also experimentally determined. Due to the running
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coupling, as depends on the momentum scale. It is most precisely measured
at the Z-boson mass, as(mz) = 0.1179 £ 0.0010 [112], and its value at
different energy scales is extrapolated from o (mz). Furthermore, o is one
of the parameters in the PDF fits.

By varying the used PDF sets and the value of a; within its uncertainty
as input to the PDF fit, the difference from the nominal cross-section is
taken as the corresponding theoretical uncertainty. These uncertainties are
treated as uncorrelated and can be added in quadrature [131].

The factorization of the hard interaction cross-section calculation into
long-distance non-perturbative physics described by the PDFs and short-
distance perturbative physics calculated by the matrix-element integration
requires a scale to differentiate between these two regimes. This scale is
called the factorization scale ur [90, 132].

Due to large loop momenta, the matrix-element calculation can result
in divergences. To keep the matrix element finite, a cut-off at a certain
momentum scale needs to be introduced—the renormalization scale ug [3].

The matrix-element calculation at fixed order in perturbation theory has
missing higher-order corrections. The uncertainties in the matrix-element
calculation depend on these missing higher-order corrections, which are
estimated by variations of the scale parameters ur and pg [133, 134].

The theoretical uncertainties in the PDFs and o, from the PDF set varia-
tions and the uncertainties in the matrix element from the scale variations
are presented in Table 4.5.

Table 4.5: Relative theoretical uncertainty of the two signal samples.

Source Relative uncertainty [%]
46y ZH — ZZ~y

PDF and o, +1.30 +1.08
. . 40.63 +1.80

Scale variations o010 2050
. . +1.45 +2.10

Total theoretical uncertainty 7730 T
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4.3.2 Correction factor

To translate the cross-section measurement from reconstruction level to
particle level, a so-called correction factor C is needed. The fiducial cross-
section at particle level is defined as

o = 2, (449)
with the number of selected signal events N, in the SR. The correction
factor C corrects for reconstruction inefficiencies, limited detector reso-
lution, and acceptance differences. The factor is defined as the ratio of
simulated reconstructed signal events in the SR, Nk, to simulated signal
events at particle level passing the FR selection requirements, NiX.. The
correction factor is unique to each MC simulation sample but similar for
the same process. The values for the 44y and ZH — Z Z+~ signal samples
are C' = 0.35, and they are shown in Table 4.6.

Table 4.6: The number of simulated signal events passing the selection
criteria of the FR at particle level, Ny, the number of simulated signal
events passing the selection criteria of the SR at reconstruction level, Ny,
and the correction factor, C, for the 4¢y and ZH — Z Z+ signal samples are
listed. Only the statistical uncertainties are given.

4¢y sample ZH — ZZ~ysample  Combined

NR 17.95+0.14 2.03£0.056 19.98 +0.15
NR 6.28 £ 0.09 0.76 £0.03  7.04 +£0.09
C[%] 34.99+0.38 3744 +£1.30 35.24+0.36
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Chapter 5

Background estimation

The definition of the SR has been optimized to minimize the background
contribution. However, a remaining contribution is present and must be
estimated.

The dominant background contribution comes from ZZ events with
additional non-prompt photons. Non-prompt photons are defined as all
photons produced within the parton shower and that do not originate
from the hard interaction, ISR, or FSR. The estimation of this background
contribution is described in detail in Section 5.1.

Another background present in the SR consists of events with one or
more misidentified leptons. Misidentified leptons are primarily jets recon-
structed as leptons, but also non-prompt leptons from hadron decays. The
estimation of events with misidentified leptons is detailed in Section 5.2.

A small combinatorial background arising from ZZ and single-photon
events that originate from two different simultaneous pp interactions is
defined as pileup background and is described in Section 5.3.

Additional background contributions are present, such as pp - ZH —
£¢u plus an FSR photon, or combinatorial background from double-parton
scattering. Their contributions have been estimated to be less than 1% of
the signal yield; consequently, they are considered negligible and are not
discussed further.

5.1 Non-prompt photons
Non-prompt—also called fake—photons are mainly produced within jets.

In their hadronization process, neutral mesons such as 7° are produced.
The 70 decays into two photons, which can be very collinear and be de-
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tected as one single high-energy photon. A characteristic difference to
promptly produced photons is the hadronic activity surrounding them.
Thus, isolation requirements on the photon reduce the non-prompt photon
background contribution significantly, but not completely. The remaining
fraction needs to be estimated. Since this background is dominant, a precise
estimation with a small uncertainty is crucial for a high signal significance.

The simulation of the non-prompt photon characteristics and kinematic
distributions is not modeled sufficiently well in MC event generators for a
simulation-based analysis. Data are needed for a reliable estimate.

The direct application of data-driven methods, e. g., template fit, 2D
sideband method, or matrix method [34], is not feasible due to the low-
event-count in CRs close to the SR. Therefore, a different approach, referred
to as the ratio method, is applied. The underlying idea is that the fraction of
jets misidentified as non-prompt photons is generally independent of the
number of Z bosons in the event. With this approximation, the following
relation holds:

Nzi _ Nz (52
NE, ONE )

The number of events with a non-prompt photon in the SR is defined as
N, - While N2 is the number of Zy events with a non-prompt photon,
N jZEt and N ’ZetZ are the number of events with at least one jet and one or two
Z bosons, respectively. An exemplary conceptual representation of Eq. (5.1)
is presented in Fig. 5.1.

The relation in Eq. (5.1) contains some implicit assumptions, such as
that the jets in ZZ+jet and Z+jet events have the same characteristics and
thus, the same probability to produce a non-prompt photon. This is studied
in more detail in Section 5.1.2, and appropriate systematic uncertainties are
determined.

The non-prompt-photon and jet kinematic properties might differ. To
minimize their differences, the phase-space requirements on the two ob-
jects have been harmonized as much as possible. Similar to the photon,
we require at least one jet in each ZZ+jet and Z+jet event. With a large
fraction of the jet’s transverse momentum is in a photon-like cluster, the
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Figure 5.1: Conceptual representation of Eq. (5.1). For simplicity, only one set
of diagrams is shown. All antiquarks radiating off a gluon can be exchanged
with a gluon radiating off a quark.

jet must pass the same transverse-momentum requirement as the photon,
pr > 20GeV. Because jets have a broader structure, the pseudorapidity
requirement is relaxed, accepting jets within || < 2.6 and imposing no
rejection of jets in the transition region.

No FSR rejection is applied to the ZZ+jet and Z+jet events. The selec-
tion criteria of single-Z-boson events satisfy the same requirements as the
leading Z boson in ZZ events.

With the ansatz in Eq. (5.1), we define the number of events with non-
prompt photons in the SR as:

jets
Ny = N}f;‘“é' (5-2)
Thus, the number of events with a non-prompt photon in the SR is the
product of the number of Zv events with a non-prompt photon and the
ratio of ZZ and Z events with at least one jet.

In the following, we first derive the number of Z~ events with a non-

prompt photon using results from the ATLAS Z~ analysis [113]. Afterwards,

. . ONES .. . .
the jet ratio, s studied in data and with MC event-generator simula-

jets 7
z
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tions. The two results are combined to derive the number of events with
non-prompt photons in the SR.

5.1.1 Non-prompt photons in the Z~ control region

The number of Z+ events with a non-prompt photon is estimated in a Zvy
CR. This CR requires the same object- and event-selection criteria as the
Z Z~ SR except for all the requirements on the sub-leading Z boson. This
means, e. g., only two leptons (instead of four) are required and a single
OSSF lepton pair is needed. A full overview of all the selection criteria of
the Z~ CR is presented in Table A.7.

The ATLAS Z~ analysis [113] derived the number of events with non-
prompt photons using a 2-D sideband method [135] in data. By relaxing one
or both photon-identification and isolation requirements, three distinct
regions are defined. The number of non-prompt photons that satisfy the
photon requirements in each of these regions is estimated in data. After
subtracting other backgrounds (e.g., tty, WZ, and ZZ), the number of Z~v
events with a non-prompt photon in the SR of the Z~ analysis is extrapo-
lated from the regions with different photon identification and isolation
criteria. With the estimation of the non-prompt photon contribution, the
Z~ analysis also derived the purity as function of photon transverse momen-
tum. The purity, P, is defined as the fraction of prompt-photon Z~ events,
Ngr;’mpt, relative to the total of prompt-photon and non-prompt-photon Z~y
events, NZX¢, in the SR of the Zv analysis,

prompt
NG

= Ngrompt + Ngﬂ(e' (53)
ol Y

This analysis requires the same isolation and identification criteria on
the photon as the Z analysis. The leading-Z-boson requirements are also
largely harmonized with the Z~ analysis. However, the measurement of
Z~ production was only performed with a photon-transverse-momentum
threshold of p. > 30 GeV. Thus, the non-prompt photon estimate cannot be
used directly. Instead, the purity estimate is used as function of the photon’s
transverse momentum that has been derived for photons with pJ. > 15 GeV,
see Fig. 5.2. Additionally, we benefit from the measured normalization
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Figure 5.2: The purity P in bins of the photon transverse momentum as
derived in the Z~ analysis [113]. The purity is the ratio of prompt-photon
Z~ events and total non-prompt- and prompt-photon Z~ events. The total
uncertainties are shown; values are taken from the internal documentation
of the Z~ analysis [113].
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factor on the SHERPA 2.2.4 Z~v MC simulation sample, which normalizes
the prediction to data. The kinematic distributions were found to be well-
described by the Z~ sample, provided a normalization factor of 1.23.

The purity in Eq. (5.3) is derived for the SR of the Z+v analysis. Since the
Z~ CR imposes the same requirements on the photon as the SR in the Z~
analysis, no adjustments to the purity are made. An uncertainty is assigned
to the non-prompt photon estimate to cover phase-space differences (e. g.,
trigger and lepton-selection effects).

The purity can also be expressed in terms of observed data events, N,

(5.4)
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where Nogher big denotes the number of events from all other backgrounds.

We can now select all data events passing the selection criteria of the Z~
CR, subtract the number of events from other backgrounds, and multiply
the yield by (1 — P) to obtain Ng“i‘e. Since the purity is highly dependent
on the transverse momentum of the photon, the number of non-prompt-
photon Z~ events is derived differentially. The backgrounds subtracted
from data are MC-estimated contributions from tty, WZ, and ZZ events
(see Table A.5 for details). Of the selected data events, 3.3% are identified
background events, of which 2.9% arise from tty, 0.3% from W Z, and 0.1%
from ZZ. No pileup contribution is subtracted to account for non-prompt
photons from jet production overlaid with a single-Z production.

Integrating over the transverse momentum of the photon, the nominal
estimate of Zv events with a non-prompt photon is,

Nk = 28370 & 80 (stat.) & 3860 (syst.). (5.5)

The statistical uncertainty is propagated from the number of observed
data events. The systematic uncertainties are the propagated uncertainty
in the purity (14%), the uncertainty due to phase-space differences to the
Z~ analysis (7%), and the luminosity uncertainty (1%). The relative system-
atic uncertainties on the MC-subtracted backgrounds are estimated to be
10-20%. However, their contribution to the non-prompt photon estimate is
around 0.2% and thus, negligible.

The systematic uncertainty due to phase-space differences to the Zvy
analysis is derived with the SHERPA 2.2.4 Zy MC simulation sample.
In Eq. (5.3), the purity is given in terms of prompt-photon Z+v events. De-
riving Ng‘;“e via this definition should result in perfect closure if the purity
has been derived in the same phase space. With the SHERPA 2.2.4 Zy MC
simulation sample, Ngrf;mpt is estimated. We multiply this estimate with
a factor of (1 — P)/P to derive N g‘};e This results in Ngf;ke = 26500 £ 30
(stat.) £4770 (syst.). The statistical uncertainty is propagated from the MC
simulation estimate of prompt-photon Z~ events. The systematic uncer-
tainties are from the purity (18%), the difference to the nominal estimate
from data (7%), the systematic uncertainties in the MC simulation sample
(2%), and the luminosity uncertainty (1%).
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Figure 5.3: The number of Z+v non-prompt-photon events in the Zv CR
derived from the purity measurement in bins of the transverse momentum.
The results for data as well as expected events with MC simulations are
shown. The total uncertainties are indicated by the shaded regions.

The consistent results of the nominal estimate for Nga;‘e and the MC-
based estimate validate the use of the purity derived by the Z+ analysis. A
comparison of the two estimates as a function of photon transverse momen-
tum is shown in Fig. 5.3. The data and MC-based estimates integrated over
Py > 30GeV are compared directly to the results of the Z~ analysis. The
estimates are consistent within their uncertainties. A detailed comparison
is given in Appendix C.1.2.

Subtraction method

As validation of the number of Zv events with a non-prompt photon, an-
other method, the subtraction method, is applied. This method is indepen-
dent of the purity. Since we are not blinded in the Z~ CR, we can select all
data events and subtract the prompt-photon Z= contribution together with
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pileup and the backgrounds from tty, WZ, and ZZ. The remaining data
events are non-prompt-photon events.

The prompt-photon Z~ contribution is estimated with the SHERPA
2.2.4 Z~ MC simulation sample. Since the same MC simulation has been
used in the Z~ analysis and good agreement with data has been observed
when applying a normalization factor of 1.23, the estimation is reliable and
a systematic uncertainty of 2.3% (taken from the Z~ analysis) is applied.

Pileup arises from the simultaneous production of a Z boson and a
photon in two different pp collisions. For the subtraction method, the pileup
contribution of the Z~ analysis is used. The contribution is extrapolated to
p1. > 20 GeV using the photon transverse-momentum distribution from
simulated y+jets events. The relative uncertainty in the pileup contribution
is increased to 20% (Z+ analysis: 15%) to account for the uncertainties in the
extrapolation.

The contribution of tty, W Z, and Z Z events is estimated with dedicated
MC simulation samples. Flat systematic uncertainties of 10-20% are directly
taken from the Z+ analysis and applied accordingly.

In Fig. 5.4, the data and expected-event comparison is shown as a func-
tion of the photon’s transverse momentum. The difference between data
and expected events is assumed to be Ng‘;“e. Subtracting the expected con-
tributions (prompt-photon Z+, pileup, tty, WZ, and ZZ) from data, we
derive N;‘j;‘e = 28290 + 470 (stat.) £3590 (syst.).

The statistical uncertainty combines the data and simulation uncer-
tainties. The systematic uncertainties include the propagated systematic
uncertainties in the Z~ simulation sample (11%), the pileup contribution
(6%), the other simulation samples (2%), and the luminosity (1%).

The subtraction-method estimate of N}f;ke agrees with the nominal
purity-based result (see Appendix C.1.1 for more details).

5.1.2 Ratio of ZZ+jet and Z-+jet events

For the ratio of ZZ+jet and Z+jet events, we need to define two new CRs,
the ZZ+jet CR and the Z+jet CR. In comparison with the SR, the ZZ+jet
CR has no requirements on the photon. The selection criteria on the leptons
are the same as in the SR. Additionally, jet requirements are imposed. As
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Figure 5.4: Data and expected contributions from prompt-photon Z+~,
pileup, tty, WZ, and ZZ events in the Zv CR as transverse-momentum
distribution of the photon. The Z+v events with a non-prompt photon are
not shown. The ratio of expected contributions to data is shown at the
bottom.

described earlier, the jet selection should be similar to the photon selection,
thus, the leading jet candidate is selected, a transverse momentum of pp >
20 GeV is required, and the jet must satisfy |n| < 2.6. The Z+jet CR also
has no photon requirements, fulfills the leading-Z-boson criteria of the
SR definition, and uses the same jet-selection criteria as the ZZ+jet CR.
An overview of the selections defining the ZZ+jet CR and Z+jet CR is
presented in Table A.8.

The ZZ+jet and Z+jet events in their dedicated CRs are selected di-
rectly from data. In the Z+jet CR the background from other processes
is less than 2.5%; roughly half of this comes from top-quark decays and
the other half from diboson production and misidentified leptons [136].
Because of the low contribution, no background subtraction is performed.
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The background in the ZZ+jet CR is larger: in inclusive ZZ production the
background is 6.5%, dominated by misidentified leptons [137]. By including
the misidentified-lepton background in ZZ+jet events, the non-prompt
photon estimate in the SR contains the contribution with a non-prompt
photon and misidentified leptons. Thus, no background subtraction is
applied to the ZZ+jet CR either.

The ratio of ZZ+jet and Z+jet events for different kinematic proper-
ties of the jet is shown in Figs. 5.5 and 5.6. In Fig. 5.5, a dependence of
the ratio on the jet’s transverse momentum is observed. Due to energy-
momentum conservation, the additional jet in the ZZ+jet system must
balance a larger momentum than the jet in the Z+jet system. Consequently,
the jet’s transverse-momentum spectrum in ZZ+jet events is shifted to
higher values, producing an increase of the ratio at high jet pr. In con-
trast, the ratio is approximately independent of the jet’s pseudorapidity
and azimuthal angle, see Fig. 5.6.

The data ratio is compared with predictions from simulation. For the
predictions, two generators are used. The pp — £¢ process with up to three
and two additional jets at NLO is modeled with the MADGRAPHPYTHIAS8
and the SHERPA 2.2.11 event generator, respectively. The gg — ££¢£ process
with up to one additional jet at NLO is modeled with the MADGRAPH-
PYTHIAS8 and the SHERPA 2.2.2 event generator. Finally, the gg — ££¢¢
process with one additional jet at LO is generated with SHERPA 2.2.2. More
information on the samples is given in Appendix A.3.

The MadGraph ratio is defined as the number of events from the MAD-
GRAPHPYTHIAS qq — £¢¢¢ simulation sample passing the ZZ+jet CR
divided by the events from the MADGRAPHPYTHIAS pp — #¢ simulation
sample passing the Z+jet CR. The Sherpa ratio is defined analogously.

The total uncertainty of the MadGraph and Sherpa ratio is the combina-
tion of the statistical uncertainty from the simulation samples (0.4%), the
experimental uncertainties (6% and 9%), the theoretical uncertainties (6%
and 7%), and an uncertainty in the jet characteristics (10%). The variations
to derive the experimental and theoretical uncertainties are applied to the
ratio and partially cancel. More details about their different contributions
are given in Appendix C.2. The derivation of the uncertainty in the jet
characteristics is described after the data and prediction comparison.
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Figure 5.5: The transverse-momentum distribution of the jet for the ratio of
Z Z+jet and Z+jet events. The shaded regions indicate the total uncertain-
ties of the predicted ratios; the data uncertainty is statistical only.

x10° x10°
_g C T T T | g [ T T T T J
& o5 VE=13TeV, 140" — Z2/Z Madgraph § 05 (s=13TeV, 140 10" — Z2/Z Madgraph
E —22/Z Sherpa F —Zzziz Sherpa
0.4 -4-22/Z Data | 0.4 — -4-22/Z Data |
03[ 1
0.2
01F -
0 £ L L L L L 1
-2 -1 0 1 2 2
Jet n Jet ¢ [rad]
(@ (b)

Figure 5.6: The pseudorapidity distribution of the jet for the ratio of ZZ+jet
and Z+jet events (a), the azimuthal angle distribution of the jet for the
ratio of ZZ+jet and Z+jet events (b). The shaded regions show the total
uncertainty of the predicted ratios. The data uncertainty is only statistical.
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In Fig. 5.6, the predictions underestimate the ratio. The difference
between the Sherpa ratio and the MadGraph ratio is mainly due to the
gg — £04¢ process, which is not included in the MadGraph ratio. A naive
explanation for the data-vs-prediction discrepancy would be a missing
normalization factor. However, in Fig. 5.5, we also observe a slight shape
difference. This shape discrepancy originates primarily from Z-jet events.
The transverse-momentum distribution of the jet is not modeled well for
these events due to the limited understanding of QCD. The model under-
estimates the number of events with low transverse momenta and slightly
overestimates them at high transverse momenta [138, 139]. Missing NLO
electroweak corrections lead to a 10-15% underestimation of the predicted
Z Z+ijet events. The data also includes contributions from background
processes as described earlier. The data and prediction comparison for the
individual CRs are shown in Appendix C.1.3.

For the extrapolation to the SR, the data-derived ratio is used. However,
we need simulations to study the characteristics of the jets in the ZZ+jet
and the Z+jet events. The parton producing the jet has the largest effect on
the probability of a jet being misidentified as a non-prompt photon. Thus,
the fraction of quark- and gluon-induced jets for ZZ+jet and Z+jet events
is studied. These fractions can be obtained from the truth information in
the simulation samples.

In Fig. 5.7, the fraction of quark- and gluon-induced jets as a function
of the jet’s transverse momentum for ZZ+jet and Z+jet events is shown.
For Z+jet events approximately 50% of the jets are quark-induced at low
transverse momentum. This fraction increases with pt up to 75%. The over-
all fraction of quark-induced jets is lower for ZZ+jet events. Only 40% of
the low-pr jets and 70% of the high-pt jets are quark-induced. The frac-
tions of gluon-induced jets is around 50% for Z+jet events at low pr and
decreases with pt to 25%. For ZZ+jet events the fraction of gluon-induced
jets is around 60% at low pr and decreases to 30% at high pr. Both event
generators give consistent results.

The effect of the different fractions in ZZ-+jet and Z+jet events on the
ratio is studied as a function of the jet-faking-photon probability of quark-
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Figure 5.7: The fraction of quark- and gluon-induced truth jets for Z+jet
and ZZ+jet events passing the Z+jet and ZZ+jet CR, respectively. The
fractions are shown as function of the transverse momentum of the jet
and for events from the MADGRAPHPYTHIAS8 and SHERPA samples. The
quark-induced fraction is shown in (a), the gluon-induced fraction in (b).
Only the statistical uncertainties are shown.

versus gluon-induced jets. For this, we can write the ratio as

Nzzij _ fZ% + 2% Nzz+;
Nz fZ+fZ  Ngzyj’

(5.6)

where f; and f, are the fractions of quark- and gluon-induced jetsin ZZ+jet
and Z+jet. In case the probability of faking a photon differs by a factor z
for gluon-induced jets, the ratio is affected as

Nzzij _ 0742177 Nazzy;
Nz fZ4x-fZ  Nzyy'

(5.7)

Due to the different fractions of quark- and gluon-induced jets for ZZ+jet
and Z+jet events, the ratio varies depending on z, see Fig. 5.8.

In the extreme case that only quark-induced jets produce non-prompt
photons (z = 0), the extrapolation ratio would be overestimated by ~ 17%. In
the opposite extreme where only gluon-induced jets produce non-prompt
photons (x — 00), the ratio would be underestimated by = 34%. Although it
is generally expected that gluon-induced jets have a higher photon-faking
probability due to their larger particle multiplicity and broader jet shape,
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for various values of x is shown for the MADGRAPHPYTHIAS and SHERPA

samples.

probabilities. The relative adjustment on the fraction

the exact factor is unknown. With the current knowledge, a 10% uncertainty
is assigned to the ratio to cover the range of reasonable values of z.

5.1.3 Non-prompt photons in the signal region

The number of Zvy events with a non-prompt photon and the ratio of
Z Z+jet and Z+jet events can be combined to derive the number of events
with non-prompt photons in the SR. The ratio, as well as Ngf;ke, depends on
the transverse momentum. Thus, the extrapolation to the SR is performed
differentially. The number of non-prompt photons in the SR is

N =0.713 4 0.019 (stat.) + 0.129 (syst.). (5.8)

The transverse-momentum distribution of N}‘Zk; is presented in Fig. 5.9. In
addition, the extrapolated distributions obtained with the simulation-based
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Figure 5.9: The transverse-momentum distribution of the non-prompt-
photon events in the SR. Both the nominal estimate and the results with the
simulation-based purity estimate and the subtraction method are displayed.
The total systematic uncertainties are indicated by the shaded regions.

purity estimate and with the subtraction method for Ngf;ke are shown.

The systematic uncertainty on Ngf"‘z“; is the combination of the uncer-
tainty in the purity (14%), the jet-characteristic differences between Z Z+jet
and Z+jet events (10%), the effect of the phase-space difference to the Z~
analysis (7%), and the uncertainty in the luminosity (1%). A summary of the
uncertainties is given in Table 5.1.

The number of non-prompt-photon events in the SR for the various
Z-boson decay channels is given in Table 5.2. The distribution among the
different channels is taken from the ZZ+jet events, and the same relative
systematic uncertainty is applied to all channels.

69



Chapter 5 Background estimation

Table 5.1: Summary of the uncertainty sources and their relative contribu-
tion to the final estimate of N 3.

Source Relative uncertainty [%]
Statistics (tot.) 2.6

Purity measurement (tot.) 14
Phase-space uncertainty 7
Quark-gluon variations 10
Integrated luminosity 0.8

Total uncertainty 18

Table 5.2: Number of estimated non-prompt-photon events in the SR for the
different lepton flavor channels.

Channel Events

4e 0.135 4 0.004 (stat.) = 0.024 (syst.)
2e2u 0.343 £ 0.009 (stat.) £ 0.062 (syst.)
4u 0.234 £ 0.006 (stat.) £ 0.043 (syst.)

5.1.4 Validation

The ratio method is validated in the W Z~ CR. This CR is defined similarly
to the SR, but instead of at least four leptons passing the Z-boson selection
requirements, only at least three leptons are required, of which two must
satisfy the leading-Z criteria (see Table A.9).

Using the same ansatz as for ZZ~ events with a non-prompt photon
(Eq. (5.1)), the following relation holds:

“Yfake “Yfake
NWZ'y _ NZ’y

jets jets
NWZ NZ

(5.9)

Here, Ny ., Is the number of W Zy events with a non-prompt photon
in the WZ~ CR and N{;,tsz is the number of W Z+jet events passing the
W Z+jet selection—the same requirements as in the Z+jet CR, but with
an additional lepton. The right-hand side of the equation is identical to
that of Eq. (5.1).
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We can estimate Ng[f,’“‘kziY from the previous derived results for Ngf;ke and
N jZetS, together with the number of W Z+jet events passing the W Z+jet
selection. This estimate can be compared with the number of W Z~ events
with a non-prompt photon obtained in the ATLAS W Z+~ analysis [33].

The number of W Z+jet events passing the W Z+jet selection is esti-
mated with MC simulation samples. We do not use data due to the dom-
inant background fraction (30-70%). Since there are no selection criteria
on missing transverse energy or the transverse mass of the W boson, the
background—especially misidentified leptons—is large. Therefore, we also
use the Z+jet estimate from simulation.

Furthermore, the photon-pr requirement in the W Z~ analysis is pr >
15 GeV. For a fair comparison we derive Ng‘;ke, N jze‘ts, and N{,f,tsz using the
same photon-pr threshold.

Applying the same procedure as before, the number of W2~ events
with a non-prompt photon is

Ng[f;}ey(pT > 15GeV) = 14.7 £+ 0.1 (stat.) £ 3.7 (syst.). (5.10)

The systematic uncertainty assumes the same relative uncertainty as listed
in Table 5.1. This uncertainty underestimates the true uncertainty: the
purity estimate for 15GeV < pr < 20GeV has a large uncertainty, and
the ratio estimate from simulation also yields a larger uncertainty than
the data. Nevertheless, the result agrees with the expected non-prompt-
photon contribution from the W Z~ analysis, NI}?“Z"7 = 14.6 £ 3.4 (stat.)
+2.0 (syst.) [33].

5.2 Misidentified leptons

The second-largest background contribution comes from events with mis-
identified—also called fake—leptons, e. g., W Z or tty events. While these
processes have a prompt isolated photon, the leptonic decay results in only
two or three prompt leptons. An event with one or two additional misidenti-
fied leptons can pass the selection criteria of the SR. Due to the significantly
larger cross-sections of e. g., W Z+y or ttry processes, the contribution is non-
negligible and needs to be estimated.
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We use the matrix method [140] to derive the contribution of events
with misidentified leptons in the SR. The matrix depends on the efficiencies
of the prompt/real and misidentified/fake leptons to pass the SR selection
relative to a looser selection. These efficiencies will be estimated in Sec-
tion 5.2.2. Due to the low statistics of events with four loose leptons and one
prompt photon, the misidentified lepton contribution is first determined
for ZZ events and extrapolated to the SR, as described in Section 5.2.3.

5.2.1 Matrix method

Before we derive the matrix method for a four lepton final state, we will
explain the concept for the one lepton case.

Matrix method for one lepton

The matrix method relates the number of real and fake leptons (N” and
NT) to the number of leptons passing a tight selection (NT) and leptons
passing a loose but failing a tight selection (N1T),

NT _ €r €f N7
()-( (@) e

The matrix depends on the real and fake efficiencies (e, and €¢). Using data,
NT and N'T are derived by selecting the events fulfilling the required
selection criteria. The real and fake efficiencies can be determined with
dedicated simulation samples or CRs in data. With these ingredients given,
the unknown number of fake leptons passing the tight selection, N{ =
ef - N f can be derived. For this, we can invert the matrix,

NT € €f -1 NT 1-ef L NT
— r — €r—€f €r—€f
Nf l—e 1—¢ NLnT _i_Teg:f 6»,~€—T6f NLnT

(5.12)
to get N/ in dependence of the known efficiencies, N, and N'*T. Thus,
the number of fake leptons passing the tight selection is:

1-—
Ni = [1 ACL)) ef)] NT 4 S T, (5.13)
€ — €f € — €f
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Table 5.3: Overview of the 16 different scenarios for a four-leptons event

with leptons that pass the tight selection (v') and leptons that pass the loose
but fail the tight selection (X). When the order of the individual leptons is
irrelevant, the 16 scenarios can be grouped into five categories (SR, CR1-4).

Region El Zg £3 €4
SR v

CR1

CR2

CR3

X[ XXX XXXINNS (XSS

XX XA X (XN AU XX [(SAXSNN (SN
N I™XAUXX | AN XX NS XxN(SN
MLNZ:X ™| NN XXX (NSNS x (N

CR4

Matrix method for four leptons

In the case of four leptons, we do not have just NT and N'T, Each lepton
in the event fulfills either the tight or loose-not-tight criteria, resulting in
16 (2*) options, see Table s.3.

Since the ordering of the leptons is not unique, and we do not care which
exact lepton is fake, we can combine the 16 cases into five: SR, CR1, CR2,
CR3, and CR4. The lepton order is defined by their transverse momenta
and the efficiencies depend on the momenta as well. Thus, the number
of misidentified leptons is derived differentially as a function of lepton
transverse momentum. We will later prove that the efficiency of each lepton
for a given transverse momentum is the same (see Section 5.2.2).
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Similar to the one lepton case, a matrix relating the number of events
with leptons passing the tight selection and leptons passing the loose and
failing the tight selection to the number of events with real and fake leptons
can be determined. This matrix depends on the real and fake efficiencies.
By inverting the matrix and after some algebra (see Appendix D.1), the
number of events passing the tight selection with at least one misidentified
lepton, Nikes, is

N =1 ﬁer,z-(l—ef,i) N
fakes — 1 (er,i_ef,i) SR

3
(11 €ri(l—€fi) €ri€fi
(6r,i — - CR1

i=1 Ef,z) (e'r,j - Ef’j)
2 2
6Ti(]'_efi) €rj€F i
— Eri\t — €fi) _enifhi
<;l:11: (er,i - Ef,z') 1:[1 (GT,j — ef,j) CR2 (514)
= i
3
(1 — € o
4 eall=ers) (H _fa) New
J

(eri —€5,4) \ o) (enj —€£,5)

€rj€f.j
Ncry,
(H (€rj — ef,1)> *

where the index ¢ denotes leptons passing the tight selection and the index
j denotes leptons passing the loose but failing the tight selection. The
number of events passing the lepton requirements of each of the regions
is given by Nggr or Ncr. The SR represents the case where all leptons pass
the tight requirements. Each CR (CR1-4) contains three to zero* leptons
passing the tight selection and one to four leptons passing the loose but
failing the tight selection, respectively.

5.2.2 Real and fake efficiencies

For the expression to derive the number of events with a misidentified
lepton, the real and fake efficiencies are needed. As mentioned above, the
real (fake) efficiency is the fraction of real (fake) leptons passing the tight
selection relative to a looser selection.

*The loose identification requirements on the dilepton triggers prevent a trigger bias.
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Table 5.4: Summary of the lepton requirements that differ in the loose and
tight selection.

Lepton Selection Identification Isolation dO significance

Electrons loose loose — <5
tight medium loose <5

Muons loose medium — <10
tight medium loose <3

The tight selection is the signal selection. Regarding the leptons, this
means electrons must pass the Medium identification WP and the Loose
isolation WP, and muons must pass the PflowLoose isolation WP and their
transverse impact parameter must fulfill |dy| /o4, < 3.

The looser selection has fewer constraints on the electrons and muons.
Thus, the loose selection has the same requirements as the signal selection,
but electrons must only pass the Loose identification WP and no isolation is
required, and muons must fulfill the relaxed transverse-impact-parameter
requirement of |dy|/o4, < 10 and no isolation is required. A summary of
the lepton-requirement differences is listed in Table 5.4.

Real efficiency

The real efficiency is determined with MC simulation samples. All events
passing the loose selection are selected from the 44y signal sample. To
ensure that the selected lepton is real, it is matched to a truth lepton via
the truth information in the simulation sample. Only matched leptons are
considered for the real-efficiency determination. From all leptons passing
the previously mentioned requirements, the fraction that also passes addi-
tionally the signal selection is obtained. This fraction represents the real
efficiency.

This efficiency differs for electrons and muons, so it is derived sep-
arately for each lepton flavor. As mentioned before, the efficiency also
depends on the transverse momentum of the lepton, thus it is derived
differentially. Since the efficiency of the isolation and identification WPs
depend on pseudorapidity, the efficiency is derived differentially in pseu-
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Figure 5.10: The efficiency to pass the tight selection relative to the loose
selection for real electrons (a) and real muons (b) as function of pr and |7)|.

dorapidity as well. This results in two 2D real-efficiency distributions, one
for electrons and one for muons, see Fig. 5.10. The binning has been opti-
mized for the real and fake efficiencies combined such that each bin has
enough statistics while preserving the shape of the transverse-momentum
and pseudorapidity distributions.

As mentioned earlier, the efficiency does not depend on the specific
lepton (leading versus sub-leading, etc.). The transverse-momentum dis-
tributions of the real efficiency for each individual lepton per event are
shown for electrons and muons in Fig. 5.11. The efficiency distributions
for all electrons (muons) agree within their uncertainties, excluding the
extremely low-statistics bins (e. g., the first pr bin or the first bins after the
pr threshold of the leading lepton).

Fake efficiency

The fake efficiency needs to be determined in data because of the limited
understanding of jets being misidentified as leptons or non-prompt leptons
from hadron decays and thus, a poor modeling of the kinematic properties.
We define a Z + 1¢ CR which contains a large fraction of fake leptons. This
CR contains events with exactly three leptons, two of which fulfill the
requirements of the leading Z boson in the SR and the third lepton needs
to pass the loose-selection requirements, see Table 5.4. An overview of all
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Figure 5.11: The efficiency for each lepton in the event to pass the tight
selection relative to the loose selection as function of pr for real electrons
(a) and real muons (b).

requirements on the Z + 1¢ CR is presented in Table A.10.

The third lepton is, with high probability, a fake lepton. All events
in data passing the Z + 1¢ CR requirements are selected. Contributions
with three real leptons (e.g., ZZ and W Z events) in the Z + 14 CR are
estimated with dedicated MC simulation samples and subtracted from the
data yield. In the remaining events, the third lepton is assumed to be a fake
lepton. For all these leptons, the fraction passing the tight-selection criteria
is estimated and represents the fake efficiency. The 2D distributions for
electrons and muons with the fake efficiency are shown in Fig. 5.12.

While the real efficiencies are fairly similar for electrons and muons,
the fake efficiencies differ significantly. Overall, the muon fake efficiencies
are lower due to the more effective reconstruction. Since prompt muons
leave signatures in every sub-detector and can be clearly identified through
the presence in the MS, the probability of a fake muon passing the muon
reconstruction, isolation, and identification requirements is low.

5.2.3 Estimation of misidentified lepton events

For the estimation of the number of events with at least one fake lepton
in the SR, we need the efficiencies as well as the data yields for the SR and
the CR1-4. Since the number of events in CR1-4 combined is eight (two in
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Figure 5.12: The efficiency to pass the tight selection relative to the loose
selection for fake electrons (a) and fake muons (b) as function of pr and |7)|.

CRy, six in CR2, none in CR3 and CR4) and we are blinded in the SR, we
estimate the number of fake lepton events in the ZZ CR and extrapolate
the result to the SR.

The selection criteria of the ZZ CR (CR’1-4) are the same as for the SR
(CR1-4), without all photon requirements (see Appendix A.4). Eq. (5.14) is
taken but with Nzz cr instead of Nsg and Ncg' instead of Ncgr. The number
of events passing the CR’1-4 is nearly three orders of magnitude larger than
for CR1-4.

With the number of events passing the different CRs and the real and
fake efficiencies, we get the number of events with at least one fake lepton
in the ZZ CR, N&ke¢ = 50 £ 9 (stat.) £ 29 (syst.). This number contains
contributions from fake electrons and fake muons, see Table 5.5 for details.

The statistical uncertainty is from the data statistics, v/N. The system-
atic uncertainties are the uncertainties in the MC simulation samples used
for the subtraction of the prompt lepton contributions (56%), the uncer-
tainty from the choice of binning (14%), and the uncertainties in the real
and fake efficiencies (7%). The uncertainty in the luminosity is negligible.

The uncertainty in the MC simulation samples is the dominant un-
certainty. The prompt lepton contributions estimated via MC simulations
are varied +30% and -10%. The fake efficiencies are derived with the varied
contribution subtracted. The difference to the nominal estimate with the
varied fake efficiencies is taken as uncertainty. The choice of varying the
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Table 5.5: Overview of the number of fake lepton events in the ZZ CR.
The results are given for the 4e, 2e2y and 4y channels. The 4e channel has
contributions only from fake electrons, the 4u channel only from fake
muons, and the 2e2u channel has mixed contributions, predominantly from
fake electrons. In each case the fake estimate was derived as a function of
transverse momentum and pseudorapidity. The statistical and systematic
uncertainties are given.

Channel Events

4e 17 £ 6 (stat.) =13 (syst.)
2e2u 29 + 6 (stat) £17 (syst.)
4u 424+ 1.5(stat.) = 1.9 (syst.)

MC simulation contributions by +30% and -10% is based on the results from
the W Z [141, 142] and Z Z [137] analyses. The measured cross-sections have
an uncertainty of 5-7% and 6%, respectively. In contrast to those analyses,
no NLO-to-NNLO differential scale factors are applied. These scale factors
result in corrections of +10% up to +20%. To take both effects into account,
we vary the contributions asymmetrically.

The uncertainty in the binning is the difference to the nominal value
from the estimate with flat real and fake efficiencies. The uncertainties in
the efficiencies are the propagated Binomial uncertainties.

To derive the number of events with fake leptons in the SR, we need to
extrapolate N2¢ from ZZ CR to the SR. Since the number of fake lepton
events should be approximately independent of an additionally produced
photon, the following relation should hold:

Ngk g a9
Nzz, Nzz '’ '

with NZ5¢ £ the number of events with at least one fake lepton in the SR.
The number of ZZ~ events in the SR and ZZ eventsin the ZZ CR are Nz 2,
and Nzz, respectively.

We estimate Nz, with the two signal MC simulations and Nz with
the SHERPA 2.2.2 qq — £¢¢¢ and gg — ££¢¢ MC simulation samples (see Ap-
pendix A.3). This results in the number of events with at least one fake
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Table 5.6: Number of expected events with a fake lepton in the SR for the
different lepton-flavor channels. The 2e2u channel contains electron fakes,
muon fakes, and mixed fakes.

Channel Events

de 0.041 + 0.015 (stat.) & 0.035 (syst.)
2e2p 0.071 + 0.016 (stat.) & 0.048 (syst.)
ap 0.010 =+ 0.004 (stat.) & 0.005 (syst.)

lepton in the SR,
Nt = 0.12 +0.02 (stat.) £ 0.08 (syst.). (5.16)

The results for each decay channel are shown in Table 5.6 and in Fig. 5.13.
The contribution of misidentified leptons in the 4e channel is significantly
larger than in the 4y channel. This is a direct result of the higher fake
efficiencies for electrons.

The statistical uncertainty includes the propagated data statistics from
Nfke€ and the statistical uncertainties of the MC simulation samples. The
systematic uncertainties are the propagated uncertainties of N2k¢¢ (58%)
and a modeling uncertainty to account for the difference in the transverse-
momentum distribution of ZZ and ZZ~ events (31%). A summary of the
uncertainties is given in Table 5.7.

For the modeling uncertainties, the transverse-momentum distribution
of the data events passing the various CRs for the estimation of N&ke? is
reweighted. The ratio of the transverse-momentum distribution of ZZ~
events and ZZ events estimated via SHERPA MC simulation samples is
used for reweighting. The transverse-momentum distributions as well as
their ratios are shown in Fig. 5.14. The number of events with fake leptons
is estimated with the reweighted transverse-momentum distribution and
the difference to the nominal estimate is taken as uncertainty.

The pseudorapidity distributions of the leptons in ZZ and ZZ~ events
have the same shape and agree within uncertainties. Thus, no pseudora-
pidity reweighting is performed.
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Table 5.7: Summary of the uncertainty sources and their relative contribu-

tion to the number of events with a fake lepton in the SR, NZ5*.

Source Relative uncertainty [%]
Statistics 18
Efficiency (Ve ) 7
MC variations (N£ke# 56
Binning (Nke ) 14
Modeling 31
Total systematic uncertainty 64
Total uncertainty 66

5.2.4 Validation

The misidentified lepton estimate is validated in a same-sign validation
region (VR). Since the fake leptons come from jets and hadron decays, the
number of events with a fake lepton should be independent of the charge
of the final-state particles from the hard interaction. Thus, changing the
charge of one lepton in the final state should result in the same number of
events with a fake lepton. The same-sign VR has the same requirements
as the SR but, instead of two OSSF lepton pairs, one OSSF lepton pair and
one same-sign same-flavor (SSSF) lepton pair is required. The same-sign
VR yields zero events.

To validate the Nke# estimate in the ZZ CR, the same validation is
applied in the same-sign VR’. This VR is defined as the same-sign VR but
without any photon requirements. The data yield in the same-sign VR’ is
58 + 8. Less than two events are from prompt lepton backgrounds (t£Z : 1.7,
WW Z :0.2) and not considered in the comparison. The data yield in the
same-sign VR’ agrees within uncertainties with the N£k°¢ estimate. The
distribution in the different decay channels is shown in Fig. 5.15.

82



5.3 Pileup

Vs= 13 TeV, 140 fb" -4~ Data
VR' B Fake lepton

50

Entries

40

I, 22D
P IAIIIIIAA PP
I IAIIIIIAA PP
IAIIIIIAA PP

30

20 2000

AAIIIIIIIA PIIIIIII Y.
Vo

10

—_
(63}
T[T
S

MC/data
T

2e2u
decay channels

Figure 5.15: The data yield and the number of events with a fake lepton in
the 4e, 4p and 2e2u channels. One of the lepton pairs is an OSSF pair and
the other is a SSSF pair. The data points have statistical uncertainty only;
the fake lepton estimate shows the total uncertainty of N5 (no modeling
uncertainty included).

5.3 Pileup

Due to high instantaneous luminosity, more than one collision per bunch-
crossing occurs at each IP. In Run 2 an average of (u) = 33.7 [143] simulta-
neous pp interactions per bunch-crossing took place in the ATLAS detector.
Approximately one hard-scatter physics process occurs per collision; all
additional interactions are pileup. However, a combination of two or more
coincidental pp collisions can result in the same final state as the signal
process.

The 44~ final state can be produced through a combination of e. g., a
single-Z event and a Z+ event or a ZZ event and a single-photon produc-
tion from two different overlaid pp collisions. The transverse and longitu-
dinal impact-parameter requirements on the leptons ensure that all four
selected leptons originate from the same vertex. Thus, the combinatorial
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background from a single-Z event and a Z+y event can be neglected, leaving
the pileup contribution of ZZ + «y events.

Reconstructed photons are distinguished as converted or unconverted
(see Section 3.3.2). Converted photons do not leave tracks in the innermost
part of the Inner Detector, and unconverted photons are only reconstructed
from the clusters in the EM calorimeter. Thus, the extrapolation to the
beam line is less accurate, resulting in a poor reconstruction of the photon’s
point of origin. A potential pileup contribution of a ZZ event overlaid with
single-photon production needs to be estimated.

Since the two productions are independent of each other, the number
of pileup events should be proportional to the production probability P of
a ZZ event multiplied with the production probability of a single photon,
Npy  P(ZZ)P(v). Furthermore, the number of pileup events is positively
correlated with the number of simultaneous pp collisions. Combining these
two conditions, the number of pileup events at particle level can be written
as follows:

Nfid _ fid ( >UZZ%L

PU = €ZZ+~ il (5.17)

The cross-sections oz and o, reflect the probabilities of their respective
productions and are normalized by the total inelastic cross-section oy
The efficiency €4, +, 8ives the fraction of ZZ and single-photon events
passing the selection criteria of the FR.

This efficiency is derived by randomly overlaying ZZ events with
~v+jets events from two different MC simulations at particle level. The
two randomly overlaid events are treated as one event and need to fulfill
the FR selection criteria. The efficiency is then calculated via the ratio of
events passing the FR to all randomly overlaid events. For the weighted
MC simulations this results in

(fid — Zfi_dw

, 5.18
z:selw ( )

where Y w is the sum of weights of the randomly selected events before
any selection criteria are applied and Y4 the sum of weights of the events
passing the FR selection requirements. The weight of each event is the
product of the weight of the ZZ event and the y+jets event.
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Table 5.8: Overview of the results taken from other analyses or publications.
The numbers are given with their uncertainties and references.

(1) 33.7 [143]
ozz (1.25+0.08 )pb [144]
oy (460 £ 120 ) nb [145]

Oimet  (781£2.9) mb  [146]
L (140.1+1.2) fb=1  [125]

The SHERPA 2.2.2 gg — ¢¢¢¢ MC event generator sample is used for
the ZZ events and the SHERPA 2.2.2 pp — v+jets MC event generator
sample for the y+jets events, see Appendix A.3 for details. For the efficiency
estimation at particle level no detector simulation is needed. One random
event from each of the MC event generator samples is chosen, and the FR
selection requirements are imposed. This process is repeated 1,000,000
times to reduce the statistical uncertainty of the efficiency.

Due to the selection of five final state particles, the efficiency is heavily
reduced through the acceptance requirements on each particle. Addition-
ally, the transverse-momentum distribution of the single photon is softer
than for the signal process (see Fig. 5.16a) and thus also reduces the effi-
ciency. The total efficiency is €fi, 4y =0.78£0.02%.

The efficiencies differ for the decay channels due to the acceptance
differences of electrons and muons in the fiducial region. These mainly
arise through the larger probability of bremsstrahlung for the electron due
to its lower mass. This effect is partially corrected for by summing the
energy of photons within a cone of radius AR < 0.1 to the lepton.

Besides the efficiency derived with the overlay of the MC simulations,
results from previous measurements are used for the estimation of pileup
events and stated in Table 5.8. Combining the results, we derive the ex-
pected number of pileup events at particle level,

NEd = 0.27 £ 0.06. (5.19)

For the estimation of the pileup background contribution in the SR, we
need the number of pileup events at reconstruction level. To extrapolate the
number of pileup events from particle level to reconstruction level, we can
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Table 5.9: Number of pileup events expected for the different lepton flavor
channels and the corresponding correction factor. The uncertainty of

the correction factor is the combination of statistical and experimental
uncertainties in the simulation samples.

Channel Correction factor Events

de 0.239 + 0.006 0.012 + 0.001 (stat.) & 0.003 (syst.)
2e2p 0.352 = 0.009 0.043 + 0.001 (stat.) & 0.011 (syst.)
ap 0.474 + 0.012 0.033 = 0.001 (stat.) & 0.008 (syst.)

use the previously derived correction factor C. As described in Section 4.3.2,
the correction factor is the ratio of simulated reconstructed events in the
SR to simulated events at particle level passing the FR selection require-
ments. By multiplying the number of pileup events at particle level with
the correction factor, we get the number of pileup events at reconstruction
level.

As mentioned earlier, the correction factor is unique to each MC sam-
ple. However, the two individual correction factors for the SHERPA 2.2.2
qq — 08¢ and the SHERPA 2.2.2 pp — y+jets MC event generator sample
cannot take the selection criteria affecting both—leptons and photon—into
account. Since the correction factor reflects the reconstruction inefficien-
cies and limited detector acceptance, the combined correction factors of
the 40y and ZH — ZZ~ signal samples are used instead.

The correction factor differs significantly for the different decay chan-
nels, see Table 5.9. This is mainly due to the pseudorapidity acceptance and
reconstruction efficiency differences for electrons and muons. Since the
selection efficiency and the correction factor depend on the decay channel,
the pileup contribution is estimated for each decay channel individually
and summed afterwards, see Table 5.9. The combined pileup contribution
is

Npy = 0.089 £ 0.002 (stat.) + 0.022 (syst.). (5.20)

The different uncertainty sources with their relative contribution are
listed in Table 5.10. The statistical uncertainty on the pileup estimate comes
from the MC overlay (2%). If necessary, this uncertainty could be further

86



5.3 Pileup

Table 5.10: Overview of the uncertainty sources of the pileup estimate and
their relative contributions.

Source Relative uncertainty [%]
Efficiency 1.9

Oy 25

Ozz7 6

Oinel 4
Correction factor 3

Total uncertainty 26

reduced by increasing the number of overlays. Compared to the other un-
certainties, the statistical uncertainty is negligible.

Due to large scale variations (20-30% [145]), the single-photon cross-
section has the dominant uncertainty. Other systematic uncertainties come
from the ZZ and inelastic cross-sections measurements (6% and 4%). The
uncertainty in the correction factor includes the statistical and experi-
mental uncertainties (3%). The uncertainty in the integrated luminosity is
negligible.

Additionally, the application of the 4¢v correction factor is studied. The
largest difference between ZZ+ events and the ZZ + v pileup events is
the transverse-momentum distribution of the photon, see Fig. 5.16a. Even
though the correction factor is not applied differentially, we can determine
the correction factor as a function of the photon transverse momentum. In
Fig. 5.16b, we can see the transverse-momentum distribution of the photon
at reconstruction level and particle level. The lower part shows the ratio.
Additionally, the value of the correction factor is shown.

The ratio of photon transverse momentum at reconstruction level and
particle level is approximately constant over the range of the distribution.
The ratio decreases at very low transverse momenta and increases slightly
with higher momenta.

To quantify the effect of the difference in transverse momentum, the
photon’s transverse momentum of the 4/~ signal sample is reweighted to

87



Chapter 5 Background estimation

£ o5E 3 2 4F T T T
§ : E MC simulation q § 35 : 4ly MC simulation
Woak V5= 13 TeV, 140 fo! oogk V5=13TeV, 140 fb" ]
N: FR b 25 —Particle level
T —Sherpa2.2.111lly ] 2 — Reco level E
0.2F — Sherpa 2.2.2 y+jets | 15E 3
£ 1E 3
0.1F El E
[ 0.5 ¢ E
ot - ok .
o 3m 2 06E T T T T T T T T f
& AFs € 045, copopenss »’H+#++¢++M»+ﬁ+% |
E ke
TR 02 ) 13
20

20 40

. ! | | ! ! K|
60 80 100 120 140 160 180 200

1p, [GeV]

(a) Photon pr at particle level

Il Il Il Il Il Il
80 100 120 140 160 180 200
1, [GeV]

(b) Photon pr for the 4¢-y sample

Figure 5.16: Comparison of the SHERPA 2.2.11 £¢¢/-y sample and the
SHERPA 2.2.2 y+jets sample as a function of the transverse momentum
of the photon (a). The transverse-momentum distribution of the SHERPA
2.2.11 £€4¢~y signal sample at reconstruction and particle level (b). The ratio
represents the differential correction factor. The nominal correction factor is
added as a dotted line.

the y+jets photon distribution. The re-derived correction factor is multi-
plied with the pileup contribution at particle level and results in Ny, =
0.084 £ 0.021. This result is consistent with the pileup contribution using
the nominal correction factor of the 4y sample. Thus, no further correc-
tions are applied.

5.4 Summary

The non-negligible background contributions in the SR of the Z Z~ analysis
are the non-prompt photon background estimated using a ratio method, the
misidentified-lepton contribution derived using a matrix method, and the
combinatorial pileup background predicted using a MC overlay. A summary
of the background contributions, including the event yields for the various
decay channels for each background estimate, is shown in Table 5.11.
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Table 5.11: Event yields of the background contributions in the SR for the
different decay channels. The 4¢ channel is the combination of the 4e, 2e2y,
and 4y channels.

Channel Background Number of events
4e Non-prompt Photons  0.135 & 0.004 (stat.) & 0.024 (syst.)
Misidentified Leptons  0.041 & 0.015 (stat.) &+ 0.035 (syst.)

Pile up 0.012 £ 0.001 (stat.) £ 0.003 (syst.)
Background 0.193 £ 0.016 (stat.) £ 0.043 (syst.)

2e24 Non-prompt Photons  0.343 & 0.009 (stat.) + 0.062 (syst.)
Misidentified Leptons 0.071 £ 0.016 (stat.) + 0.048 (syst.)

Pile up 0.043 £ 0.001 (stat.) £ 0.011 (syst.)
Background 0.471 £ 0.018 (stat.) £ 0.079 (syst.)

4p Non-prompt Photons  0.234 & 0.006 (stat.) &+ 0.043 (syst.)
Misidentified Leptons  0.010 % 0.004 (stat.) &+ 0.005 (syst.)

Pile up 0.033 £ 0.001 (stat.) £ 0.008 (syst.)
Background 0.287 £ 0.007 (stat.) £ 0.044 (syst.)

40 Non-prompt Photons  0.713 & 0.019 (stat.) + 0.129 (syst.)

Misidentified Leptons
Pile up

0.122 + 0.022 (stat.) £ 0.078 (syst.)
0.089 + 0.002 (stat.) £ 0.022 (syst.)

Background

0.924 £ 0.029 (stat.) £ 0.152 (syst.)

89






Chapter 6

Results

The cross-section of ZZ~ production in the fully leptonic final state is
measured. With the signal and background contributions estimated in the
SR, the data are unblinded. The signal extraction will be described in Sec-
tion 6.1, the results will be presented in Section 6.2, and their interpretation
will follow in Section 6.3.

6.1 Signal extraction

The number of observed signal events is obtained by subtracting the ex-
pected background from the total number of observed events: N, =
Nobs — Npig. In the SR, the cross-section at reconstruction level is defined
as

SR Nsig (6.1)

Tpp—saty = “p

with the integrated luminosity £ = 140.1 & 1.2 fb~1. To obtain the result
at particle level, independent of detector acceptance and reconstruction
efficiencies, we correct the observed signal yield by the correction factor
C = 0.352 &+ 0.005 (stat.) & 0.009 (syst.), which was determined in Sec-
tion 4.3.2. The systematic uncertainty on the correction factor is from the
experimental uncertainties on the signal MC simulation samples. The fidu-
cial cross-section at particle level is then

' N;;
fid sig
Opp—sdty = c.r (6.2)

The significance Z quantifies the probability of obtaining the observed
number of events under the background-only hypothesis. In the low-event
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count regime (with Nops > Nyig), the significance is calculated as [147]

Nobs (kag+o'§kg) Nl:?kg a-t?kg ( Nops— kag)

Z - \/2 (NObS ln [ Nli(g+Nobs ngg B ?kg 1n 1 + kag(kag—i_Ul?kg)
(6.3)
To observe the ZZ~ final state, the background-only hypothesis needs to

be rejected with Z > 5¢; to find evidence, Z > 3 ¢ is required.

6.2 Results

The data in the SR are unblinded, yielding eight observed events. This is
compatible with the expected total yield of 7.96 + 0.09 (stat.) + 0.23 (syst.).
A breakdown of the expected signal, background, and observed number of
events is given in Table 6.1. In Fig. 6.1 data and predictions are compared
in the different decay channels and for various differential distributions—
photon transverse momentum, four-lepton-plus-photon invariant mass,
and dilepton invariant mass. In all distributions the data agree well with
the prediction.

With the estimated background contribution of Ny, = 0.92 + 0.15,

Table 6.1: Overview of the expected number of signal and background
events as well as the the observed number of events.

Number of events

SHERPA 2.2.11 44y 6.28 +0.09 (stat.) & 0.18 (syst.)
POWHEGPYTHIA8 ZH — ZZ~ 0.76 £0.03 (stat.) £ 0.03 (syst.)
Signal 7.04 £0.09 (stat.)£0.18 (syst.)
Fake photons 0.71 £0.02 (stat.) £0.13 (syst.)
Fake leptons 0.12+0.02 (stat.) &+ 0.08 (syst.)
Pileup 0.09 £ 0.002 (stat.) & 0.02 (syst.)
Total background 0.92 +0.03 (stat.) & 0.15 (syst.)
Niot prediction 7.96 +0.09 (stat.) & 0.23 (syst.)
Ntot data 8
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Figure 6.1: Data are compared with the signal and background expecta-
tions in the SR. In (a) the event yields are shown in the 4e, 4y, 2e2y and 4¢
channel, where the 4¢ channel is the sum of the other three channels, as
distinguished by the dashed line. Distribution of (b) the photon transverse
momentum p7, (c) the four-lepton-plus-photon invariant mass mae,, and
(d) the dilepton invariant mass my,, which includes entries from the leading
and sub-leading Z boson, taken from [7].
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the signal yield is Ny; = 7.081370 (stat.) & 0.15 (syst.). Using Eq. (6.3),
the background-only hypothesis is rejected with a significance of 4.40
(expected 4.40), resulting in strong evidence of the ZZ~ final state. The
measured cross-section at reconstruction level is

SR 44, = 0.0517925 (stat.) + 0.001(syst.) fb. (6.4)

The statistical uncertainty is propagated from the asymmetric statistical
uncertainty in Ny,. The systematic uncertainties are from the background
estimate and the uncertainty in the luminosity.

Applying the correction factor C, the fiducial cross-section at particle
level is*

0B 4oy = 0.14473-077 (stat.) & 0.005 (syst.) fb. (6.5)

This measurement is in agreement with the SM prediction, ofid = 0.143 +
0.001 (stat.) &= 0.005 (theo.) fb, which is obtained from the two signal MC
simulation samples (4¢y and ZH — ZZ~). The total uncertainty is domi-
nated by the statistical component (40%) due to the limited event count;
systematic uncertainties (4%) arise mainly from experimental uncertainties
and background modelling.

6.3 Interpretation and discussion

The measured fiducial cross-section is in good agreement with the SM
electroweak prediction for triple-gauge-boson production. The result is
statistics-limited and, with only eight observed events, one of the smallest
cross-sections measured at the LHC.

For all distributions in Fig. 6.1 the data agree well with the SM ex-
pectations. Two isolated outliers are present: a single event with a high
photon transverse momentum and one entry with a high dilepton invariant
mass. However, the number of expected events for a photon with trans-
verse momentum above 120 GeV is N(p}. > 120GeV) = 1.00 and the
number of expected entries for a dilepton invariant mass above 120 GeV is

‘The statistical uncertainty on the fiducial cross-section differs from that reported in
Ref. [7] due to different methods to determine the statistical uncertainty on Ng;;. Here, we

use the x2 inversion method to obtain the 68% confidence interval. In Ref. [7], a profile-
likelihood-ratio test statistic in the asymptotic approximation [148] is performed.
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N(myge > 120 GeV) = 1.39. Given the total of eight observed events, these
are compatible with statistical fluctuations.

The analysis provides strong evidence of the ZZ~ production, with the
limited event yield being the obstacle to observation. Assuming the same
signal-to-background ratio and relative number of observed events, the
current ATLAS Run 3 dataset (2022-2025) with an integrated luminosity of
300fb~" [149] would yield: Ngps =~ 17, Ngig ~ 15, and Ny ~ 2.0 with 16%
relative uncertainty. With these numbers the background-only hypothesis
would be rejected with a significance well above 60. Looking even further
ahead, the HL-LHC era will enable differential cross-section measurements,
testing the SM even further.

The ZZ~ final state has future physics potential. In the SM, the tree-
level Z Z~ production does not contain any triple- or quartic-gauge vertices;
fully neutral triple- or quartic-gauge couplings are forbidden. Consequently,
this final state is an excellent probe of anomalous neutral gauge couplings,
e.g., via dimension-8 operators in an effective field theory framework [150,
151]. At present, the Z~+ final state offers higher sensitivity because of its
larger event yield. However, with increased statistics, the ZZ~ final state
will become competitive or even superior. Its advantages relative to the Zvy~y
final state are the sensitivity to the ZZZ+ interaction (no sensitivity for
Z~~) and the lower background fraction (this analysis: 12%, Zyy: 29% [34]).

A precise measurement of the ZZ~ final state is also important for the
Higgs boson program, especially for the Higgs to Z+ decay. Current analyses
are targeting the vector-boson fusion production of the Higgs boson to find
evidence of H — Z+ [152]. With more data, the ZH associated-production
channel with a fully leptonic final state will be a clean channel to measure
the H — Z~ branching ratio. In this channel, the direct production of
Z Z~ will be the dominant background. Reducing the uncertainty on this
background will directly increase the discovery potential for H — Z~.

Beyond the specific physics cases, this analysis demonstrates that back-
grounds can be constrained in high-statistics CRs and reliably extrapolated
to low-statistics SRs, yielding a low background uncertainty. Such a strat-
egy is essential for any search that relies on a background-only hypothesis
test.

In summary, the present result constitutes the first evidence of the ZZvy
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final state. It is a stepping stone for a future observation, for tests of neutral
gauge-boson couplings, and for a measurement of the H — Z~ branching
ratio. The methodology and the achieved background precision are also
applicable to other analyses that are limited by low event yields.
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Conclusion

The simultaneous production of two Z bosons and a photon (ZZ~) is an
electroweak process that probes the non-abelian gauge-boson self-inter-
actions. We have performed the first cross-section measurement of ZZ~
production in the four-lepton-plus-photon final state using the ATLAS
full Run 2 dataset (/s = 13 TeV, 140 fb—!). We selected two opposite-sign
same-flavor lepton pairs and an isolated photon with a transverse momen-
tum of p) > 20 GeV. A dedicated veto against photon final-state radiation
significantly suppressed its contribution.

The main background contributions were estimated with data-driven
techniques. For the non-prompt photon background, we developed a new
ratio method that extrapolates from the high-statistics Z~ control region.
With this method, the non-prompt photon background yield was estimated
as 0.71£0.13 events. We expanded the matrix method to a four-lepton final
state, resulting in a misidentified lepton background yield of 0.12 £ 0.08
events.

After the selection, eight candidate events were observed with an ex-
pected background contribution of 0.9240.15 events. The background-only
hypothesis is rejected with a significance of 4.40, providing the first experi-
mental evidence of ZZ~ production. The fiducial cross-section at particle
level is measured as i3, = 0.144*0-077 fb, in excellent agreement with the
Standard Model prediction of 0.143 + 0.005 fb. This test of the Standard
Model confirms the non-abelian structure of the electroweak sector.

In conclusion, this analysis results in the first ZZ~ cross-section mea-
surement, demonstrates strong evidence of this process, and provides a
foundation for future triple-gauge-boson measurements and searches for
new physics.
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Appendix A

Technical details

A Trigger selection

The analysis uses the lowest unprescaled single- and dilepton triggers. A
list of the used triggers is given in Table A.1.

The trigger names follow a strict naming convention. While e refers to
electrons, mu refers to muons. Numbers in front of the particle abbreviation
represent the multiplicity, e. g., 2e for the di-electron triggers. The number
after the particle abbreviation is the HLT transverse momentum threshold
in GeV. A chain of particles plus threshold forms a logical AND, combining
the different requirements on particles, e. g., mu18_mu8 for the di-muon
trigger in 2015 requires one muon with a transverse momentum of at least
pr > 18 GeV and a second muon with at least pr > 8 GeV.

All the di-muon triggers have different thresholds for the two required
muons; these triggers are referred to as asymmetric. In contrast, triggers
that have the same requirements on the particles of interest are referred to
as symmetric, such as the di-electron triggers.

The trigger names also contain information about additional identifi-
cation and isolation requirements if applied in the trigger. Here, 1h is the
abbreviation for likelihood and indicates that this part of the trigger name
refers to the electron identification WP (e. g., loose, medium, or vloose for
very loose). If the transverse impact parameter is not used in the identifi-
cation, the trigger name additionally contains nod0 (no dp). The applied
isolation WP is given after the prefix i.

The part of the trigger name starting with L1 and in capitalized letters
contains information about the L1 seed/Region-of-Interest. The structure
is similar to the HLT part: multiplicity, region, threshold, identification,
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Table A.1: Overview of the triggers used in the ZZ+~ event selection.

Trigger type Year Trigger name
Single electron trigger 2015 e24_lhmedium_L1EM20VH
e60_lhmedium

e€120_1hloose
2016-2018 e26_lhtight_nod0O_ivarloose
e60_lhmedium_nodO
e140_lhloose_nodO

Single muon trigger 2015 mu20_iloose_L1MU15
2016-2018 mu26_ivarmedium
2015-2018 mu50

Di-electron trigger 2015 2e12_1hloose_L12EM10VH
2016 2e17_1hvloose_nodO
2017-2018 2e24 _1hvloose_nodO

Di-muon trigger 2015 mul8_mu8noLl
2016-2018 mu22_mu8noL1

and isolation requirements. The phrase noL1 means that the particle under
consideration does not need to have a seed given by the L1 trigger [108,

153].

A.2 Identification and isolation working points

Reconstructed electrons, muons, and photons have different identification
and isolation WPs. The tighter the WPs, the more likely it is a prompt par-
ticle. The reconstruction of the final state particles and general definition
of the different WPs are described in Section 3.3. More details to the WPs
applied in the Z Z~ analysis will be given in the following.

A.2.1 Identification working points

While the muon identification WPs are a combination of hit, acceptance,
and ratio of charge and momentum requirements, the photon identifica-
tion WPs have many requirements on the energy in different parts of the
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calorimeters, shower width, and on the acceptance. The electron identifica-
tion WP are likelihood-based and a combination of requirements on the
energy in different parts of the calorimeters, shower width, track conditions
and track-cluster matching. The ZZ~ analysis uses the medium muon iden-
tification WP, the loose photon identification WP, and medium or loose
electron identification WPs. These WPs are detailed in the following.

Muons used in this analysis are combined muons and to pass the
medium identification WP (|| < 2.5) the significance of the ratio of charge
and momentum (see definition on p.8 in Ref. [74]) must be less than seven
and the number of segments with at least three hits in the MDT or CSC
detectors need to be larger than one. In case the latter requirement is not
fulfilled, the muon still passes the medium identification WP if exactly one
segments with at least three hits in the MDT or CSC detectors exists, less
than two segments with less than three hits where three hits are expected
from the trajectory, and an absolute pseudorapidity of |n| < 0.1 [74].

The loose identification WP of photons is based on rejection criteria on
calorimeter variables. A list of variables is presented in Table A.2 [127].

The loose and medium electron identification WPs are based on a dis-
criminant of the prompt-electron likelihood and the prompt-electron plus
non-prompt-electron likelihood. The different quantities used in the likeli-
hood are listed in Table A.3 [110].

A.2.2 Isolation working points

The electron, muon, and photon isolation WPs are a combination of require-
ments on calorimeter isolation and tracking isolation. The Z Z~ analysis
uses the Loose electron WP, the PflowLoose muon WP, and the Loose pho-
ton WP. The exact thresholds for these WPs are listed in Table A.4.

In Table A.4, p;>°?° refers to the sum of transverse momentum in a
cone of size AR = 0.2 around the transverse momentum track in the Inner
Detector. The track isolation with a varcone3o indicates that the cone size
is variable, depending on the track momentum. The cone size is defined

as [74]

(A1)

AR = min ( 10Gev ) .

pr[GeV]' ™
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Table A.2: Variables and their description used for the loose identification
WP of the photon, taken and modified from [127].

Category

Description

Acceptance

In| < 2.37, with 1.37 < |n| < 1.52 excluded

Hadronic leakage

Ratio of Er in the first sampling layer of the
hadronic calorimeter to Et of the EM cluster
(used over the range |n| < 0.8 or || > 1.37)

Ratio of Et in the hadronic calorimeter
to Et of the EM cluster
(used over the range 0.8 < || < 1.37)

EM middle layer = Ratio of 3x7 7 X ¢ to 7x7 cell energy
Lateral width of the shower
Ratio of 3x3 1 x ¢ to 3x7 cell energy

EM strip layer Shower width calculated from three strips

around the strip with maximum energy deposit
Total lateral shower width

Energy outside the core of the three central
strips but within seven strips divided by
energy within the three central strips

Difference between energy associated with the
second maximum in the strip layer and the energy
reconstructed in the strip with the minimum
value found between the first and second maxima

Ratio of the energy difference associated
with the largest and second-largest energy
deposits to the sum of energy
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Table A.3: Quantities and their descriptions used for the definition of the
electron identification WP, taken and modified from [110].

Type Description

Hadronic leakage Ratio of Er in the first layer of the
hadronic calorimeter to ET of the EM cluster
(used over the range |n| < 0.8 or || > 1.37)

Ratio of Er in the hadronic calorimeter
to Er of the EM cluster
(used over the range 0.8 < |n| < 1.37)

EM third layer Ratio of the energy in the third layer to the total
energy in the EM calorimeter

EM second layer = Lateral shower width
Ratio of the energy in 3x3 1 X ¢ to 3x7 cells
centered at the electron cluster position
Ratio of the energy in 3x7 1 x ¢ to 7x7 cells
centered at the electron cluster position

EM first layer Shower width
Ratio of the energy difference between the maximum
energy deposit and the energy deposit in a secondary
maximum in the cluster to the sum of energy

Ratio of the energy in the first layer to the total
energy in the EM calorimeter

Track conditions ~ Number of hits in the innermost pixel layer
Number of hits in the pixel detector
Number of hits in the pixel and SCT detectors
Transverse impact parameter and its significance

Relative momentum lost by the track between the
perigee and the last measurement point

TRT Likelihood probability based on transition radiation
Track cluster An between the cluster position in the first layer
matching and the extrapolated track

A¢ between the cluster position in the second layer
and the momentum-rescaled track times the charge

Ratio of cluster energy to track momentum
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Table A.4: Loose isolation WP thresholds for the electrons, muons, and
photons [73, 74].

Track isolation  Calorimeter isolation

varcone30 cone20

Electron 22— <0.15 Do~ (),2
pr DT
cone20 EConeQO

Photon B <0.05 —Llee 0,065
pr pr

p¥arcon630+0.4E¥eﬂow20

Muon < 0.16 (pr < 50 GeV)

pr
20 flow20
pfsrone +0.4E¥e OW:
pr

< 0.16 (pr > 50 GeV)

For the calorimeter isolation, the electron and photon isolation WPs
dependent on E%‘?{L?OO. This variable is the transverse energy sum of topo-
logical clusters with their barycenter in a cone of size AR = 0.2 around
the electron or photon EM topological cluster [85, 110]. Muon calorimeter
isolation thresholds are determined via E3f°¥20, the transverse energy
sum of neutral particle-flow objects in a cone of size AR = 0.2 around the

muon energy cluster [74].

A.3 Monte Carlo simulation samples

To understand the underlying behavior of data, compare data to expecta-
tion, and extrapolate from CRs to the SR, MC simulations are used. The MC
samples simulating the signal process as well as simulations of different
background processes (e. g., pp — W Z~, pp — ZZ, pp — tty) are needed in
this analysis. A list of all MC simulation samples applied in the signal and
background estimation is presented in Table A.5. The samples are grouped
into the different simulated processes.

The MC simulation samples for the signal estimation are the 4/~ sam-
ples, the SHERPA 2.2.11 pp — ££4¢~ sample for the direct production and
the POWHEGPYTHIAS pp — ZH — ZZ~ sample for the Higgs contribu-
tion. They are described in detail in Section 4.3.

For the non-prompt photon background, the SHERPA 2.2.4 pp — £~y
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Table A.5: Overview of MC simulation samples used in the analysis. The

samples are grouped into the different areas they are primarily used for. The
process describes the matrix element calculation without the simultaneous
produced additional partons. The precision of the matrix element depends
on the number of additional partons (jets) produced with the hard scatter
event. The used PDF sets are given. Depending on the used event generator,
matrix element and parton shower are either simulated by the same genera-
tor or two different ones are used.

Process Precision PDF set Generator
40y pp — LLLLy 0j@NLO+1, 2j@LO NNPDF 3.0 NNLO SHERPA 2.2.11
pp— ZH — ZZ~ NLO AZNLO CTEQ6L1 POWHEGPYTHIAS
Z  pp— Uy 0-3j@LO NNPDF 3.0 NNLO SHERPA 2.2.4
pp — U 0-3j@NLO NNPDF 3.1 NNLO MADGRAPHPYTHIAS
0-2j@NLO+3-5@LO NNPDF 3.0 NNLO SHERPA 2.2.11
ZZ qq — Leee 0, 1j@NLO NNPDF 2.3 LO MADGRAPHPYTHIAS
0, 1j@NLO+2, 3j@LO NNPDF 3.0 NNLO SHERPA 2.2.2
gg — Leee 0,1j@LO NNPDF 3.0 NNLO SHERPA 2.2.2
WZ pp— Ly 0,1j@NLO+2,3j@LO  NNPDF 3.0 NNLO SHERPA 2.2.2
pp — vy 0j@NLO+1, 2j@LO NNPDF 3.0 NNLO SHERPA 2.2.11
pp— WWZ 0j@NLO+1, 2j@LO NNPDF 3.0 NNLO SHERPA 2.2.2
tt  pp — tt — vlvy, fvggy  LO NNPDF 2.3 LO MADGRAPHPYTHIAS
pp — tt — Lvlv, fuqq NLO NNPDF 3.0 NLO POWHEGPYTHIAS8
pp — ttll 0j@NLO+1-3j@LO NNPDF 3.0 NNLO SHERPA 2.2.11
Yy pp—y 1,2j@NLO + 3,4j@LO NNPDF 3.0 NNLO SHERPA 2.2.2

with up to three partons at LO is used for the non-prompt photon estimation
in the Z~ CR. This sample uses the NNPDF3.0 PDF sets [114] and the
SHERPA parton-shower algorithm [115].

To validate the extrapolation from the Z~ CR to the SR via the ZZ+jet
and Z+jet ratio, the MADGRAPHPYTHIAS8 and SHERPA 2.2.11 pp — £/
samples, the MADGRAPHPYTHIA8 and SHERPA 2.2.2 gq — ££¢¢ samples,
aswell asthe SHERPA 2.2.2 gg — ££¢f are used. All SHERPA samples use the
NNPDF3.0 PDF sets [114] and the SHERPA parton-shower algorithm [115],
while the MADGRAPHPYTHIAS8 samples use MADGRAPH [154] for the
matrix calculation, the NNPDF3.1 PDF sets [93] (NNPDFz2.3 PDF sets [155])
for the pp — ££ (qq — £££¢) samples, and are interfaced with the PYTHIAS8
parton-shower algorithm [121].

For the subtraction of backgrounds in the Zy CR, the SHERPA 2.2.2
pp — £00v MC sample as well as the MADGRAPHPYTHIAS pp — tt —
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Lvlvy, lvqqy MC sample are used. The SHERPA 2.2.2 sample uses the
same setup as described earlier, and the MADGRAPHPYTHIAS uses the
NNPDF2.3 PDF sets [155] and is interfaced with the PYTHIA8 parton-
shower algorithm [121].

The estimation of the fake efficiency and the study of the fake-enriched
CR involve the SHERPA 2.2.2 pp — £0fv MC sample and the POWHEG-
PYTHIAS pp — tt — fvlv,lvqq MC samples. Both use NNPDF3.0 PDF
sets [114]. The SHERPA 2.2.2 sample is interfaced with the SHERPA parton-
shower algorithm [115] and the POWHEGPYTHIAS8 with the PYTHIAS8
parton-shower algorithm [121].

For the validation of the misidentified lepton background, the SHERPA
2.2.2 pp - WWZ and SHERPA 2.2.11 pp — tt¢f MC samples are used.
Both samples have the NNPDF3.0 PDF sets [114] and are interfaced with
the SHERPA parton-shower algorithm [115].

The MC overlay in the pileup estimation uses the same SHERPA 2.2.2
qq — £££¢ MC samples as for the non-prompt photon estimation and the
SHERPA 2.2.2 pp — v MC samples with the same PDF sets and parton-
shower algorithm.

A.4 Baseline and control region selection criteria

The baseline selection contains all selection criteria applied to the SR as
well as to all CRs. It mainly contains object selection criteria but also general
event selection criteria. A detailed description is given in Section 4.2.1. A
summary table is shown in Table A.6.

Detailed tables of the event selection criteria of the CRs defined in the
background estimation are given in the subsequent section.

A.4.1 Control regions for the non-prompt photon estimation

For the non-prompt photon estimation, four different CRs are defined. The
Z~ CR is needed to estimate Z~ events with a non-prompt photon. The
selection criteria are listed in Table A.7. The estimate of Z~ events with
a non-prompt photon is extrapolated to the SR using the ratio of ZZ+jet
to Z+jet events. These events are estimated in the ZZ+jet CR and Z+jet
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Table A.6: Overview of the baseline selection.

Event Good Run List, vertex, trigger matching, overlap removal
pT n Identification and isolation
Electrons pr > 10GeV In] < 2.47, Loose ID, no iso, |dg|/cq, < 5,
excluded 1.37 < |n| < 1.52 |z sin(6)| < 0.5 mm
Muons  pp > 10GeV In| < 2.5 Medium ID, no iso, |do| /04, < 10,

|20 sin()| < 0.5 mm

Photons pr > 15GeV In] < 2.37, Loose ID, no iso
excluded 1.37 < || < 1.52

Jets pr > 20GeV ly] < 4.4 Pflow, jet vertex tagger < 0.59

Table A.7: Summary of the event selection criteria in the Z~ CR.

Electrons Muons Photon
Kinematics pr > 30,25 GeV pr > 20 GeV

In| < 2.47 In| < 2.5 In| < 2.37
excluded 1.37 < |n| < 1.52 1.37 < |n| < 1.52
Isolation Loose Loose Loose

AR(u,e) > 0.2 AR(¢,y) > 04

Identification Medium Medium Tight
Multiplicity > 1 OSSF pair > 1 photon
Invariant mass myge > 40 GeV, (myey +myee) > 2-my

CR, respectively. The selection criteria of the two CRs are combined and
summarized in Table A.8. For the validation of the method, a WZ+~ CR is
defined. The selection criteria are presented in Table A.9.

A.4.2 Control regions for the misidentified lepton estimation

For the misidentified lepton estimate, a variety of CRs are defined. For the
fake efficiency, the fake-enriched Z + 1¢ CR is needed. The selection crite-
ria are listed in Table A.10. For the fake lepton estimation with the matrix
method, four additional CRs with a different number of leptons passing
the tight selection and passing the loose but failing the tight selection are
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Table A.8: Summary of the event selection criteria in the Z(Z)+jet CR.

Electrons Muons Jet
Kinematics pr > 30,25, (10,10) GeV pr > 20GeV

|| < 2.47 Inl < 2.5 In| < 2.6
excluded 1.37 < |n| < 1.52
Isolation Loose Loose

AR(u,e) > 0.2 AR(#,jet) > 0.4

Identification Medium Medium PFlow
Multiplicity > 1(2) OSSF pairs >1jet
Invariant mass mye > 40 GeV

Table A.9: Summary of the event selection criteria in the WZ~ CR.

Electrons Muons Photon
Kinematics pr > 30,25 GeV pr > 20GeV

In| < 2.47 In| < 2.5 In| < 2.37
excluded 1.37 < |n| < 1.52 1.37 < |n| < 1.52
Isolation Loose Loose Loose

AR(p,e) > 0.2 AR(¢,v) > 04

Identification Medium Medium Tight
Multiplicity > 3 leptons, > 1 OSSF pair > 1 photon
Invariant mass mye > 40 GeV, (myey +mge) > 2-myz
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Table A.10: Overview of the event selection in the Z + 14 CR.

Electrons Muons
Kinematics pr > 30,25,10 GeV
In| < 2.47 In| < 2.5
excluded 1.37 < |n] < 1.52
Isolation Z lepton: Loose  Z lepton:Loose
Lepton 3: — Lepton 3: —
AR(u,e) > 0.2
Identification  Z lepton: Medium Medium
Lepton 3: Loose
d0 significance <5 Z lepton: < 3
Lepton 3: <10
Multiplicity = 3¢, 1 OSSF pair

Invariant mass ~ min(| mge1 — mz |), mee > 40 GeV

needed. The common selection criteria of CR1-4 are shown in Table A.11
and the individual differences are shown in Table A.12. Due to the limited
statistics in CR1-4, the number of fake leptons are estimated in the ZZ
CR, see Table A.13 for the selection criteria of the CR, and CR’1-4 are de-
fined. Their selection criteria are given in Table A.14 and the individual
differences are the same as for CRs1-4, see Table A.12. The validation of
the misidentified lepton estimate is done in the same-sign VR for the es-
timate in the SR and in the same-sign VR’ for the estimate in the ZZ CR.
The selection criteria of the two regions are presented in Table A.15 and
in Table A.16, respectively.
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Table A.11: Overview of the common event selection in CR1-4.

Electrons Muons Photon
Kinematics pr > 30,25,10,10 GeV pr > 20 GeV
In| < 2.47 In| < 2.5 In| < 2.37
excluded 1.37 < |n| < 1.52 1.37 < |n| < 1.52
Isolation — — Loose
AR(u,e) > 0.2 AR(¢,v) > 0.4
Identification Loose Medium Tight
d0 significance <5 <10
Multiplicity > 2 OSSEF pairs > 1 photon
Invariant mass min(| mee1 —mz | + | mee2 —mz |),

mye > 40 GeV, (mgg,y +myg) >2-myz
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Table A.12: Overview of the differences in the event selection of CR1-4

(CR’1-4).
CR Criteria Flavor Lepton1 Lepton2 Lepton3 Lepton 4
CR1 Isolation Electron Loose Loose Loose —
Muon Loose Loose Loose —
Identification  Electron Medium Medium Medium Loose
Muon Medium Medium Medium Medium
d0 significance Electron <5 <5 <5 <5
Muon <3 <3 <3 <10
CR2 Isolation Electron  Loose Loose — —
Muon Loose Loose — —
Identification  Electron Medium Medium Loose Loose
Muon Medium Medium Medium Medium
d0 significance Electron <5 <5 <5 <5
Muon <3 <3 <10 <10
CR3 Isolation Electron  Loose — — —
Muon Loose — — —
Identification  Electron Medium Loose Loose Loose
Muon Medium Medium Medium Medium
d0 significance Electron <5 <5 <5 <5
Muon <3 <10 <10 <10
CR4 Isolation Electron — — — —
Muon — — — —
Identification  Electron Loose Loose Loose Loose
Muon Medium Medium Medium Medium
d0 significance Electron <5 <5 <5 <5
Muon <10 <10 <10 <10
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Table A.13: Overview of the event selection in the ZZ CR.

Electrons Muons
Kinematics pr > 30,25,10,10 GeV

In| < 2.47 In] <2.5
excluded 1.37 < |n| < 1.52
Isolation Loose Loose

AR(p,e) > 0.2

Identification Medium Medium
d0 significance <5 <3
Multiplicity > 2 OSSF pairs

Invariant mass m1n(| Myge1 — Mz | + | Myg2 — Mz |), myge > 40 GeV

Table A.14: Overview of the common event selection in CR’1-4.

Electrons Muons
Kinematics pr > 30,25,10,10 GeV

In| < 2.47 In| < 2.5
excluded 1.37 < |n| < 1.52
Isolation AR(p,e) > 0.2
Identification Loose Medium
d0 significance <5 <10
Multiplicity > 2 OSSF pairs

Invariant mass min(| mee1 —mz | + | mer2 — mz |), mee > 40 GeV
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Table A.15: Overview of the event selection in the same-sign VR.

Electrons Muons Photon
Kinematics pr > 30,25,10,10 GeV pr > 20 GeV
|n| < 2.47 In| < 2.5 In| < 2.37
excluded 1.37 < |n] < 1.52 1.37 < |n| < 1.52
Isolation Loose Loose Loose
AR(u,e) > 0.2 AR(¢,y) > 0.4
Identification Medium Medium Tight
d0 significance <5 <3

Multiplicity
Invariant mass

Trigger

> 1 OSSF pair, > 1 SSSF pair > 1 photon

min(| mee,1 —mz |+ | meg2 —mz ),
myee > 40 GeV, (mgh + TI’LM) >2-my

Single and dilepton trigger

Table A.16: Overview of the event selection in the same-sign VR'.

Electrons Muons
Kinematics pr > 30,25,10,10 GeV
In| < 2.47 In| < 2.5
excluded 1.37 < |n| < 1.52
Isolation Loose Loose
AR(u,e) > 0.2
Identification Medium Medium
d0 significance <5 <3

Multiplicity
Invariant mass

> 1 OSSF pair, > 1 SSSF pair
min(| Mgl — Mz | + | Myge2 — Mz |), myee > 40 GeV
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Event selection studies

B.1 Signal significance optimization

The signal selection is optimized to maximize the signal contribution while
minimizing the background in the SR. Thus, the signal significance Z is
maximized, with [147],

77— lalnN1 N(kag + ngg) Ngkg In |1 ngg(N - kag)
- " Nl:?kg + Nagkg ngg 8 " M bkg (N bkg + a-‘gkg) ’
(B.1)
with N the total number of signal and background events, Ny, the number
of background events, and o, the uncertainty in the background.

First, a minimum event selection is defined that contains all selection
criteria that cannot be loosened or neglected. With this minimum event
selection applied, we optimize the signal selection by maximizing the signal
significance.

The minimum event selection fulfills the baseline selection criteria
(see Section 4.2.1) and requires the final state particles: two OSSF lepton
pairs and a photon. The two OSSF lepton pairs are selected with the op-
timized selection algorithm. To suppress misidentified leptons and non-
prompt leptons, the leptons (electron and muons) must pass the medium
identification WPs and the loose isolation WP [73, 74]. To ensure that the
triggers are fully efficient, the leading and sub-leading leptons must pass
the transverse momentum thresholds of pr > 30GeV and pt > 25 GeV,
respectively. The photon must pass additionally the transverse-momentum
threshold of p., > 15 GeV, the loose isolation WP, and the tight identifica-
tion WP [73]. These photon requirements are needed to take advantage of
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the results of the ATLAS Z~ analysis [113] for the non-prompt photon back-
ground estimation. To suppress events with photon FSR, the FSR rejection
must be applied as well.

The signal significance is derived for each selection criterion and only
the requirements improving the significance are considered further. Only
the total signal and background yields are used; no distributions are ana-
lyzed. The number of signal events is the total yield of the 4¢y sample and
the ZH — ZZ~ sample (see Section 4.3).

For the number of background, only the non-prompt photon and mis-
identified lepton background are considered; the pileup contribution is
neglected. The non-prompt photon estimates for the different selection
criteria are derived with the MC-based Z+ estimates; the jet ratio is from
data. All estimates of the misidentified lepton background use the real and
fake efficiencies derived in Section 5.2.2. The data events passing CR’1-4
and the ratio of Nz, and Nzz events are derived for each selection crite-
rion to estimate the number of misidentified leptons. The same relative
uncertainty (see Table 6.1) is applied to each background estimate.

We individually apply selection criteria which might increase the signal
significance. The signal significance after the minimum event selection
is Z = 3.990 and taken as baseline. Each selection criterion increasing
this significance is considered further, all others are discarded. The signal
and background yields including the significance for each of the selection
criteria is shown in Fig. B.1.

First, we optimize the trigger selection. The selection criterion after the
baseline selection are tighter requirements on the leading lepton. In case
only single lepton trigger are used, the leading lepton must pass the tight
identification WP if it is an electron or the tight isolation WP if it is a muon
to prevent a bias. Since no significance increase is present for this selection
criterion, we use the combination of single and dilepton triggers.

The thresholds and selection criteria on the dilepton invariant mass
are also optimized. Various upper and lower thresholds are applied as well
as two different window cuts. The dilepton invariant mass thresholds of
mye > 20 GeV and myp > 40 GeV result in an increase of the significance.
All other criteria effect a decrease in the significance. Since all background
contributions contain at least one Z boson, the non-prompt photon and
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Figure B.1: Overview of the number of signal and background events for
each selection criteria. All selection criteria are applied individually. The
lower panel shows the signal significance and the dotted line represents the
baseline significance.

pileup even two, tighter selection criteria on the invariant mass of the
Z boson reduce the signal contribution to a larger degree than the back-
ground contributions. Nonetheless, the dilepton invariant mass thresholds
of mye > 40 GeV is applied to the signal selection since it has a positive
effect on the significance.

Lastly, the photon transverse-momentum threshold is optimized. The
baseline selection has a threshold of pJ. > 15 GeV. Additionally, photon
transverse-momentum thresholds of pJ, > 20GeV, pJ, > 25GeV, and
Py > 30GeV are imposed. All thresholds increase the signal significance.
The dominant non-prompt photon background is a falling function of the
photon transverse momentum. The distribution is falling steeper than the
photon transverse momentum distribution of the signal. Thus, the higher
the transverse momentum threshold, the lower the non-prompt photon
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background. Due to the non-linear signal and background relation in the
calculation of the significance, a photon transverse-momentum threshold
of pl. > 20 GeV results in the highest significance. This threshold is applied
in the signal selection.

B.2 Kinematic distributions

The distributions of different kinematic properties, such as the dilepton
invariant mass or the transverse momentum of final state particles, is shown
in Fig. B.2 for the ZH — ZZ~ sample.

The dilepton invariant mass distributions (Figs. B.2a and B.2b) are
very similar to the 44y distributions (see Section 4.3). All Z bosons are on-
shell. The lepton transverse-momentum distributions (Fig. B.2d) show the
behavior as the 44y distributions. However, all momentum distributions
have a lower mean in the ZH — Z Z~ sample compared to the 4/~ sample.

The largest difference between the two signal sample distributions is
present in the photon transverse momentum distribution (Fig. B.2c). The
on-shell Higgs decay into a Z boson and a photon limit the available mo-
menta. The photon distribution contains a contribution from the falling
photon spectrum (similar to the 4¢y sample) as well as a distribution peak-
ing around 45 GeV, roughly the difference between the Higgs boson and Z
boson mass.

136



B.2 Kinematic distributions

> F T T T B > F T T T el
] E ZH-> 22/ MC Simulation J 8 0ab ZH-> ZZy MC Simulation ]
2025 - V5=13 TeV, 140 b" ~ E V5=13TeV, 1401b" ]
o [ ] S £ ]
2 F leading Z 9 £0.25 - paem —
g 02 —subleadingZ 8 E —Z-ee 1
i i Wk E
015 = E E ]
£ ] 015 - E
01 E s E
0.05 - B 0.05 - 3
0 £ - 1 L 1 0 E 1 i - L ]

40 60 80 100 120 140 40 60 80 100 120 140
m, [GeV] m, [GeV]

(a) dilepton invariant mass, Z; and Zs (b) dilepton invariant mass, mee and my,,

>0.14 F T T T T 2 0.18 T T T ]
& F ZH-» 22/ MC Simulation ] Bo16 ZH-» 22/ MC Simulation J
00.12 (5=13TeV, 140 fb" ] <2 (5=13TeV, 140" J
£ E 1 £0.14 Lepton 1 E
@ o1 3 ©0.12 — Lepton 2 &
L ] % —Lepton 3 3
0.08 — - 0.1 —Lepton 4 —
0.06 £ 4 0.08 E
£ ] 0.06 E
0.04 |- e E
F ] 0.04 e
002 E 0.02 4
C I L | | L L L 3 0 B { =SSEEEE

20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
p; [GeV] p, [GeV]

(c) photon transverse momentum (d) lepton transverse momentum

Figure B.2: The invariant mass distributions of the two leptons of the lead-
ing and sub-leading Z boson (top, left) and the dilepton invariant mass of
the electrons and muons (top, right). The kinematic distributions of the
transverse momentum of the photon (bottom, left) and the transverse mo-
mentum distribution of the leading, sub-leading, third leading and fourth
leading lepton (bottom, right). All distributions show events simulated with
the ZH(— Z~) signal sample and passing the SR selection criteria. Total
uncertainties are shown, and the events are scaled to the Run 2 luminosity.
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Appendix C

Non-prompt photons

C.1 Comparison of the non-prompt photon estimates

More detailed comparisons of the N}f;ke estimates as well as their consis-
tency with the results from the Z+ analysis [113] are presented in Appen-
dices C.1.1 and C.1.2. Additional comparisons regarding the CRs of the jet
ratio are detailed in Appendix C.1.3.

C.1..1 Comparison of the different methods

The different methods give consistent results, as shown in Table C.1. While
the shape differs slightly, see Fig. C.1, the overall agreement is good. A
detailed list of the different uncertainties is displayed in Table C.2.

C.1.2 Comparison to the Z~ analysis

The results of the two different purity estimates are compared to the esti-
mate of the Z+v analysis in Table C.3. A detailed comparison of the number
of data and MC simulation estimates in the Z~ CR is given in Table C.4. The

Table C.1: Comparison of the results with the purity methods and the
subtraction method. The total uncertainties are presented.

N’Yfake
Zy

Purity+data 28368 + 4 295 (tot.)
Purity+MC 26 503 % 5146 (tot.)

Subtraction 28 288 + 3 620 (tot.)
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Figure C.1: The transverse momentum distribution of the photon for events
with a non-prompt photon in the Z~ CR. The figure shows the distributions
from the purity measurement with data and MC samples as well as the dis-
tribution from the subtraction method. The total systematic uncertainties
are shown.

Table C.2: Summary of the uncertainty sources and their relative contribu-
tions to the different estimates of the number of non-prompt photon events
in the Z~ CR.

Source Subtraction Purity+data Purity+MC
Statistics 1.67% 0.27% 0.11%
Integrated luminosity 0.83% 0.83% 0.83%
MC systematic 12.67% — 2.32%
Purity measurement (tot.) — 13.61% 17.93%
Modelling uncertainty — 6.57% 7.04%
Total uncertainty 12.81% 15.14% 19.42%
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C.1 Comparison of the non-prompt photon estimates

Table C.3: Number of prompt photon Z+v events and number of non-
prompt photon Z+ events for photon transverse momentum thresholds of
pr > 20GeV and 30 GeV in the Z+ CR derived with the purity methods. Ad-
ditionally, the results are given from the Z+~ analysis [113] with pr > 30 GeV
for the photon in the last row for comparison. The statistical uncertainties
are the propagated data and MC statistics. The contributions of the system-
atic uncertainty are shown in Table C.2.

Ng‘;“* (data) Ng‘;‘/“e (MCQ)

Ypr > 20GeV 28368 £ 76 (stat.) £ 3862 (syst.) 26503 £ 30 (stat.) £ 4770 (syst.)
Yor > 30GeV 10047 £ 34 (stat.) £ 1244 (syst.) 9445+ 9 (stat.) + 1313 (syst.)

Z~ analysis 9592 + 256 (stat.) £ 683 (syst.)

Table C.4: Number of data and expected events in the Z~ CR. The first
column shows the results for a transverse momentum threshold of the
photon of 20 GeV, the second for a threshold of 30 GeV and the last column
are the results from the Z~ analysis[113]. The number of N;fj;ke is estimated
via the subtraction method.

Source Z~y CR Z~y CR Z analysis [113]
(pr > 20GeV) (pr > 30GeV)
N°bs 173708 + 417 (stat.) 99971 + 316 (stat.) 95756 + 309 (stat.)

Nz, 130984 4222 (stat.) & 3091 (syst.) 80734 + 173 (stat.) + 1905 (syst.) 79485 + 91 (stat.) + 2196 (syst.)
NJe 28288473 (stat.) & 3589 (syst.) 12565 & 361 (stat.) = 2006 (syst) 9592 256 (stat.) + 683 (syst.)

Nity 4953 £ 16 (stat.) + 527 (syst.) 3674+ 14 (stat.) + 391 (syst.) 3635+ 13(stat.) = 387 (syst.)
Npy 8707 + 1741 (tot.) 2394 + 479 (tot.) 2394 + 342 (tot.)

Nwz 548+ 5(stat.) = 117 (syst.) 425+ 5(stat) £ 91 (syst) 453+ 4(stat.) = 97 (syst.)
Nzz 227+ T(stat.) £ 49(syst) 179+ 6(stat) £ 39(syst) 166+ 1(stat.) = 36 (syst.)

table includes the results for a photon transverse momentum threshold of
pr > 30GeV and the results of the Z~ analysis [113] for a direct comparison.

C.1.3 Comparison of data and prediction in the jet ratio

To understand the underlying reason for the difference between data and
prediction in the jet ratio, a direct comparison of data and prediction in
each of the two CRs is shown in Fig. C.2.

In Fig. C.2 we can see that the data-prediction agreement differs for the
Z+jet and ZZ+jet CR. In the case of the Z+jet CR, a shape difference—an
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Figure C.2: Transverse momentum distribution of the jet for selected Z+jet
events in the Z+jet CR (a). Transverse momentum distribution of the jet
for selected ZZ+jet events in the ZZ+jet CR (b). The shaded regions show
the statistical uncertainty. The bottom panels show the ratio of data and
prediction.

overestimation in the prediction for low transverse momenta and an under-
estimation for high transverse momenta—is present. This shape difference
has already been observed in previous analyses [138, 139] and is due to the
limited understanding of QCD. In the ZZ+jet CR, a roughly 20% offset be-
tween data and the MADGRAPH prediction is observed, while the difference
between data and the SHERPA prediction is around 15%. The difference in
offset between the predictions originates from the not-included gg — ££¢¢
contribution for the MADGRAPH prediction. The remaining 10-15% differ-
ence most likely originates from not-included NLO electroweak corrections
of the q¢ — ZZ samples and other background processes. These effects
overlap in the ratio and result in the data versus prediction difference seen
in Fig. 5.6.

C.2 Jet ratio uncertainties

An overview of the experimental uncertainties for the SHERPA and MAD-
GRAPHPYTHIAS samples is shown in Table C.5, and the theory uncertain-
ties are shown in Table C.6. The luminosity uncertainty fully cancels.
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C.2 Jet ratio uncertainties

Table C.5: Relative contribution of the different experimental uncertainties
for the ratio of ZZ+jet and Z+jet events.

Uncertainty source Relative uncertainty [%]
SHERPA MADGRAPH

Jet energy resolution 5.92 1.50
Jet energy scale 5.11 2.52
Total jet uncertainty 7.82 2.93
Electron-photon energy resolution and scale 0.39 0.34
Electron identification efficiency 1.65 0.23
Electron reconstruction efficiency 0.21 0.29
Total electron uncertainty 1.71 0.50
Muon isolation efficiency 1.53 1.30
Muon reconstruction efficiency 0.42 0.39
Muon momentum resolution and scale 0.13 0.21
Total muon uncertainty 1.59 1.37
Pileup reweighting 3.87 5.58
Total systematic uncertainty 9.03 6.47

Table C.6: Overview of the theoretical uncertainty sources for the ratio of
jets jets
N, ,and N,".

Source Relative uncertainty [%]
SHERPA MADGRAPH

Scale variations 1309 180
PDF variations 2.5% 3.4%
Total theory uncertainty ~ 133% %
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Misidentified leptons

D.1 Derivation of the misidentified lepton estimate for a
four-lepton final state

The derivation of the misidentified lepton estimate for a four-lepton final
state relies on induction. We derive the results for the one-lepton, two-
lepton, and three-lepton final state and infer from the pattern the result for
the four-lepton final state.

For each final state, the same procedure is applied. First, the number of
events with the various possibilities of tight and loose-not-tight leptons are
related to the numbers of real and fake leptons with a matrix. Afterwards
the matrix is inverted and the number of fake leptons passing the tight
selection is derived.

D.1.1 One-lepton final state

The one-lepton final state case has been presented in the estimation of the
misidentified lepton background, see Section 5.2, and is in the following
summarized for completeness. For better readability we use from now on N*
instead of N'"T and r and f for the real and fake efficiencies, respectively.
The relation of the tight, NT, and loose-not-tight leptons, N*, to the real
leptons, N”, and fake leptons, N/, is

NT _ T f N"
)-(o L)) e

The number of fake leptons passing the tight selection, Nk is given by

Nfakes — f . Nf. (DZ)
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With the inverted matrix we can express Nk in terms of the known
quantities NT, Nt, r, and f,

fakes __ 7’(1 - f) Tf

D.1.2 Two-lepton final state

The same steps can be applied to two-lepton final states. Since we have
two leptons, we label the leading and sub-leading lepton with the indices
i = 1,2, respectively. We start by relating the loose-not-tight and tight
leptons to the real and fake leptons,

NTT T1T2 r1f2 fira fifa Nt
NV ri(l—r2) ri(l— f2) fi(l—r2) fi(l—f2) Nrf
NLT - (1—1"1)7‘2 (1—7‘1)f2 (1—f1)7‘2 (1—f1)f2 Nfr
N (I-r)(l—r)) (A—r)(A—-fr) A-f)1—-r2) (1—f)A-rf)/ \Nff
(D.4)

In the case of two leptons, the number of events with at least one fake
lepton that passes the tight selection is

Nfakes — T1f2 . N"'f + flrz . Nfr + f1f2 . fo (D-S)

Now we need N/, N/ and N/f in terms of N™T, N™, N'T and N''. Thus,
we invert the matrix in Equation (D.4):

N 1Ty rif2 fira fifa NTT
N ri(l—r2) ri(l - f2) fi(l =) f(1 = fo) NTE
N @ =) (1-r)f (1= fi)rz 11— fi)f2 N'T
NI (1-r)A-r) Q-r)A-fo) A-fi)Q-r2) (1-f)1-f2) N
(D.6)

With the inverse of the 4x4 matrix, we get

N 1-f)A-f) -Q-fi)fz —HQ-f2) fifz NTT
N 1 —(1-f)A-r) QA—=fo)r2 Fil—r2) —fira NTL
N | TEERETR | om)(-f) A-m)fe n(-f) onf | | N0
N7I (I=r)A=r2) —(I=r)rz —m(l—r2) mir2 N
(D.7)
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Consequently, we have

= m [(A=f)A = fL)NTT— (1= f1)oN™ — f1(1 — f2)NT + f1 faN']
Nrf = m [—(1 - fl)(l - Tz)NTT =+ (1 - f])T‘zNTL + f1(1 - 1"2)NLT - fl’l‘zNLL]
NIT = m [FA=r)A = f)NT+ 1 —r1) faN™ 471 (1 = fo) N*T =y foNM]

1

ff —
N = (7”1 _fl)('r'Z_f2) [

(L=r)@Q—ra)N™T — (1 —r1)reN™ — 71 (1 — o) N + r1ry N
(D.8)
With the number of events with real and fake leptons expressed in terms
of the number of events passing the tight and loose-not-tight selection,
we can calculate the number of fake leptons for the two-lepton final state
given in Equation (D.5):

Nk = py fo - N™F 4 firg - NT" + f1 fy - NTS

_ T1f2 (1 _ —r TT _ ro NTL —ry LT _ o LL
= e =Ty T AN (1= )N+ A= r2) N~ firaNY]
firs —(1—r _ TT —r TL 4 (1 — LT _ . LL
* o T = RN+ A=) foNT 4 i (1 - )N - i foNY]
fife _r _r TT _ (1 — Vo NTE — i (1 — LT | o) NLL
i =g (AN = (L= r)raNE =1 =)V 4 raraV .
(D.9)
This results in
ri(1 = f1) r2(1 = fo) ri(l—fi) rafo
Neses = |1 — Nt + N
fok (m—f) (a—f) ] (m—F) (e—f)
rifi re(1— f2) r1f1 T2 f2
Nt — Nrg.
(ri—F) (o= fo) " (ri—fr) (ra—f2)
(D.10)

As mentioned in Section 5.2, the efficiencies are dependent on the trans-
verse momentum but not on the specific lepton. Since it is irrelevant which
of the two leptons is fake, we can combine Nt and Ngr. For consistency,
we define the sum of Ntg and Ngr as Ncr,, Nk as Ncr,, and Ntr as Ngg.
Thus, we can rewrite Equation (D.10),

[

Nsw 4 0= F) Gy~ £)

N, CR1

l

(D.11)
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where the index 7 always refers to the tight lepton and the index j always
refers to the loose-not-tight lepton.

D.1.3 Three-lepton final state

Similar to before, we define the matrix relation for the three-lepton final
state,

NTTT r17ToT3 rirafs 1 fars firars
NTT riry(1—73) rir2(1 — f3) r1fa(1 —r3) fira(1 —r3)
NTIT ri(l—r2)rs ri(l—r2)fs ri(1 = fa)rs fi(l —r2)rs
NUT (L= ri)rars (1 =ri)rafs (1 =r1)fors (1= fu)rars
N r1i(1—mr2)(1—r3) ri(1—=mr2)(1 - fs) (1= f2)(1—73) fil =r2)(1—73)
NI (L—r)ra(1—rs) (1 =r1)r2(1— f3) (I —r1)f2(1 —73) (1= fr)r2(1 —r3)
NUT (I=r)(1—r2)rs 1=r)(A—r2)fs 1=r)(1 - fo)rs 1-f)A—r2)rs
N (IT=r)I=r)(l—r3) A-r)A-r2)1—fs) (L—r)1—fo)(I-r3) (1—fi)(1—r)(l—rs)
rifafs firafs fufars fifafs N
r1fa(1— f3) fira(1 = f3) fifa(l—rs) fif2(1 = f3) Nrri
ri(1—f2)fs @ —=r2)fs fr(1 = fo)rs Q= f2)fs NriT
(1—=r1)f2f3 (1= fi)r2f3 (1= f1)fars 11— fi)faf3 NirT

ri(1 = f2)(1 = f3) @A =r2)(1~f3) fQ = fo)(1—r3) fi(l = f2)(1 - f3) NriS
(1=r)f2(1— f5) (1= fi)r2(1— f5) (1~ f1)f2(1—73) (1= f)f2(1~ f5) NIt

(1-r)1-fo)fs (1= fi)d-r2)fs (1= 1)1 - fo)rs 1-f)A-f)fs Nifr
I=r)I-f)A=-fs) A-f)A-r)1-fs) 1-fH)A-f)(l-r) A-f)1-f)(1-f)) \Nf
(D.12)

In the case of three leptons, the number of events with at least one fake
lepton is given by

N fakes =rirafs - NTTf + 71 fors - NTIT + firors - Nfrr
+rifofs- N4 firafs - NIirf 4 fifors - NIIT 4 fifafs- NTIT,
(D.13)

Now we need N™"f, N7fr Nfrr Nrff Nfrf Nffrand Nfff in terms of
NTTT NTTL NTLT NUTT NTLL NLTL NLLT and NUE, Following the same

approach as before, we get
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rrT 1
N (i —r)(f2 —12)(fs —13)
[(—1 +fitfot+fs—fofs— fifs — fifa+ fifofz)NTTT
+ (fs — fofs — fifs + fifofs)NT'F
+ (fo— fofs — fufa + fifofs)NTT
+ (= fifo= fifs + fifafs)NTT + (= fafs + fifafs) N
+(=fifs + fifofs)N'F + (= fife + fufafs) N1 + (fifafs) NT)
1
it (A —r)(fa—r2)(fs —13)
(1= fi— fo—r3+ fars + firs + fifa — fifers)NTTT
+ (=73 + fors + firs — fifars) N''F
+ (= f2 + fors + fifa — frfors)N™T
+ (=fr+ firs + fifa — fufars) N7 + (fors — fifors) N
+(firs — fifars)N'™F + (fufa — frfars)N™T + (fifors) N
1
R oy e ey
[(1 —fi—ra— fa+ fsro+ fira + fifs — fifsra)NTTT
+ (= fs +rofs+ fifs — frfsra)NTTF
+ (T2 +r2fs + firs — fifsr2a) NT°T
+ (=fr+ fira + fifs — fufsr2) N7+ (rafs — fira fs) N
+(fifs — firafs) NFTF — (fira + fira fa)NTT — (fira fs)N'F]
NI — 1

C(fi—m)(fa—r2)(fs —T3)
[(A=ri—fo— fa+rifs+rifat fofs —rifafs)NTT
+ (—=fs+rifs+ fofs —rifofs)N'F
+ (=fo+rifo+ fofs —rifofs)NTT
+(=ri+rifs+rifa—rifofs)NTT + (fofs — rifafs) NTE
+(rifs —rifofs)N'F + (rifo — rifafs) NPT — (rofofs) N
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N 1

(fr —r1)(fa —r2)(fz —13)

[(1+ fi+7r2+7s—1ors — fira — firs + firarg) N

+ (rs — rar3 — firs + firors) N F

+ (rg — rors — fira + firars) NTFT

+ (=f1 — firs — fira + firars) N' " + (—rors + firars) N

+(=firs + firars) N*™F + (= firg + firers) N " + (firarg) NF]
NI = 1

(fr —r1)(fa —r2)(f3 —13)

[(—147ri+ fo+rs—rirs —r1fa — fors +r1fors)N''T

+ (rs —rir3 — fars + 1 fors) N F

+ (f2 = r1f2 — fors + 11 fors) NTHT

+ (r1—rirs — 1 fa + 11 fars)NT 4 (= fors + 11 fors) N

+(—rirs + 1 fors) N*F + (—=rifo + rifors) N + (11 fors) NT]
NI 1

(fr—r)(fa —r2)(fz — 13)

(=147 +re+ fs—rire —r1fs — rafs +rirafs) NTT

+ (fs —r1fs —rofs +rira fs)N''F

+ (rg — 1 — Tof3 + rira fs) NTFT

+ (r1 —rirg —rif3 + 7"17'2f3)NFTT + (=rafs + 7'17”2f3)NTFF
+(=r1fs +r1iraf3) NTF + (—riro + riraf3) N7+ (riro f3) NFF

FIf 1
SR Fpy T ¢, 1

[(1—ry—ro—r3+rirg + 1173 + 1or3 — T1T2rg) N °

+ (=r3 + 71173 + 1213 — r17Tor3) NTTE

+

+ (=11 +71re + rir3 — 7o) NTTT + (rors — rirorg) N

+(rirg — r1rars) N + (ryre — rirars) T — (rirars)NT ]
(D.14)

Now, we can calculate the number of events with at least one fake lepton
for the three-lepton case by combining Equation (D.13) and Equation (D.14).

To + 7172 + Tor3 — 7’17‘27‘3)NTFT

(_
(_
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After some simplifications we get

1

(r1 — f1)(r2 — f2)(r3 — f3)
[((r1 = fu)(r2 — f2)(rs — f3)

— ri(L = fi)ra(1 — fo)rs(1 — f3)) NT'T
+ (1= fi)r2(1 = fo)rafs) NTTT (D.15)
+ (ri(1 = fr)rafors(1 — f3))N™"
+ (rfir2(1 — fo)rs(1 — f3))N*'7
- (7“1(1 - fl)T2f27”3f3)NTFF - (7”1f17”2(1 - f2)7”3f3)NFTF
—(rifirafors(l = f3))NT + (rofara fors fs) N

Nfakes —

We can combine the events with two tight and one loose-not-tight
lepton into Ncg,, as well as the events with one tight and two loose-not-
tight leptons into Ncg,. The events with three loose-not-tight leptons are
Ncg; and with three tight leptons are Ngg. Rewriting Equation (D.15), we
get

s -,
Niaes = |1 - 1:1 7‘( < - m Nex
2
T'i(l — fl) rjfj
" <z]'1 (ri — fs) ) (rj — fj)NCRl i
B ﬁri(l — fi) f[ Tif Ncr (D.16)
=t (ri = f3) j=1 (rj — f;) 2
e (T 2 ) e
j=1 (rj = f3) 3

D.1.4 Four-lepton final state

We can see a pattern on how each additional lepton contributes. Thus, we
can extrapolate to the four-lepton case without the need to invert a 16x16
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matrix. Thus, for the four-lepton case the following equation holds:

4 3
[, - (fyna=s 1= f)) _rifs
Nfakes = ll <1;[ fl) ) N + (H (7‘1' - fz) ) (Tj - fj)NCRl

e i)
(Tz (7_ CR2
7"1 (1-fi & TJfJ . rifi
f (H ) Ner, = (1:[1 (rj — fj)) Newy-

(D.17)
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