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DISSERTATION ABSTRACT
Jason Tyler Barkeloo
Doctor of Philosophy
Department of Physics
June 2020

Title: Search for the Flavor-Changing Neutral Current, ¢ — ¢v, in Top Pair Events
Using the ATLAS Detector

This dissertation presents the search for flavor-changing neutral currents in
processes with top pairs where one top decays through the flavor-changing neutral
current decay mode (to an up-type quark and a photon) and the other decays through
the most common Standard Model mode to a b-quark and a W boson. The W
boson then decays leptonically, defining the channels (electron+jets and muon-jets)
searched for. This search uses the entire Run-2 dataset of /s = 13 TeV data
collected using the ATLAS experiment between 2015 and 2018, corresponding to
a total integrated luminosity of 139 fb~1. Observation of the flavor-changing neutral
current decays in top quarks would be an unambiguous sign of physics beyond the
Standard Model. A neural network was developed to separate signal and background
events using both low-level kinematic variables as well as physics-guided high-level
variable combinations as inputs. The candidate signal events contain an isolated very

high pr photon, a lepton (either an electron or muon), a b-tagged jet, at least one

v



more light jet, and missing transverse energy. Various data-driven techniques were
used to estimate contributions to the background from events with a hard scatter
photon or a photon faked by either a jet or an electron. As there is no sensitivity
for observation of the Standard Model flavor-changing neutral current process, upper
limits on the observed (expected) branching ratio and cross section of these processes
are set: BR(t — ¢7)< 9.6 x 107 (11.0 x 1075) and o(pp — tt — bWqy) < 50(60)fb.

This dissertation includes previously unpublished co-authored material.
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CHAPTER I

INTRODUCTION

The Standard Model of particle physics has proven itself to be an exceptional and
resilient theory since the combination of the electromagnetic and weak interactions
in 1961[1]. Further theoretical work combined the Higgs Mechanism|2, 3] with the
electroweak theory[4}, 5]. The resiliency of this theoretical model has been tested
to further degrees of accuracy over the decades with one of the most recent tests
being the experimental confirmation of the Higgs boson in 2012[6, 7] using the
Large Hadron Collider (LHC). Further precision measurements are ongoing at various
experiments at the LHC, including the ATLAS experiment.

However, the Standard Model is known to have flaws and disagreements with
nature. For example, the Standard Model predicts massless neutrinos which is in
conflict with experimental observation of neutrino flavor oscillation and does not
provide an explanation for dark matter particles. Additionally, the mass of the Higgs
boson is light because of large radiative corrections from Standard Model particles
which is referred to as the fine-tuning or naturalness problem. Some theories which
attempt to address this naturalness problem are discussed in Section [2.5.3] While
these large gaps in the Standard Model are well known, every precision measurement
made has yet to yield any significant new hints toward physics beyond the Standard
Model.

1.1. The Standard Model Top Quark

The top quark was first observed at Fermilab’s Tevatron in 1995[8] but

the increase in energy and amount of data at the LHC has produced orders of
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magnitude more top quarks than previously seen, opening up a pathway to precision
measurements of the properties of the top quark. The top quark is the heaviest
fundamental particle with a mass of 172.51 £ 0.27 (stat) £ 0.42 (syst)[9]. This large
mass also means that the top quark lifetime is very short (5 x 107% s) and decays
before it can hadronize. This allows the study of its branching ratios and decay
modes directly. The Standard Model predicts that the top quark decays through the
charged current mode nearly 100% of the time, t— qW (q = b,s,d)[10]. The Standard
Model also predicts a rare branching ratio of the top quark through a flavor-changing
neutral current (FCNC) process, to a neutral boson (photon, Z boson, Higgs Boson,

or gluon) and up-type quark with a heavily suppressed branching ratio on the order

of 101 [11].

1.2. Searching for FCNC Top Quark Decays

Precision measurements are an important litmus test for the Standard Model.
Predicted branching ratios for FCNC processes in top quark decays are far
beyond the experimental reach of the LHC and any observation of these decay
modes would be a sure sign of new physics. Branching ratios are an important
measurement due to a litany of theories for new physics beyond the Standard Model
(BSM). These BSM theories such as Minimal Supersymmetric models|12], R-parity-
violating Supersymmetic models|13|, and two-Higgs-doublet models|14] introduce
great enhancements to these FCNC branching ratios in the top sector by many
orders of magnitude. Even a null result of a search will set an upper limit on the
branching ratio that can assist in ruling out future physical models based on their

amount of large top sector enrichment.



This dissertation presents a search for top FCNCs using the entire Run-2
dataset at the LHC, containing combined 2015-2018 datasets taken by the ATLAS
experiment totaling 139 fb~! of integrated luminosity taken at y/s= 13 TeV. This
analysis looks for an excess of events coming from top quark pair-produced events
where one top quark decays to the most likely decay mode (a bottom quark and W
boson) and the other to an up-type quark (up or charm) and a photon. Chapter
M) presents a theoretical background for the Standard Model with a closer view on
the usual extensions to include the FCNC vertices. Following this, Chapter [[T]] will
discuss the LHC and the ATLAS experiment used in the creation of the dataset used
in the analysis. In Chapter [[V] the special signal simulation requirements will be
presented as well as the common background event simulation methodology. The
search strategy, including the creation of signal, control and validation regions and
the training of a neural network, will be examined in Chapter [V] Chapter [VI] will
discuss the results, and the conclusions drawn from these results will be presented
in Chapter [VIIl Chapters [V] and [VI] include material coauthored with the ATLAS

Collaboration.



CHAPTER II

THEORY

In this chapter a theoretical background will be presented on the Standard
Model of particle physics with special attention paid to the top quark’s properties
and decays. This will include discussion of all of the fundamental particles and their
interactions through the fundamental forces of nature: electromagnetism and the

strong and weak nuclear forces.

2.1. The Standard Model Particles

The Standard Model of particle physics is the cornerstone of our understanding
of the basic building blocks of nature and their interactions. Typical matter is made
up of atoms consisting of electrons around an inner nucleus of protons and neutrons.
These protons and neutrons are made up of a collection of up- and down-type quarks
along with sea quarks and gluons. Protons consist of two up-type quarks and a
down-type quark, while neutrons contain two-down type quarks and a single up-type
quark.

Within the Standard Model all matter (quarks and leptons) is made up of
fermions (spin—% particles). In addition to the up- and down-type quarks and the
electron, the remaining fermions can be described as additional ‘generations’ that
are similar, each consisting of two quarks and a lepton. Every generation consists of
quarks with electric charge +§ and —% and a lepton with charge —1 along with an

electrically neutral lepton called a neutrino. All of these fermions are listed in Table

2.1



While we can observe the leptons in nature, free quarks do not exist. We can
observe quarks only as part of a bound state called a hadron. If a hadron consists of a
quark-antiquark pair (¢q) it is called a meson. Sets of three quarks or three antiquarks
(qqq or Gqq) are called baryons. Protons and neutrons are baryonic matter.

In addition to the fermions the Standard Model contains gauge, or vector,
bosons which are spin-1 particles that carry the fundamental forces of nature. The
electromagnetic force is mediated by the massless, charge-neutral photon (). The
nuclear weak force is carried by two massive bosons: the electrically neutral Z
boson and the charged (£1) W boson. These bosons together dictate electroweak
interactions within the Standard Model. The remaining force, the nuclear strong
force, is carried through the gluon (g). Gluons are massless and chargeless but carry
color, an analog of electric charge in the electroweak interaction. The last remaining
piece of the Standard Model is the scalar (spin-0) Higgs boson. This Higgs boson is a
massive, electrically neutral boson that is responsible for giving mass to the massive

fundamental particles. All of these bosons are also shown in Table 2.1]

2.2. The Standard Model Interactions

In addition to describing these particles the Standard Model describes the ways
in which these particles are capable of interacting. All of the particles described
in the previous section are included in the following theory. The Standard Model
Lagrangian is simply a function of fields and their derivatives taken at one point in
spacetime, z*.

Lpi(z), auﬁbi(x)]



’ H Particle \ Spin \ Charge \ Mass

Quarks
u type u 2.41'8‘2 MeV
c 3 2 1.28 +£0.03 GeV
t 173.1 £ 0.6 GeV
d type d 4.7705 MeV
S % —% 961“}1 MeV
b 4181003 GeV
Leptons
e doublet e % -1 0.5109989461 £ 0.000000003 MeV
Ve 0 <2eV
1 doublet " % -1 105.6583745 £ 0.0000024 MeV
vy, 0 <2eV
7 doublet T % -1 1776.86 £ 0.12 GeV
vy 0 < 2eV
Bosons
Vector ol 1 0 <1078 eV
g 1 0 0
w 1 + 80.385 £ 0.0015 GeV
Z 1 0 91.1876 + 0.0021 GeV
Scalar H 0 0 125.09 £0.21 £0.11 GeV

TABLE 2.1. Particles of the Standard Model[10]. It should be noted that the quark
masses should not be considered too precise as they are hard to define due to quark
confinement[15]. The u, ¢, d, s, and b cannot be isolated independently and are
implied indirectly through scattering experiments and are heavily model dependent.

The Standard Model is defined as having a gauge symmetry

GSM = SU(?))C X SU(Q)L X U(l)y

where all of the particle content descibed in Section is described under this
symmetry in Table 2.2]16]. The eight color-anticolor combinations of spin-1 gluons
are associated with SU(3)cs where the C denotes ‘color’ quantum numbers of the
gauge group. Any particle that carries color will interact with gluons via the strong
nuclear interaction. The three spin-1 gauge bosons W,, a = 1,2,3 conduct the
weak isospin SU(2); symmetry where the L denotes that only left-handed chiral

fermions transform with respect to this symmetry. The left-handed fermions are
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| Name | Field Components | (SU(3)¢, SU(2),U(1)y) | Comments |
Spin-1/2 Quarks

Q (UL dL) (3,2,%)
uR (3,1,3) x3 generations
dr (3,1, —3)
Spin-1/2 Leptons
L (VL GL) (1,2,—%)
er (1,1,-1) x3 generations
Spin-0 Higgs
o | ("¢ ] (1.2,3) |
Spin-1 Gauge Bosons
Gluons Gh8 (8,1,0)
W (WL w2 ws3) (1,3,0)
B B (1,1,0)

TABLE 2.2. Summary of the Standard Model field contents and their representations
in the gauge group, labeled by their dimension (SU(3)c and SU(2);) and weak
hypercharge (U(1)y).

SU(2) doublets while the right-handed components are singlets. The remaining
spin-1 gauge boson, B, is associated with U(1)¥ weak hypercharge.

The W=, Z, and photon (v) are produced by spontaneous symmetry breaking
SU(2), x U(1)y implied by the Higgs potential discussed in Section [2.3]

One general way of expressing the Standard Model Lagrangian is
LSM = Ekinetic + ﬁH'L’ggs + EYukawa

where we have a kinetic term for the bosons and fermions, a Higgs term which
includes the Higgs kinetic term and potential, and a term that dictates the Yukawa

interactions. This can be expanded out.

£ = (—FuF™ +i090 +he) + (IDdf +V(6)) + (6¥igts0 + he)



All of the gauge field strengths are included within F},,. To maintain gauge invariance

for the kinetic terms the derivative must be replaced by the covariant derivative.
oM — DM =" +ig,G! Ly + igWFT, +ig' B'Y

The eight gluon fields are described by G*, the three weak interaction boson
fields are decribed by W#, and the hypercharge boson field is B*. Here, g5, g, and ¢’
are the gauge coupling constants and L,, T, and Y are the generators for SU(3)c,
SU(2)r, and U(1)y, respectively. The generators are described by the Gell-Man
matricies for L, (%)\a for triplets, 0 for singlets), the Pauli matricies for Ta(%aa for

doublets, 0 for singlets), and the U(1)y charges for Y.

2.3. Electroweak Symmetry Breaking

The spin-1 particles within the Standard Model are massless; however, we know
that the real bosons made up of these states are massive (i.e. the W* and Z). This
comes about from a spontaneous symmetry breaking of SU(2), x U(1)y by a particle
whose ground state is not invariant under the symmetry. The scalar Higgs field is
capable of doing this while at the same time not breaking the SU(3)¢ symmetry
leaving the gluons massless because ¢ is an SU(3)¢ singlet.

Expanding the kinetic term of the Lagrangian we see that the covariant
derivative of the scalar field becomes

) o® ,
Duﬁb = au¢ - §(QW§? +g Bu)¢



and the potential

4

V(8) = M6 — L) = A(gle)? — 2ot + I
2\ 4\

It follows that if "72 > ( then this potential has a non-zero vacuum expectation
value v? = “72 The condition A > 0 is a requirement on the vacuum stability of
the model such that p? < 0 is the requirement for spontaneous symmetry breaking.

Therefore we can make a gauge transformation such that

1 0

<¢>:E .

2.3.1. Gauge Boson Masses
The mass eigenstates of the spin-1 bosons can be recovered from this by writing
out the mass part of the gauge boson kinetic term |D#¢|?

2

1 gWs+gB  g(Wy —iWs) 0
Lmass - _g 0 v
gWy +iWy) —gWs3+¢'B v

and if we define the weak mixing angle as tanfy, = % and the mass eigenstates of

the bosons

Z = cosby W3 — sinfy B

A = sinfy W3 + cosby B



then the mass matrix can be diagonalized to give

1 1
Emass - _192U2W+W_ - §<g2 + 9/2)0222

which gives us the masses of our bosons: M7, = ngUQ, M: = i(g2 + ¢*)v?, and
M?% = 0. Since the field A is massless there is an unbroken U(1) that is identified as

the photon and U(1)gp.

2.3.2. Fermion Masses

Fermions acquire their masses from the Yukawa term in the Lagrangian. If
we transform into the mass basis, also using the replacement of the scalar field

corresponding to a physical Higgs boson

1 0
V2 v+ H(x)

then we can write the SU(2), quark doublets into their components

UL
Qri =
Dy;

The Yukawa term can be broken down into a quark and leptonic portion. The lepton
portion leads to charged lepton masses after the Higgs acquires a vacuum expectation

value after electroweak symmetry breaking.

leptons _ yreT
_‘CYukawa - 1/z'jLLigzﬁEij :
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This leads to three physical parameters, which are generally chosen to be the three
charged lepton masses (electron, muon, tau). The quark term leads to quark masses

and flavors. Ten physical parameters arise from the quark Yukawa interactions
_ﬁ%ﬁﬁa = Y;?@QMDR]’ + Yi?@ggURj + h.c.

Expanding this in terms of the above SU(2);, components
—L = (My)ijD1;Dgj + (M.,,);;Ur;Ug; + h.c.

such that M, = -5Y“. Unitary matricies (Vor and Vgr) that take us to the mass

basis can always be found.

VqLMqVT = M;iag, for q=u,d

q

The quark mass eigenstates that follow from this are:
qri = (Var)izar; and qri = (Var)ijqr;

being transformed from the interaction basis 1.

2.3.3. The CKM Matrix

In the interaction basis, interactions between quarks and W* come from the
Y IPy kinetic term in the Lagrangian. We can explicitly write this out in both the

interaction and mass bases such that:

Interaction Basis: — LI, = g@’y”WST“QM + h.c.
11



dr,
(uL er tL) (Ve Vi)W | s | +he.

br

Mass Basis: — L], = %
The term V =V, LVJL in the previous equation is a unitary 3 x 3 matrix known as the
Cabibbo-Kobayashi-Maskawa (CKM) matrix |17, |1§] that describes quark mixing.

The CKM matrix can be expressed simply:

vud Vus Vub
Verm = | Vg Vs Vi
Via Vis Va

The components of the CKM matrix are not all arbitrary. This can be expressed
in the Wolfenstein parametrization[19] to show that there are only four parameters,

three real and one complex. The Wolfenstein parameterization is an expansion in

Vie = A = 0.22571050%  where A = 0.814%052) p = 0.1357393L and n = 0.34970512

[10].
1— 1) A AN (p —in)
Vel = —A -1 Ax
AN (1 —p—in) —AN 1

This formulation demonstrates quite clearly that the CKM matrix is almost
diagonal but has small off-diagonal terms. This means that interactions between
quarks is strongest within a generation, i.e., up and down quarks, charm and strange
quarks, and top and bottom quarks experience the largest degree of mixing between
each other. A top quark directly decays to a bottom quark and W boson almost all
of the time (= 99.83% of the time). While the mixing does not prohibit decaying

to a strange or down quark instead of a bottom, it is a significantly rarer event
12



(=~ 0.16% and =~ 0.01%, respectively). The values for all of these parameters have

been measured experimentally and are collected by the Particle Data Group[10]:

0.97420 £ 0.00021 0.2243 £ 0.0005 0.00394 £ 0.00036
Vorkm = 0.218 £ 0.004 0.997 £0.017 0.0422 £ 0.0008

0.0081 £ 0.0005  0.0394 £ 0.0023 1.019 +0.025

2.4. The Top Quark

This dissertation will pay particular attention to the top quark, the heaviest of
all of the fundamental particles, over 40 times heavier than its generational partner
the bottom quark and 40% larger than the Higgs boson, the next heaviest particle.
One of its most interesting properties, due to its large mass, is that it has an extremely
small lifetime (=~ 5 x 107%*s). This lifetime is orders of magnitude shorter than the
characteristic time over which the strong nuclear interaction takes place (~ 10723s),
meaning that it decays before it can hadronize by combining with another quark
to form a mesonic or baryonic system. This allows us to observe the decays of the
top quark directly as opposed to the decay products of a top quark system. The
top quark was first proposed as an explanation of charge conjugation parity (CP)
violation in kaon decays by Kobayashi and Maskawa in 1973[18] which predicted a
third generation of quarks. At the time there was little evidence for this. The later
discovery of the charm quark, which was predicted to exist due to a suppresion caused
by the Glashow-Iliopoulos-Maiani (GIM) mechanism|20] and formed the foundation
of Kobayashi and Maskawa’s work, provided further evidence. The discovery of the
charm filled out a complete 2-generation Standard Model (up, down, strange, and

charm quarks and the electron and muon). However, the further observation of the
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tau lepton meant that the symmetry between lepton and quark generations would
be broken without the existence of a third generation of quarks, the top and bottom,
providing soft evidence of a third generation of quarks. Within just a few years,
in 1977, the bottom was also discovered[21] and the theoretical predictions of the
Standard Model at the time heavily favored the existence of a sixth quark, the third

and heaviest up-type quark.

2.4.1. Discovering the Top Quark

Almost 20 years went by after the discovery of the bottom quark and many
experiments came up empty-handed even while discovering the W and Z bosons (the
Super Proton Synchrotron at CERN) before direct evidence for the top quark was
observed at Fermilab’s Tevatron in both the CDF and DO experiments in 1995[8|
22]. Because the Tevatron only operated at a maximum energy of 1.96 TeV during
its lifetime, further properties of the top quark could not be probed in detail due to
a lack of statistics. Not until the LHC began operation at a center-of-mass energy
of 7 TeV in 2010 were enough top quarks produced to study the details of their
interactions.

The numbers of top quarks produced scale up by the energy as seen in Figure[2.1
as well as the integrated luminosity, or number of events produced, of the accelerator
and detector setup. The LHC has significantly more of both than the Tevatron did.
Throughout the entirety of Run-2 at the LHC there are expected to be more than
115,000 top pair events produced within the ATLAS detector, allowing physicists to

probe the details of the top quark better than ever before.
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FIGURE 2.1. Summary of ¢ production cross sections as a function of center-of-
mass energy at Fermilab’s Tevatron and CERN’s LHC. For a top mass of 172.5 GeV
and center-of-mass energy of 13 TeV the central value cross section is calculated to
be 831 pb|23].

2.4.2. Production and Decay at Hadron Colliders

There are multiple ways to produce top quarks at the LHC. The most prevelant
production mechanism of top quarks is through producing top/anti-top quark pairs.
This can be done, to leading order, either by quark-antiquark annihilation (Figure
2.3h) or gluon-gluon fusion (Figure 2.3p-d). At the Tevatron, a proton anti-
proton collider, the leading diagram was quark-antiquark annihilation because of
the significantly greater numbers of antiquarks in the collisions. At the LHC the
major production mechanism is gluon-gluon fusion, ~ 90%, while quark-antiquark

annihilation accounts for only ~ 10% of top quark pair production. This is a strong
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FIGURE 2.2. Summary of single-top production cross sections as a function of
center-of-mass energy at Fermilab’s Tevatron and CERN’s LHC.

interaction process and is therefore quite common. The cross sections are shown in
Figure 2.1]

Single top quarks can also be produced through weak interactions, which is less
common, and the leading diagrams are shown in Figure and their cross sections
as measured at the LHC and Tevatron are shown in Figure Comparing the
leading production mechanisms at 13 TeV, it can be seen that ¢¢ production is about
a factor of 4 larger than single top production. This means there are about eight
times as many top quarks looking at pair-produced events, as two are produced per
event while giving an additional experimental handle in looking for an invariant mass

of final state products around the top quark mass.
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FIGURE 2.3. Leading order diagrams for the production of top/anti-top quark pairs
at hadron colliders. Quark-antiquark annihilation diagram is shown in (a) while
(b)-(d) show various gluon-gluon fusion diagrams.
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FIGURE 2.4. Leading order diagrams for the production of single top quarks at
hadron colliders. The t-channel diagram is shown in (a), the s-channel in (b), and
production in association with a W-boson is shown in (c).

The branching ratios to various products can be studied directly because the top
quark decays before hadronization. Figure shows ways the top quark is allowed
to decay in the Standard Model. Figure shows the most likely decays where the

top quark decays to a down-type quark and a W boson. The branching ratio of these

decays is proportional to the square of the corresponding matrix element in the CKM
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matrix as shown in Section [2.3.3, The sum of these branching ratios is unity within
standard error bars such that the implication of the diagrams, corresponding to the

flavor-changing neutral current decays, shown in Figure 2.5, are highly suppressed
which will be explored further in Section [2.5]

4%

—
AN

b,s,.d qg=1u,c
(a) (b)

FIGURE 2.5. Top quark decays in the Standard Model.

Since the matrix element V; in the CKM matrix is essentially unity each
top usually decays to a b quark and a W boson. The final state of the top
pair events are then typically categorized by the decay of the W bosons. The W
boson can decay leptonically to a lepton (electron, muon, or tau) and its associated
neutrino or hadronically to quarks. This means top pair events are described as
“all-hadronic” when both W bosons decay hadronically, “leptonic” if both W bosons
decay leptonically, or “semi-leptonic” if one W boson decays hadronically and the
other leptonically. The ratios of these events are shown in Figure 2.6, However,
because of how the tau decays and interacts, these events are typically treated
separately. Only the electron and muons are considered as the leptons in the “semi-
leptonic” final state of a tt event. A quick counting (neglecting final state particle
masses) of the final states of W bosons is shown in Table The unitarity condition

of the CKM matrix implies that |V,4|? + [Vus|*> + |Vis|> = 1. The phase space of the
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Decay Mode | States | Decay Mode | States | Decay Mode | States
W+ —etr, 1 W+ —ud | X3Vl | WT —cd | x3|Veql|?
Wt — utu, 1 WT —us | xX3|Visl? | WH =5 | x3|V.|?
W+ — 1t 1 W+ —ub | x3|Vip|> | W —=cb | x3|Vy|?

TABLE 2.3. Summary of final states of a W' boson, when accounting for color
permutations and the CKM matrix. The table holds true if you flip all particles to
their antiparticles.

final product then has one state for each of the leptons and approximately three for
each of the up-type quarks, so that a single top quark can be expected to decay into
a lepton ~ % of the time or any combination of quarks the other ~ g of the time.
This holds true when looking at the branching ratios of top quark pairs in Figure
[2.6] The end result of this is that the regions of special interest for this dissertation,
the electron and muon semi-leptonic final states, occur ~ 30% of the time. While
this is not the largest selection of the final-state branching ratios the presence of a

lepton makes it easier to look for these final states.

Al jets 44%

\ T+jets 15%

+T 1%
T+u 2%
T+ 2%
e 1% S
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/ jets 15%
ete 1% #4 ?

e+jets 15%

FIGURE 2.6. Categorization of top quark pair decays in the Standard Model based
on the decays of the W bosons.
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2.4.3. Beyond the Standard Model Top Quark Physics

Many questions remain open with the intricacies of the Standard Model
involving top quarks. The mass of the top quark is at a mass scale similar to the W,
7, and Higgs bosons. Does this imply the top plays a special role in the mechanism
of electroweak symmetry breaking? After the discovery of the Higgs: why do the top
quark and Higgs boson have the exact masses they do which allows the electroweak
potential to be stable up to very high energy scales as well as allowing the Universe
to sit in a meta-stable state[25]? Because of its large mass the top quark is the
main destabilizer of the Higgs potential. It may be possible that new physics models
will predict phenomena that can be more easily found in the properties of the top
quark due to changes in the Higgs sector. Many new physics models will present
most dramatically in top quarks as radiative corrections to new massive particles
will affect top quarks first before presenting in deviations in properties of the other,
significantly lighter fermions. For example, a new Higgs-like particle would most
likely couple most strongly to the top quark. Now that an unprecedented number of
top quarks events is accessible, the predictions of the Standard Model can be tested
with much greater precision. Top quark production modes, decay modes, couplings,
and various other properties are now being measured and providing limits on the
phase spaces of any new physical models that exist or ruling out entire classes of
models that have yet to be written down. Arguably the properties of the top quark
are among the most likely places that will point to a new understanding of our

Universe.
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2.5. The Flavor-Changing Neutral Current

The idea of “flavor” in the Standard Model refers to copies of the SU(3)¢ X
U(1)gum representation, shown previously in Table Specifically it will be used
in the discussion of the generational change of one quark into another through some
interaction. As an example, Figure 2.5b shows a flavor-changing neutral current

interaction.

2.5.1. The Standard Model Flavor Sector

Quarks that interact with W™ bosons have interactions that stem from the
kinetic term of the Standard Model Lagrangian. If this is written out explicitly in

the mass eigenstates the interaction looks like:
g _
—— (aL cr tL) W/MW:V s; | +he

where the W interacts directly to change the flavor of quarks from an down(up)-
type to an up(down)-type quark. The CKM matrix can be thought of as a rotation
between the mass and interaction basis and the fact that the CKM matrix is non-
diagonal means that the W boson interacts with quarks of different generations.
The small off-diagonal elements of the CKM matrix mean that this generational
change is a significantly smaller effect than interactions that change flavors within a
generation, e.g., a top quark going to a bottom quark and W boson is much more
likely than a top quark decaying to a down or strange quark and a W boson. Going

two generations away from the diagonal the mixing from the CKM matrix is even
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smaller. The interaction with a W boson between two quarks is the only interaction
vertex in the Standard Model that allows for both flavor and generation changes.

As opposed to this flavor-changing charged current interaction, the FCNC is an
interaction that changes the flavor of a fermion current without altering its electric
charge. At tree level, there are no such Standard Model interactions between neutral
gauge bosons and fermions. These FCNC processes involve either up- or down-type
quarks or involve charged or neutral leptons. The flavor of the fermion is changed but
the electric charge is conserved because it interacts with a neutral boson as opposed
to the W like in the charged current interaction. FCNC interactions are forbidden
at tree-level in the Standard Model but can occur via higher-order processes such as
loops (as shown in Figure 2.5p).

There are four neutral bosons in the Standard Model: the gluon, photon, Higgs
boson, and Z boson. Each of these can mediate FCNC interactions but all are
forbidden at tree level. The gluon and photon correspond to exact gauge symmetries
and have diagonal, flavor-universal couplings since their interactions with fermions
come through the kinetic terms. The ramification of this is that they only interact
with fermions of the same flavor. The Standard Model Higgs cannot couple to
fermions of different flavor since the Standard Model fermions are chiral and the
Higgs couplings to fermions align with the fermion mass matrix. In the Standard
Model there is only a single Higgs doublet and the only source of the fermionic masses
is the Higgs vacuum expectation value. The Z boson can only connect to quarks
from the same type (up or down). When you move from the interaction to the mass
eigenstates the rotation matricies only include terms such as U, LUJ ;, = 1 as opposed
to the CKM matrix terms (UuLUJL) which means these couplings are also flavor

universal. The Standard Model FCNC suppression is built in through these means
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as opposed to generation-changing charged current processes. The charged current
processes rely on the CKM parameters which are free parameters of the Standard
Model and as such are measured and “put in.” These FCNCs are suppressed in

multiple ways in the Standard Model.

2.5.2. The GIM Mechanism

Historically the original Cabibbo model of particle physics only had three quarks:
the up, down, and strange. Studies of Kaon decay during the late 1960s suggested
there were no neutral current interactions in the Standard Model at the time. The
decay K™ — p'v, was observed but the process K? — putp~ which was predicted
was not observed. Even in the absence of a tree-level decay the K? decay was still
predicted via a box diagram through the exchange of W bosons shown in Figure

ut

FIGURE 2.7. Box diagram of K? — u*u~ through the exchange of W bosons.

Interactions at the time were thought to have strangeness quantum number

interactions that changed strangeness in the following way:

AS =1: (sd + d5)sinO©ccosOc¢.
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The non-observation of the predicted decay led Glashow, Iliopoulous, and
Maiani to predict the existence of a fourth quark, the charm, in 1970[20]. The
addition of the charm led to two quark doublets and an almost perfect cancellation

between the box diagrams:

FIGURE 2.8. Box diagrams of K — pu~ through the exchange of W bosons after
the inclusion of the charm quark.

These box diagrams mean that the strangeness change in interactions can be

rewritten as

AS =0 : uti + c¢ + (dd + s5)cos’O¢ + (s5 + dd)sin’O¢

AS =1: (sd + ds — d5 — sd)sinO¢cosO¢.

The addition of the charm means that, in the approximation m. = m,, the
AS = 1 terms cancel exactly, as the new box diagrams show in Figure 2.8 The
FCNC interactions in top quark decays are suppressed through this mechanism as
well, with the further inclusion of the bottom and top quarks. They are further
suppressed by being proportional to the quark mixing of off-diagonal elements in the

CKM matrix, which are significantly less than 1. A loop diagram for top quark FCNC
24



is shown in Figure[2.9] This loop process is very rare. The Standard Model branching
ratio for these top FCNC interactions is shown along with predicted enhancements

from a variety of models of physics beyond the Standard Model in Table [2.4]

4%
~

FIGURE 2.9. An example loop diagram of a top quark decaying to a light quark
and a photon.

2.5.3. New Physics With Enhancements to FCNCs

Various theoretical models that include physics beyond what is included in the
Standard Model are proposed to solve problems that exist with the Standard Model
or provide an explanation of known phenomena that are not in agreement with the
Standard Model. Various models seek to solve different problems, e.g., providing
a dark matter candidate or fixing the naturalness problem of the Standard Model
resulting from an unexpectedly high amount of fine-tuning from loop corrections
to the Higgs mass. Top quark FCNCs in the Standard Model are currently so far
from experimental reach (=~ 10 orders of magnitude) that they are impossible to
observe even with major improvements to the accelerator and detector technologies.
Table also shows a variety of theories beyond the Standard Model which predict

large enhancements to FCNC top couplings. For the most part these enhancements
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Process SM 2HDM QS MSSM RPV XD
t—uy 4%10716 — <4%107°% <1078 <107? -
t—cy H5x107% <1077 <4%107% <107 <107 <107°
t—uZ T*x10717 — <6x107* <1077 <10°% -
t—cZ 1x1071% <1076 <6x107* <1077 <10°% <10°°
t—ug 4x107" — <9%x1077 <1077 <1078 —
t—cg 5*x10712 <1074 <9x%x1077" <1077 <10°% <107t
t—=uH 2%107Y7 <6x107% — <107° <1072 —
t—cH 3%107"% <2x1073 <107% <107 <1074

TABLE 2.4. Expected branching ratios for various flavor-changing neutral
current processes in the Standard Model[11] and multiple theories that predict
enhancements to the branching ratio. Two-Higgs Double Models with flavor-
violating Yukawa couplings (2HDM) [11, 26], quark single models (QS) [27, 28|,
minimal supersymmetry models with 1TeV squarks and gluinos (MSSM) [12], R-
parity violating supersymmetry models (RPV) [29], and extra-dimensional models

(XD) [30].

come from terms that have very heavy particles moving in the loops. Therefore
searching for FCNCs with top quarks provides a particularly good handle to search
for evidence of, or to rule out, models of new physics by lowering the expected limit.
An explanation of the various models explored in Table follows.
Two-Higgs-Doublet Models (2HDM): 2HDM are simple extensions of
the Standard Model which contain two Higgs doublets instead of the one currently
contained in the Standard Model. This leads to a much richer phenomenology in the
Higgs sector with two CP even neutral Higgs bosons (h and a heavier H), a CP odd
pseudoscalar A, and two charged Higgs bosons H*. The currently discovered Higgs
boson can be mapped to either h or H depending on various limits in the model of
choice. These models can typically be described by an additional six parameters:
the four Higgs masses (my,, my, ma, my+ ), the ratio of the two vacuum expectation
values, and a mixing angle that diagonalizes the mass matrix of the neutral CP even

Higgs bosons. Many supersymmetric models predict the existence of an extra Higgs
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doublet. Some of these models also attempt to explain the baryon asymmetry of the
Universe[31]. 2HDM Models predict very large enhancements to FCNC interactions
due to an extension of the electroweak symmetry breaking sectors. Some of these
models (type III 2HDM, and models of minimal flavor violation) include tree level
FCNCs|32] which is why the enhancement brings the branching ratio up to an
observable level.

Quark Singlet Models (QS): QS involve an extension to the Standard Model
in the form of an extra vector-like quark singlet that couples strongly to the top
quark, typically in the form of a top-partner quark. These heavier ¢’ quarks could
explain the fine-tuning of the Higgs boson mass through cancellation of some or all of
the top loop diagrams present in the radiative corrections to the Higgs mass. These
models generally imply, then, that the CKM matrix is no longer unitary and tree-
level FCNCs are allowed which offers a great enhancement to potential branching
ratios|27) 28|.

Minimal Supersymmetric Models (MSSM): Supersymmetric models
where every Standard Model particle has a super particle partner typically aim
to solve multiple problems with the Standard Model at once. In general the
lightest supersymmetric particle, which is stable, provides a good dark matter
candidate. MSSM models have super partner quarks (squarks) and super partner
gluons (gluinos) on a mass scale of ~ 1 TeV. Top FCNCs can occur through loop
diagrams still, as they do in the Standard Model, but the loop is enhanced as it
includes the supersymmetric particle of the top quark (the heavier stop quark)|12}
33].

R-Parity Violating Supersymmetric Models (RPV): In another

supersymmetric model, R parity is no longer conserved because all superpartners
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are odd under the parity. FCNCs can also occur at the one loop level in these
models in loops which no longer conserve baryon or lepton number|29].
Extra-dimensional Models (XD): XD Models are Randall-Sundrum models
that describe the Universe as a warped-geometry higher dimensional space where
elementary particles are localized on a (3+1)-dimensional brane. These models offer
a potential solution to the hierarchy problem of the Standard Model by adding in
a mechanism to explain the difference between the typical scales over which FCNCs
take place (the electroweak scale) and the Planck scale. In these models FCNCs exist
due to flavor-violating couplings between Standard Model fermions and Kaluza-Klein
excitations of the gauge bosons in the Standard Model[30]. Due to their overlap in
the extra dimension with Kaluza-Klein guage modes the flavor-violating couplings

will be largest in the top sector.

2.5.4. Current Measurements of Top FCNCs

All four of the neutral boson mediated FCNC channels can be searched for
individually and modeled independently. Each channel will have its own signature
and various advantages and disadvantages in performing the search. Each of the
potential tree-level diagrams is shown in Figure [2.10| all of which are forbidden at

tree level in the Standard Model.

u. C u, C u, C
¢ ‘_< " 4_< " % f ‘p—/\/
Y A g

FIGURE 2.10. Flavor-changing neutral current top quark decays.

u, c

H
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The FCNC channels involving all of the various neutral bosons can be searched
for with the ATLAS detector in both single-top production modes as well as the decay
mode through ¢t events. All of the production channels provide a sharp separation
between u — tX and ¢ — tX but have fewer events than searching in the decay
mode using ¢t events. Some final states of these various FCNC events, such as
those involving the decay mode search for ¢ — ¢Z, exploit the tri-lepton final state
(Z — ll, with the other top decaying leptonically ¢ — bW — blv). The FCNC
process involving the Higgs boson has the advantage of being able to look in a wide
range of potential final states of the Higgs and can be successfully tackled using a
variety of different methods.

Limits have been set on these FCNC processes at various experiments in the
past. The electron-proton collider HERA at DESY, the electron-positron collider
LEP at CERN, and the proton-proton colliders the Tevatron at Fermilab and the
LHC at CERN have all had experiments searching for the FCNC proccesses. The
collected limits of these experiments are shown in Figure [2.11} Due to the energy
of these early colliders (209 GeV center of mass energy for LEP and 318 GeV
for HERA) only production modes could be searched for as they are below the
production threshold for ¢t pairs. The diagrams searched for at these experiments

are shown in Figure (HERA) and Figure (LEP).

Shown in Figure [2.15| are the Standard Model theoretical predictions, various
beyond the Standard Model predictions (as discussed in Section , and
experimental limits for all processes t — X¢q where q is an up-type quark and X
is any neutral boson.

Figure [2.15[shows the current published results for all top quark FCNC searches.

The most recent ATLAS detector result is the production mode search of the t — ¢
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FIGURE 2.11. Flavor-changing neutral current limits from a variety of experiments

in every channel ¢ — uX(top) and ¢ — ¢X (bottom)[23].

The blue box shows the

current ATLAS limits on the FCNC processes, the vertical lines show the Higgs and
v limits while the horizontal lines show the Z and g limits.
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FIGURE 2.12. FCNC diagram for the search in single top production at the electron-
proton collider HERA.

et t

FIGURE 2.13. FCNC diagram for the search in single top production at the electron-
positron collider, LEP.

FIGURE 2.14. FCNC diagram for the search in single top production with the
ATLAS detector|34].

vertex, the Feynman diagram shown in Figure using 81 fb™! of data (LHC data
runs between 2015 and 2017). Upper limits have been set on t — wy left-handed
(right-handed) branching ratio of 2.8 x 107° (6.1 x 10°) and upper limits on ¢t — ¢y
left-handed (right-handed) branching ratio of 22 x 107° (18 x 107°)[34]. Production
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FIGURE 2.15. Flavor-changing neutral current theoretical branching ratios and
experimental limits (both ATLAS and CMS) updated through 2018.
mode searches offer better reach for ¢ — uy over ¢ — ¢y due to the higher prevalence
of up quarks in the parton distribution function of the colliding protons.

This dissertation presents a search for the process ¢ — ¢ in the decay channel
using top quark pair events. The process tt — bWqy — blvgqy will be searched
for using the ATLAS detector. This final state (blvgy) is a straightforward channel
in that it has one of each type of object that can be reconstructed with ATLAS.
There are two jets from the quarks but one is a b-jet that has qualities that can
distinguish it from a normal quark jet which will be discussed in Section [4.3.4.1] In
addition to the jets the final state also has a charged lepton (an electron or muon), a

photon, and a neutrino. The reconstruction of these objects is discussed in Chapter

32



V] The FCNC process is a unique process where a top quark decays directly into
an up-type quark and a photon. The jet and photon we measure are required to be
reconstructed into a top quark by measuring the invariant mass requirement which

gives an excellent handle for separating signal from background.
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CHAPTER III

THE LARGE HADRON COLLIDER AND THE ATLAS DETECTOR

This chapter describes the experimental details of the collider complex at the
LHC and specifically the ATLAS detector used to produce, collect, and measure
various particle properties. The subsystems of the ATLAS detector are described in

detail.

3.1. The Large Hadron Collider

The LHC is the world’s largest and most energetic particle accelerator. As a
hadron collider the LHC collides particles made up of quarks, typically proton-proton
collisions. Protons, as opposed to electrons/positrons at a previous collider such as
LEP, have much higher mass and a significantly smaller amount of energy loss during
acceleration due to synchrotron radiation (which scales as —7). Due to this the LHC
is able to reach a much higher center-of-mass energy using the same circular ring
used by LEP, though this higher energy comes at a cost. Due to hadrons being
made up of constituent partons (quarks and gluons), not all of which interact in
any given collision, the particles that do not take part in the hard interaction are
left over and create a ‘messier’ environment in the detectors. This is opposed to
lepton colliders, where all of the energy that goes into the collision is present in the
final state particles coming from the interaction point. The implication of this is
that at hadron colliders the momentum along the beam axis cannot be known; only
momentum in the transverse plane of a collision is known due to conservation of

momentum.
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FIGURE 3.1. Map of LHC and the various detector experiments: ATLAS, CMS,
LHCb, and ALICE located under the Franco-Swiss border near Geneva.

The LHC is housed in a 27-kilometer ring running beneath the Franco-Swiss
border near Geneva, Switzerland, and accelerates beams of protons (ions) to a center
of mass energy of 13 TeV (5 TeV) using two counterpropagating circular beams
around the ring. The particles are then collided at one of the four primary interaction
points, each of which houses a dedicated detector as shown in Figure 3.1

In addition to the LHC beam line the accelerator uses a series of smaller
accelerators to increase the energy of the particles before they are introduced into the
LHC. This accelerator complex is detailed in Figure[3.2] The start of the accelerator
chain, and source of LHC protons, is the Linear Accelerator 2 (LINAC 2, purple)
where hydrogen gas is placed inside of an electric field that separates the protons and
electrons. The remaining protons are passed through radiofrequency (RF) cavities
and accelerated to 50 MeV using electric fields which oscillate at a frequency specific
to the distance between any two RF cavities.

After leaving LINAC 2 the protons are injected into the Proton Synchrotron
Booster (BOOSTER, light purple) and accelerated to 1.4 GeV before being passed
to the Proton Synchrotron (PS, magenta) in two batches with a separation of 1.2

seconds. The PS accelerates the protons to 25 GeV to be injected into the Super
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FIGURE 3.2. Schematic of the CERN accelerator complex.

Proton Synchrotron (SPS, blue) in a series of four batches separated by 3.6 seconds
and are accelerated to 450 GeV. The SPS is the second-largest accelerator in the
complex. After reaching the 450 GeV of the SPS the particles are split and injected
into the LHC in opposing directions where they are further accelerated to a collision
energy of 6.5 TeV per beam leading to a center-of-mass energy of 13 TeV for the
LHC during Run-2.

The first proton-proton collisions were produced in the LHC in 2008 at the
injection energy of the SPS, /s = 900 GeV. During testing a faulty electrical
connection caused a magnet quench, or a sudden loss of superconductivity, to occur.
This broke the nearby magnets and caused a delay in operations until late 2009

when LHC Run-1 began at a collision energy of v/s = 7 TeV and was later raised to
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/s =8 TeV in 2012 to complete Run-1. Various upgrades and repairs on the LHC
occurred throughout the long shutdown between 2012 and 2015 where the center-of-

mass energy was increased to the LHC Run-2 energy of /s = 13 TeV.

3.1.1. LHC Magnets

The energies achieved in the collisions are only possible due to the LHC magnets
that bend and focus the colliding particles. The LHC uses the most powerful
magnet technology that can be produced on an industrial scale. There are 1232
superconducting dipole magnets each being 15m in length, weighing over 35 tons,
and producing uniform magnetic fields of up to 8.4 T. The niobium-titanium cables
must be cooled to 1.9 K and operate with a current of 11,800 A. Of these 1232
magnets 1104 are used to bend the particles around the ring and the remaining
128 are used in the beam dump. To achieve the same center-of-mass energy using
standard non-superconducting magnets the 27 km LHC would instead have to be
upwards of 120 km long.

Since the bunches of particles are charged they will naturally diverge while
traveling if not focused. To correct for this an additional 392 quadrupole magnets,
each 5-7m in length, are used to focus the beam. These quadrupoles are used in
pairs: one which focuses in the horizontal plane and defocuses in the vertical plane
and the other which focuses in the vertical plane and defocuses in the horizontal
plane. Together these magnets keep the beam squeezed to a usable size. All of these

magnets have two apertures, one for each of the counter-propagating beams.
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3.1.2. Luminosity

The amount of data collected at collider experiments is determined not only
by the center-of-mass energy of colliding particles but also by the rate of events
produced. This rate is called the luminosity and can be determined by the square of
the number of particles in each bunch (since any one in one bunch can interact with
any one in the other), the time between bunches, and the cross section of the bunch

(or probability of a collision).
1dN
L = ——
o dt

For any given proton-proton pair 1/0 can be expressed as:

1

dro,oy

1
o

and can be expanded for the whole beam with the inclusion of the number of protons
per bunch (N; and Ns), the number of bunches (NV,), and the frequency at which

the bunches overlap (f) to:
_ NiNaNyf

£ dro,oy
which can be integrated over the running time of the LHC (the total time with beams
of proper size and energy propagating through the LHC) giving the total delivered
luminosity. This total integrated luminosity as a function of time during LHC Run-2
is shown in Figure [3.3] This luminosity value can be mulitplied by the probability,

or cross section, of any particular final state to obtain the number of times that final

state is produced with a given luminosity.
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FIGURE 3.3. Total integrated luminosity as a function of time delivered by the
LHC (green), recorded (yellow) and declared good for physics analysis (blue) by the
ATLAS detector throughout Run-2 consisting entirely of 13 TeV pp collisions[37].

3.1.3. Pile-up

Increasing the luminosity is very beneficial for increasing the statistics needed
when searching for rare events but it brings challenges as well. Most interactions
at any given detector are not hard-scatter events that correspond to poentially
interesting physics cases but are instead soft collisions which create noise in the
various detector experiments. The LHC works hard to deliver as much data to the
experiments as possible and delivers bunches of protons at a time. It is possible for
multiple pairs of protons to undergo these soft, inelastic collisions at a time. The
average number of interactions per bunch crossing, or pile-up (u), for Run-2 was
33.7, shown in Figure [3.4, The pileup must be accounted for when separating the
tracks and energy deposited from an interesting hard-scatter event from the other
soft collisions which occur at nearly the same time within a detector. The difficulty

of separating out one event from another can be seen in Figure [3.5] where there are
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FIGURE 3.4. Luminosity-weighted distribution of the mean number of interactions
per bunch crossing for the entirety of Run-2 shown by individual years, 2015 (yellow),
2016 (orange), 2017 (purple), 2018 (green), as well as an integrated total (blue).
28 reconstructed vertices. An extreme case of 65 reconstructed vertices is also shown
in Figure As the LHC will continue to operate at higher and higher luminosities

in the future, the amount of pile-up that will need to be dealt with will continue to

mcrease.

3.2. The ATLAS Detector

The ATLAS dectector, depicted in Figure .7, is one of the two general-
purpose detectors at the LHC. It is the largest detector of its kind ever built at
46 meters in length and 25 meters in diameter, weighing 7000 tons, and containing
around 3000 kilometers of cables[38]. Around the interaction points within the
detector the ATLAS detector covers nearly the entire solid angle and is nominally

symmetric. ATLAS is built up of a variety of concentric subsystems, which will be
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EXPERIMENT

FIGURE 3.5. A candidate dimuon event (Z — p*p~) with 28 reconstructed verticies
collected in 2018 with the ATLAS detector[37].

ATLAS

EXPERIMENT

Run Number: 336852, Event Number: 883966264

Date: 2017-09-29 09:19:23 CEST

FIGURE 3.6. A candidate dimuon event (Z — p*p™) with 65 reconstructed vertices
collected in 2017 with the ATLAS detector[37].

discussed throughout this section, each with a specialized task and optimized for

the measurement of different particle signatures. The primary subsystems used to
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FIGURE 3.7. Schematic of the ATLAS detector.

measure particle trajectories and momenta accurately are the inner detector (Section
, the hadronic and electromagnetic calorimeters (Section , and the muon
system (Section . The inner detector measures the paths of charged particles,
called tracks. The electromagnetic and hadronic calorimeters measure the energy of
charged and neutral particles. The muon system measures the momenta of minimum
ionizing particles (MIPs).

In addition to the various detectors and calorimeters the ATLAS detector has a
magnet system (Section that bends charged particles in the detector, allowing
for a measurement of their charge and momentum and distingushing them from
neutral particles. Between the inner detector and the calorimeters is a solenoid which

provides an axial magnetic field. Between the calorimeters and the muon system is
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a toroidal magnet, from which ATLAS got its original acronym (A Toroidal LHC

ApparatuS).

3.2.1. Common Detector Variables and the ATLAS Coordinate System

The ATLAS detector uses a right-handed coordinate system with the origin
at the interaction point. In a Cartesian coordinate system the z-axis is defined to
be along the beam pipe (positive towards LHC Point 8) while the x-axis points
toward the center of the LHC ring which means the positive y-axis points upwards
as shown in Figure[3.8 In practice coordinates used are a modified polar coordinate
system. In the transverse (xy-)plane to the beam line the azimuthal angle, ¢, as
measured around the beam axis, and radius, r, are used. Away from the transverse
plane the pseudorapidity, 7, is defined by the polar angle (from the y-axis), 6, to be
n = —In[tan(#/2)]. Differences in n are Lorentz invariant under longitudinal boosts
such that the differences in the rest frames of colliding particles are not important
for massless particles. Since the particles typically present in the ATLAS detector
are highly energetic, and therefore have a large boost, the pseudorapidity is a good
estimate of the true rapidity of the particles. Massless particles are also produced
uniformly in 7 and not in € which is why 7 is preferred.

The distance between any two objects within the ATLAS detector can be
described geometrically by the variable AR = \/m Another common
variable used is the missing transverse energy, E&5. The information known about
the missing energy is limited to the transverse plane because the momenta of the

colliding particles are unknown along the beamline.
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FIGURE 3.8. Coordinate system used in the ATLAS Collaboration|35].

3.2.2. Magnet Setup

The ATLAS detector has two magnet systems of note. The first is the
superconducting solenoid that surrounds the inner detector with a magnetic field
aligned with the beam axis. The solenoid has a magnetic field of 2T that makes the
tracking of charged particles possible with the inner detector. This magnet is a thin
single-layer coil, which is imperative to minimize the amount of material in front of
the calorimeters.

The toroid system consist of two parts, the end-cap and the barrel magnets. The
windings of these magnets is shown in Figure [3.9. Each of these magnets consist of
eight superconducting air-core coils, together weighing 830 tons. The end-cap coils
are interleaved with the barrel coils. A peak magnetic field strength of 3.9T (4.1T)
is achieved in the barrel (end-cap) toroid which assists in the track and momentum

measurement, of high-energy muons as they leave the ATLAS detector. The barrel
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toroids cover a range of |n| < 1.4 while the endcap toroids cover the range 1.6 <
In| < 2.7. The remaining region is covered by a combination of the fields of the two

sets of toroids.

FIGURE 3.9. Schematic of the windings of the ATLAS magnet[38].

3.2.3. Inner Detector

The inner detector sits inside the solenoid magnet and is used to reconstruct
charged particle tracks as they bend due to the magnetic field. The inner detector
is made up of four distinct parts: the Insertable B-Layer (IBL) , the Pixel
Detectors, the Semiconductor Tracker (SCT), and the Transition Radiation Tracker
(TRT). The inner detector provides complete coverage for charged particle
tracking, extending to |n| < 2.5. Momentum resolution as well as primary and
secondary vertex measurements are done using the inner detector. Secondary vertices

are important for identifying particles with delayed decays such as bottom quarks
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(Section [4.3.4.1)), charm quarks, and tau leptons. A schematic of the inner detector

can be seen in Figure |3.12

End-cap semiconductor fracker

FIGURE 3.10. Schematic of the ATLAS inner detector.

The IBL was added during Long Shutdown I (2016) of the LHC and is closer
to the interaction point than the innermost layer in Run-1. This required adding
a smaller beam pipe (reduction in radius from 29mm to 25mm) but was able to
improve the resolution of vertices and thus the reconstruction of events involving
bottom quark decays as well as allowing for charm quark decays to be classified
better than ever before. This improvement is shown in Figure |3.11] in a study of
the impact parameter resolution. An improvement of up to 40% is seen with the
inclusion of the IBL in the low py region. The IBL functions as a fourth layer of the
Pixel Detector and uses planar sensors (similar to the Pixel Detector) as well as 3D
sensors allowing electrons to interact with the bulk of the sensor as opposed to just
the surface.

The next layer from the beam pipe, as detailed in Figure [3.12] is the Pixel

Detector which is a series of high-granularity silicon pixel detectors which measure
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FIGURE 3.11. Unfolded transverse (left) and longitudinal (right) impact parameter
resolution measured with (Run-2) and without (Run-1) the IBL as a function of
prldl].
a position when a charged particle passes through them. These silicon pixels are
n-doped silicon wafers biased with a high voltage that allow for the creation of
electron hole pairs. The electron then drifts toward the electrode which creates the
position signal in the readout electronics. In addition to the IBL there are three more
cylindrical layers which are designed to ensure single pixel isolation and minimize
leakage. The pixels are 50 x 400pum?. For complete coverage to the cylindrical system,
endcaps are placed on each side of the central barrel. These endcaps consist of four
wheels that have trapezoid-shaped silicon pixels. The three barrel layers consist of
67 million pixels and the endcaps total an additional 13 million pixels. After the
Pixel Detector is the Semiconductor Tracker (SCT) which is also made up of barrel
and endcap detectors. The barrel SCT is four cylindrical layers of silicon microstrip
trackers where the endcaps are nine discs on each side of the barrel made up of either
silicon or galium arsenide semiconductors. The SCT contains over 60m? of silicon
detectors with over 6 million readout channels.

The final part of the Inner Detector is the Transition Radiation Tracker
(TRT)[43]. The TRT is a straw detector surrounding the SCT. Every straw is a
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FIGURE 3.12. Blown up schematic of the ATLAS inner detector with more
detail [42)].
4 mm diameter Kapton tube with a 0.03 mm diameter gold-plated tungsten wire in
its center. In the barrel region there are 50,000 straws that are each 144 cm long
and an additional 250,000 straws in both endcaps which are 39 cm in length. Each
straw is filled with an active gas mixture made up of mostly Xenon or Argon.
When charged particles traverse across the TRT straws they ionize the active
gas mixture and produce ionization clusters. The number of clusters created depends
on how far the charged particle traveled through the TRT (5-6 clusters per mm).
The straw walls are held at a high negative voltage such that the primary electrons
are accelerated toward the gold-plated tungsten wire anode creating more ionization
by liberating more electrons from the active gas and producing a detectable signal
which is amplified and read out. Transition radiation occurs when a particle makes

a transition between materials with different dielectric constants and the energy
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radiated is directly proportional to the Lorentz factor of the particle. This allows for

an excellent discrimination between electrons and charged pions.

3.2.4. Electromagnetic and Hadronic Calorimeters

While the inner detector focuses on tracking the charged particles as they
pass through the detector, the ATLAS Calorimeter system is designed to absorb
and measure the energy of neutral and charged particles. The exceptions to this
are muons, which are able to penetrate through the calorimeters into the muon
system, and neutrinos, which do not interact at all within the ATLAS detector. The
calorimeters can be broken down into two major systems, the Liquid Argon (LAr)
calorimeter[44] and the tile calorimeter (TileCal)[45]. Both of these systems are

shown in Figure |3.13

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel Y
LAr forward (FCal)

FIGURE 3.13. Schematic of the ATLAS hadronic and electromagnetic calorimeter

systems|[38].
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The LAr calorimeter is a sampling calorimeter. Sampling calorimeters use
alternating layers of a dense absorbing material and an active material to measure
the signal produced by showering particles. The LAr calorimeter uses lead as the
absorbing material and liquid argon measured with copper-tungsten sensors as the
active layer. The layers in the LAr calorimeter are arranged in an “accordian-shaped”
geometry shown in Figure to provide complete azimuthal coverage. This allows
for the electromagnetic energy resolution to be uniform in the azimuthal direction.
Sampling calorimeters do not directly measure the entire energy of the particle,
only the interactions that occur in the active layers. The stochastic nature of the
processes being measured means that large fluctuations can occur while measuring
electromagnetic showers. These flucuations mean that sampling calorimeters must
account for sampling statistics as opposed to other types of calorimeters where the

entirety of the energy is absorbed with an active layer, such as scintillators.

Towers in Sampling 3
AQxAN = 0.0245x0.05

R
QG = [),09;(2

Square towers in
Sampling 2

FIGURE 3.14. Sketch of the accordian structure used in the LAr Calorimeter.
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For sampling calorimeters it is important to know the ratio % so that the
energy of a particle can be reconstructed based on only the energy measured by the
active layers. This ratio must be measured with test beams where the original beam
energy is known precisely. Sampling calorimeters allow for the complete detection
of electromagnetic showers. Because there is a large amount of material to traverse
through, all of the energy can be deposited within the detector. The amount of
material traversed by each particle is an important aspect as it includes not only
the active material and absorber but also the support structures and cables that
can play a role in particle interactions. The thickness of a material passed through
is typically measured in radiation lengths (Xj), where an electron passing through

one radiation length will lose 1/e of its energy to bremsstrahlung. The number of

radiation lengths in the LAr calorimeter is shown in Fugre [3.15
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FIGURE 3.15. Number of radiation lengths throughout the LAr calorimeter as a
function of [n].[3§]

Forward from the barrel there are two electromagnetic endcap (EMEC) wheels
with a similar accordion structure to the modules in the barrel that cover ranges
14 < |n| < 2.5 and 2.5 < |n| < 3.2. Outside of the EMEC wheels is the LAr
hadronic endcap (HEC) with a simpler parallel plate structure. The last part of the
LAr calorimeter is the LAr forward calorimeter (FCal). Due to the FCal’s proximity
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to the beamline the particle flux is very high so a dense calorimeter is used to avoid
losing energy into other pieces of the detector. The FCal is made up of three layers:
the first is copper and the others are tungsten.

The remaining calorimeter system is the TileCal which is primarily responsible
for hadronic calorimetry in the central region |n| < 1.7. TileCal is also a sampling
calorimeter with iron plate absorbers and plastic scintillating tiles. The scintillating
tiles are placed orthogonal to the beamline and read out using wavelength-shifting
fibers connected to photomultiplier tubes on the outside of the system. TileCal has
a fixed central barrel and two extended barrel sections as shown in Figure [3.13] The
extended barrel sections can be moved. The total nuclear interaction length of the
TileCal is 7.4\, where X is the mean distance a hadronic particle will travel before
experiencing an inelastic interaction with the material it is traveling through. The

total interaction lengths for each section of the calorimeter are shown in Figure
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FIGURE 3.16. Number of interaction lengths throughout the LAr calorimeter as a
function of |n|.
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3.2.5. Muon System

The final and outermost subdetector of the ATLAS detector is the muon
spectrometer, which measures the momentum of muons. Different technologies are
used in the barrel and endcap regions for both measurement and triggering (deciding
which events to keep when only a small fraction of events can be recorded). For the
barrel region, |n| < 2.7, three layers of Monitored Drift Tubes (MDT) are used for
precision energy and tracking measurements and Resistive Plate Chambers (RPC)
for triggering. In the forward region, 2.0 < |n| < 2.7 , where the flux is higher,
Cathode Strip Chambers (CSC) are used for energy and position measurements, and
Thin Gap Chambers (TGC) are used for triggering. These systems, shown in Figure
3.17], are aided by the magnetic field created by the toroid system discussed in Section
322

MDTs are arranged in chambers of up to six layers of aluminum tubes ranging
in length from one to six meters. Each tube is 30 mm in diameter and contains a
sense wire 50um in diameter. The chambers are arranged with a support spacer in
between layers of MDT's that have a built-in optical sensor to monitor the drift tubes
(hence the name) for deformations. This ensures that the precision of measurements
does not change over time. The MDTs are only used in the barrel and not in the
forward region because they are inappropriate in areas with high rates, in this case
a high flux of muons.

For the forward region CSCs are used. CSCs consist of arrays of positively
charged wires crossed with negatively charged strips within a gas. As muons pass
through they knock electrons from atoms in the gas which go toward the anode wires.

Since the strips and wires are perpendicular to each other two position coordinates are
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FIGURE 3.17. Schematic of the ATLAS muon detector.

read out. CSCs have the benefit of giving acceptable one- and two-track resolution
in a high flux environment.

The trigger system for muons in the barrel region uses RPCs which are parallel
plates with opposite charges separated by a gaseous volume. A muon passing through
an RPC knocks electrons from the gas which cause an avalanche of electrons that
get picked up by the external metal strips rather than by the electrode. The pattern
of metal strips that gets hit gives a quick measurement of the muon momentum
which is used by the trigger to make the immediate decision about the event. The
endcap muon trigger relies on TGCs. TGCs are anode wires with graphite cathodes

in between thin layers of fiberglass laminate. Similarly to why CSCs are used over
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MDRs in the forward region, TGCs have excellent timing resolution and can handle

the high flux of muons in the forward regions.

3.2.6. Trigger and Data Acquisition

The amount of data the LHC is capable of producing is staggering, and the
ATLAS trigger system is required to reduce the enormous amount of data produced
to a reasonable amount while keeping the most interesting events. The LHC provides
collisions at a rate of 40 MHz. Every event saved to tape requires about 1.6 MB
of space [46]. To keep all of the data produced 64 TB/s would need to be saved or
230PB of data for a 12-hour run or 400 EB of data per year (150 days of uptime).

In order to reduce this to a manageable level the ATLAS trigger system uses a
two-level trigger system. A hardware trigger, Level-1 or L1 trigger, is used to lower
the rate from 40 MHz to between 75 and 100 kHz which is sent to the next level
of the trigger system, the High Level Trigger (HLT). Another factor of 50 in rate
reduction is achieved by this software-based HLT to reduce the rate below 2kHz. A
flowchart of the ATLAS trigger and data acquisition system is shown in Figure [3.18
When combined with partial event readouts and the <2 kHz full event readout the
total bandwidth requirement is around 3 GB/s to be written. This means that only

around 0.004% of data is stored.

3.2.6.1. Level-1 Calorimeter

The Level-1 hardware trigger uses geometrically coarse information from some of
the subdetectors. The data from the calorimeters is sent to the Level-1 Calorimeter
(L1 Calo) system. L1 Calo uses low granularity information to identify Regions of

Interest (Rols) from objects that interact in the calorimeters (e.g., photons, electrons,
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n Run—2.

jets, taus), events with high total energy, as well as events with an imbalance of
energy coming from missing transverse energy. The information is fed into the L1
Calo system and through a preprocessor that allows L1 Calo to handle the effects
within ATLAS from pileup events. Data from TileCal and the trigger portions of the
muon systems goes to the Level-1 Muon (L1 Muon) system which applies various
logical processes to determine whether or not an event should be kept. Outputs
from L1 Calo and L1 Muon are passed to the Central Trigger Processor (CTP)
which provides Level-1 trigger accept and LHC timing information to the detector

readout. At the same time the CTP gives Rols to the HLT.
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3.2.6.2. High Level Trigger

The HLT takes Rols from the CTP as well as full detector granularity and
makes a further decision about whether or not that event should be saved. This is
done using a computing farm which, by the end of Run-2, contains over 40,000 cores
that run over 2,500 independent algorithms (trigger chains) on the Rols. The HLT
can provide partial and full event reconstruction depending on the event stream the
event is decided to be within. The main event stream is the physics analysis stream
which gets full event reconstruction, while the other streams typically only require
partial event reconstruction. The other streams are used for a variety of things such

as trigger level analysis, monitoring of the subsystems, and calibrating the detector.
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CHAPTER IV

SIMULATION AND RECONSTRUCTION

This chapter presents details on the simulation of various physics processes and

the reconstruction of physics objects for both simulated events and data events.

4.1. Simulation of pp Collisions

To draw conclusions from ATLAS experimental data it is necessary to make
accurate theoretical predictions about the processes being searched for. Having
accurate background models can help identify when a data signal is behaving in a
way that might suggest new physics. Due to the stochastic nature of particle physics
collisions and interactions, it is not practical to create exact predictions. Instead the
ATLAS experiment uses Monte Carlo (MC) simulations to model physical behaviors.
MC simulations are done by repeated random sampling of possible physical processes
that can occur at any given time to a particle. The possibilities change based on
factors such as particle energy and particle environment. A flow chart for the entire

simulation chain is shown in Figure {4.1]

4.1.1. Matrix Element Calculation and Parton Distribution Functions

Particle interactions at LHC energies do not involve the entire proton. The
constituent partons that create the proton (the two up quarks, down quark, and
the sea of gluons) are what interact in any given event. The gluons create many
virtual quark-antiquark pairs which can interact as well. The valence quarks, the
two up quarks and the down quark that make up the proton, are the major portion
of interacting partons at low energies, mainly inelastic interactions. At LHC energies
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FIGURE 4.1. A pictoral view of the different steps for the creation of a MC event.

deep inelastic scattering is possible and the sea quarks play a more dominant role.
Proton structure is described by a Parton Distribution Function (PDF) which gives
the probability of finding any parton with a particular momentum fraction, shown
in Figure [4.2

The PDFs and hard scattering processes are included in the calculation of the
Matrix Elements (ME) of any interaction. Hard scattering processes can be descibed
by Feynman diagrams, a representation of their amplitudes. Combining the PDFs
and hard scattering amplitudes gives the probability of a particular interaction
occuring. Calculation of the MEs is the first stage of simulation and is done to

a specified order in perturbation theory: leading order (LO), next-to-leading order
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(NLO), etc. Higher order calculations lead to more accurate predictions but grow

exponentially in complexity making them harder to calculate both theoretically and

computationally, often restricting how accurately a process can be simulated.

4.1.2. Parton Shower Calculation

The next stage of simulating an event is the parton shower. These parton shower
calculations deal with the quantum chromodynamic processes. In any interaction the
particles that carry color can spontaneously emit gluons which can go on to create
more gluons or quark-antiquark pairs. Depending on when this happens in the hard
scattering process it is called initial state radiation (ISR) or final state radiation

(FSR). The hard scattering partons as well as any additional radiated particles are
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used as inputs to parton shower calculations which determine how the quarks and
gluons proceed through to the final state particles seen in the detector. This includes
calculation of hadronization processes and futher decay processes into the final state

particles.

4.1.3. Detector Simulation

The final stage of creating an MC event is the detector simulation. The
information from the event generators are processed using GEANT4[49] and a detailed
model of the ATLAS detector. GEANT4 simulates how various particles propagate
through and interact with the material properties of the detector and where they
leave energy which would then be measured by the ATLAS detector in an actual
event. The result of this MC event construction flow is a collection of simulated data
that is similar in structure to actual data collected using the ATLAS experiment. The
energy deposits in both MC and real data are combined using the same software used
for physics object reconstruction. For MC events this allows for comparison between
the physics object reconstruction and the truth record, or the types of particles fed

into the detector simulation.

4.1.4. Monte Carlo Generators Used for LHC Physics

A variety of different MC generators are used in the creation of simulated events.
Different generators specialize in simulating different physics processes to various
levels of precision (e.g., LO vs. NLO). The MC generators used in this search are
summarized in this section.

MADGRAPH aMC@NLO[50]: An amplitude and event generator at LO and

NLO for hard processes. Extendable to various models including effective field theory
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(EFT) models used in BSM searches. This generator is used to create the signal
events searched for in this dissertation and discussed in Section [4.2]

POWHEG[51, 52]: Positive Weight Hardest Emission Generator is an NLO
event generator that can be interfaced with other generators (i.e. PYTHIA) for
showering.

PYTHIA[53]: A generator used most often for QCD final state hard processes
and showering. It is commonly interfaced with other generators for showering within
the ATLAS detector.

SHERPA[54, 55): A multi-parton LO generator with an emphasis on merging ME
and Parton Showering.

A common event file format developed at the Les Houches Accords[56] makes
it possible for these generators to be interfaced in a straightforward way, typically
with PYTHIA for showering. This allows a specialty generator to be created and used
to generate hard processes and then simulate the rest of the event with common

showering generators that might lack the ability to simulate the process in question.

4.2. Creation of Flavor-Changing Neutral Current Signal Events

To create simulated signal events the typical Standard Model models must be
extended to include higher-order terms. A Universal FeynRules Output (UFO[57])
model was created to include dimension-6 operators([58, [59]). These individual
operators are turned on for the specific final state being produced. The original
operators can be reduced to a minimal set of coupling to anomalous final states (i.e.,
FCNC final states)[60], used for event production. This effective field theory method
of signal production is beneficial as it allows for production of signal events that are

not dependent on any particular BSM model. This method of including dimension-6
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effective operators can be used to produce any of the top FCNC channels, for example

in the t — ¢Z process|61] and ¢t — ¢H[62].

4.2.1. FCNC Events Produced With MadGraph5 aMCQNLO

Signal events have been produced using MadGraphb aMCQ@QNLO following the
work of Degrande et al.[63]. Before official ATLAS datasets can be produced and
the entirety of the event reconstructed through the ATLAS detector, validation of
the model must be performed. 10,000 events were produced locally at truth level for
each decay channel to compare the kinematics of produced events in ¢t — bW ¢y to

the kinematics of official production ¢t events.
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FIGURE 4.3. Normalized kinematics (pr, my, and y;) of individual top quarks
produced by the model for each FCNC final state search and an official ¢t sample.

The minimal couplings mean there is one scalar coupling introduced for each
decay mode, t — ¢y and t — wy. All possible final states are shown in the figures
in this section: the leptonic and hadronic decays of the W boson from the top quark
that decays through the typical Standard Model decay mode t — bW. Figure 4.3
shows individual top quark truth information while the validation of the ¢f system
kinematics are shown in Figure 4.4}

The lepton validation plots in Figure 4.5/ only show events where the W is forced
to decay leptonically as well as the official sample which does not have a preference

for the final state decay, i.e., the W bosons are allowed to decay leptonically or
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hadronically. No unexpected deviations from the Standard Model produced tt
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FIGURE 4.6. Normalized pr of the up, charm, and bottom quarks produced by the
model for each FCNC final state search and an official ¢¢ sample.

samples are seen in any of the validation plots. The deviations seen in Figure

are misplaced quarks from NLO processes. The shifted mean values in the up and

charm pp spectrum are also expected. In those samples the up or charm quark is

coming directly from the top quark as opposed to a W boson, which means it will
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have significantly boosted momentum. The same boost holds for the photons as well,

as shown in Figure [4.7]
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FIGURE 4.7. Normalized pr of the photons produced by the model for each FCNC
final state search and an official ¢t sample. There is 0 contribution from the official
tt sample.

In the model there are left-and right-handed dipole moment couplings.
Investigation into differences between the kinematics of the quarks produced using

each of these couplings is shown in Figure [4.8

_i0"q,

L. = —ec (AL Py + M\EPR)tA, + h.c.

my

No differences in final state kinematics were shown in the right-handed coupling
compared to the left-handed coupling. Due to this, only one coupling value was used
in the production. In the end only leptonic decays of the W were produced officially.
The leptonic state is simpler to search for than a final state not involving leptons

because of the much larger backgrounds from QCD processes. The lepton offers
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many handles for searching for these rare FCNC decays. While using the leptonic
final state it is not necessary to use combinatorics for event reconstruction as each
object is unique and comes from one particular object. In this analysis the final state
involves a light jet and a photon (from the FCNC decay), and a lepton, photon, and

b-jet (from the Standard Model top decay).

4.3. Object Reconstruction

After the events are simulated, or collected in case of real data, the collections
of energy deposits within the detector systems must be transformed into meaningful
physics objects through reconstruction. Reconstruction is typically done in two major
steps using the specialized detectors covered in Chapter [Tl The Inner Detector and
Muon System turn patterns of hits within the tracking detectors into tracks that have
direction and momentum information. The calorimeter system transforms the energy

deposits within the calorimeters into calibrated energy deposits with a particular
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position. These tracks and calorimeter deposits are used to create physics objects
(electrons, muons, etc.) by using particle identification techniques to reconstruct the
underlying physics event. For the analysis presented in this dissertation, the final
state signal particles that need to be reconstructed are one lepton (an electron or a
muon), one photon, two quarks (one light flavor and one b quark), and one neutrino
(missing transverse energy as it is the only particle that does not interact with the
detector). Each of these particles has a particular signature in the subdetectors of

the ATLAS detector, shown in Figure [1.9]
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FIGURE 4.9. Cross section of a simulated ATLAS detector showing how various
particles interact with ATLAS subsystems. Solid lines indicate interactions while

dashed lines indicate that no interactions typically occur in that section of the
detector [64].
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4.3.1. Electrons

Electrons interacting within the ATLAS detector leave a track in the Inner
Detector as well as a cluster of energy in the electromagnetic calorimeter. The
track and cluster are required to be matched together to be identified as an electron
candidate[65]. As electrons move through the detector they create electromagnetic
showers through bremsstrahlung which can produce electron-positron pairs. The
process continues as the particles continue to give energy to the detector. This
collection of electrons, positrons, and photons creates a signature energy cluster in
the calorimeter.

Electron identification algorithms are applied to the electron candidates to
separate prompt and isolated electron candidates from electrons that come from
backgrounds such as converted photons and misidentified jets. The electron
idenification algorithms use a sliding window (3 x 5 cells in 7 X ¢ within the barrel
region) in the high granularity section of the LAr electromagnetic calorimeter to
search for electron cluster “seeds” greater than 2.5 GeV. Clusters are created around
these seeds to form the electromagnetic shower and remove possible duplicate electron
signals by containing them within the cluster. Further pattern recognition for the
track fitting allows even larger amounts of energy into the shower to account for
bremsstrahlung in the shower shape. Tracks and clusters are then matched to give
electron candidates.

Electrons coming from background jets or photon conversion are called non-
prompt as they do not originate from a signal object or the primary vertex. In order
to reject these electrons, other discriminating variables are used in addition to the
track-cluster matching. These variables include the amount of energy leakage into

the hadronic calorimeter, the shower development throughout the electromagnetic
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calorimeter, and the amount of radiation measured in the TRT. Three electron
identification working points are used: Loose, Medium, and Tight. Each of these
operating points have their own level of background rejection and signal efficiency.
Working points with higher background rejection are a subset of those with lower
background rejection.

Isolation variables are another useful tool in the identification of signal
electrons from converted photons produced in hadron decays and light hadron
misidentification. These variables are defined by a cone size around the electron
candidate and are the sum of the transverse variable (momentum or energy) of all
of the tracks within the cone, p5**? with a cone of AR = 0.2 (or 10 GeV/E7, for
high energy electrons) and Efyon®4 with a cone defined in a similar manner.

Because the LAr calorimeter is a sampling calorimeter, the energy deposits must
be calibrated and scaled such that the true electron energy is read out and not just the
small amount of energy deposited into the active layers as discussed in Section
The energy scale is calibrated to be uniform throughout the detector. Any residual
differences between data and simulation are corrected. The calibration strategy was
developed for optimal performance in LHC Run-1[66] and updated for the conditions
of LHC Run-2[67].

4.3.2. Muons

Muons behave differently from other particles as they traverse the detector.
They act as minimum-ionizing particles (MIPs) throughout the calorimeter. The
Muon Spectrometer (MS), Section [3.2.5 specializes in precision measurements of
muons. The Inner Detector (ID) plays a pivotal role in the identification of

muons as it offers an independent measure of the muon characteristics. The muon
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reconstruction process uses a specific set of variables as well[68]. These variables
include: ¢/p significance: the difference in the ratio of track charge and momentum
measured with the ID and MS, p': the difference between the transverse momenta
measured with the ID and MS, and x? of the combined track fit using tracks from
both the ID and MS.

Muons are separated out into four separate types depending on their interactions
with the various subdetectors. The best muon candidates are combined muons that
use hits in the MS to trace back to a track in the ID in order to reconstruct the
entire muon track. Segment-tagged muons are muon candidates that leave a track in
the ID but only a segment in the MS instead of a full track. Segment-tagged muons
can occur because of the muon having low pr or crossing through a region of the MS
with reduced acceptance. Extrapolated muons require only tracks in the MS and are
used in regions of 7, » phase space that the ID does not cover. Calorimeter-tagged
muons are muons identified by MIPs in the calorimeters and are used to find muons
that cross the ID and MS in regions where cabling might prevent particle detection.

Muons also have their own set of isolation criteria which is track-based pyareone0-3,
with a cone of AR = min(0.3,10 GeV/pr). As with electrons, various working
points are available at the analysis level for muons. These working points are named
similarly: Loose, Medium, Tight, and High-pr in order of background rejection.

High-pr jets that punch through the hadronic calorimeter can leave tracks in
the MS which could be identified as muons. These would be identified as a bad or
a fake muon because of the high-hit multiplicities they leave in the MS as opposed
to a single track left by a muon as it is a MIP. Another source of bad muons is a
mismeasured ID track that gets incorrectly matched to segments in the MS. Fake

muons are a source of fake missing transverse energy, £
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4.3.3. Photons

Photons behave very similarly to electrons in the calorimeter in that they also
produce an electromagnetic shower in the calorimeter. However, they are neutrally
charged particles meaning that they should not leave a track in the ID as they
do not bend and produce bremsstrahlung photons traveling through the magnetic
field. Prompt photons pair-produce electrons in the tracker, but this process can be
identified by using the associated cluster in the electromagnetic calorimeter if it is
matched to two tracks with opposite charge. This process produces what is called
a converted photon. Unconverted photons have no matching tracks associated with

an electromagnetic cluster.

Prompt photons produce narrower energy deposits in the electromagnetic
calorimeter and have smaller leakage into the hadronic calorimeter compared to
background photons. The energy contained within narrow structure in 7 x ¢ strips
compared to the energy contained in a larger section can help identify prompt from
non-prompt photons[69]. Cuts on this and the other variables listed in Table are
tuned to reduce dependency of identification efficiency on the pile-up conditions of

Run-2.

4.3.4. Jets

Contrasting with electromagnetic showers produced by electrons and photons,
hadronic showers form through QCD processs. Quarks very quickly undergo
showering by emitting gluons which further produce quark-antiquark pairs, analogous

to the photons and pair-produced electron-positron pairs of electromagnetic showers.
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Category Description Name loose tight
Acceptance In| < 2.37, with 1.37 < |n| < 1.52 excluded - v v

Hadronic Leakage Ratio of Ep in the first sampling layer of the Rpag, Vv v
hadronic calorimeter to E7 of the EM cluster (used
over the range 0.8 < |n| or |n| > 1.52)

Ratio of Er in the hadronic calorimeter to Er of the  Rpaq v v
EM cluster (used over the range 0.8 < || < 1.37)
EM Middle Layer ~Ratio of the energy in 3 X 7 n X ¢ cells over the R, v v

energy in 7 x 7 cells centered around the photon
cluster position

Lateral shower width, wy, v v
VEERDCE) — (CEm) [(SE))?,  where

FE; is the energy and 7); is the pseudorapidity of cell

i and the sum is calculated within a window of 3 x 5

cells

Ratio of the energy in 3 x 2 1 x ¢ strips, over the Ry v
energy of 3 x 6 cells centered around the photon
cluster position

EM Strip Layer ~ Lateral shower width, /(SE;(i — imax)?)/(ZE:), ws3 v
where i runs over all strips in a window of 3 x 2
1 X ¢ strips, and iy,ax is the index of the highest-
energy strip calculated from three strips aroudn the
strip with maximum energy deposit

Total lateral shower width  wg tot v
VEEi(i — imax)?)/(ZE;), where i runs over

all strips in a window of 20 X 2 5 X ¢ strips,

and ipax is the index of the highest-energy strip

measured in the strip layer

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

Difference between the energy associated with the AF; v
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 between the maximum  Eia4i0 v
energy deposit and the energy deposit in the

secondary maximum in the cluster to the sum of

these energies

Ratio of the energy in the first layer to the total f; v
energy of the EM cluster

TABLE 4.1. Photon identification variables used for loose and tight photon
identification, taken from [69)].
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When quarks have enough energy they hadronize by producing bound states of
particles. These particles are typically pions or mesons that are measured by the
ATLAS detector. The top quark is the only quark that decays before hadronization
because it decays so fast (5 x 10725 s). The spray of hadrons coming from a quark
from the initial interaction is called a jet and is a collection of detector objects that
are traced back and assigned to the quark(s) in the final state of the interaction.
These algorithms are called jet-finding algorithms. Pictoral representations of the

same event reconstructed with four various algorithms is shown in Figure

p, [GeV] - k, R=1 i | p [GeV] . Cam/Aachen, R=1 |

FIGURE 4.10. A sample parton-level event with many random soft jet objects,
clustered with four different jets algorithms, illustrating the areas of the resulting
hard jets. For kt and Cambridge/Aachen the detailed shapes are in part determined
by the specific set of ghosts used, and change when the ghosts are modiﬁed.
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The jets in this analysis use the anti-kr algorithm|70] with a radius parameter
R = 0.4. Jets are collections of clustered particles whose properties are dependent on
the algorithm used to reconstruct them. How they are defined can change the physics
objects that are eventually analyzed. The anti-kr algorithm is preferred because it
is infrared and collinear safe. Infrared-safe jet algorithms do not merge two jets with
a soft emission between them. Adding or removing a soft term between two jets
should not change which objects are called jets. Collinear safe jet algorithms do
not change the jet collection if the high transverse momentum particles are split or
merged. Another added benefit of the anti-kr jet-finding algorithm is that it produces
roughly circular jet objects, thereby simplifying the calculation of the energy density
and simplifying the calibration of the jet object.

The anti=kp algorithm calculates the distance between an object ¢ and all

possible jet objects j (d;;) and the beam (d;p)

2

A2,
di; = min(k2?, k;ff) Y dip = k¥

R Y

where k;; is the transverse momentum, A is the distance between the objects, and
p = —1. This is a general form for the type of algorithm where the inclusive kr
algorithm has a p value of 1 and the inclusive Cambridge/Aachen algorithm has a
p value of 0 [71]. The algorithm then follows that if d;; is smaller than d;5 then
objects 7 and j are merged, otherwise 7 is labeled as a jet and removed from the list
of entries of possible jet objects. This is repeated for all entries in the list of possible
jet objects.

Jet cleaning is also applied to remove events with jets built from known
noisy parts of the calorimeter due to particular calorimeter cells or non-collision

background in those areas[72]. The fraction of events removed by the jet-cleaning
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process is negligible and should not lead to any significant measurement inefficiencies,
a maximum of 0.015% of the total events. To reduce selecting jets that originate from
pile-up interactions, another requirement on the jet object is made on the jet vertex

tagger|[73, 74] as follows:

1. For jets with 20GeV < pr < 60GeV and |n| < 2.4: if any jet is bad AND that

jet is not marked as pile-up by JVT, then reject the event.

2. For jets with 20GeV < pr < 60GeV and |n| > 2.4: if any jet is bad, then reject

the event.

3. For jets with pr > 60GeV: if any jet is bad, then reject the event.

4.3.4.1. B-Jets

While jets originate from any quark, jets coming from b quarks can be identified
due to their decay products. B quarks hadronize into b-hadrons which have a
relatively long lifetime compared to many other hadrons produced from light quarks.
The longer lifetime and the relativistic speeds at which the hadrons travel mean
the particle travels a measurable distance before it decays (400 — 500pm)[75]. For
b quarks resulting from top decays the boost they have is greater which leads to a
larger decay distance. A b-hadron with an average momentum of around 60 GeV will
have a cr of about 6 mm. Thus, the vertex reconstructed from the energy coming
from a b-hadron decay can be traced back to a point that does not correspond to the
primary vertex of the event. A pictoral representation of a b quark decay is shown
in Figure .11} The b-jet vertex is called the secondary vertex.

In addition to the secondary vertex, other variables are helpful in identifiying

jets coming from b quarks. By back tracing the tracks within the displaced vertex
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FIGURE 4.11. Pictoral representation of an event with a b-jet showing the secondary
vertex and impact parameter.

the minimum distance between the track and the interaction point can be measured,
and is known as the impact parameter. Reconstructing the decay chain of the jet
is also used in determining the providence of the jet. This information is used in a
multivariate analysis (MVA) to identify jets coming from b quarks and reject jets
coming from light quarks.

The MVA used in this analysis is the MV2c10, the discriminant used for b-
jet identiﬁcation. The output distributions for various flavors of jets as well
as background rejection and signal efficiency plots are shown in Figure [4.12 The
c10 in the algorithm name refers to the background training sample of the MVA
consisting of a 10% fraction of c-jets. The 77% efficiency fixed-cut working point
for b-jet identification was chosen for this analysis and is discussed in Section
Differences in efficiency of b-tagging between data and simulation are taken into
account with working point specific scale factors provided by the ATLAS Flavour
Tagging Combined Performance group.
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FIGURE 4.12. The MV2c10 output for b, ¢, and light flavored jets in simulated ¢t
and the background rejection as a function of the b-jet efficiency|78].

4.3.5. Missing Transverse Energy

The remaining signal object that has yet to be discussed is the neutrino coming
from the W boson decay. Neutrinos do not interact with the detectors as they pass
through the ATLAS detector. The only way to measure any properties of the neutrino
in ATLAS events is to use conservation of momentum. As previously mentioned the
collision energy is unknown as partons do not carry a consistent fraction of the beam
proton energy. However, in the transverse plane to the beamline the total momentum
is known to be very small. Before the collision there is little beam divergence, on the
order of 1 GeV of momentum in the transverse plane. Therefore, the total transverse
momentum of the collision products should be approximately zero.

Any imbalance in the momentum is referred to as Missing Transverse Momentum
(Fr). The negative vector sum of all reconstructed objects plus an additional soft

term are used to calculate the missing energy in the x-plane and the y-plane[79).
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A magnitude and an aziumuthal angle are calculated to give the F vector in the
transverse plane, but this does not directly correspond to a neutrino which also has

a momentum in the z direction.

4.3.5.1. Neutrino Reconstruction

In this analysis the signal contains only one source of missing energy, therefore
all of the missing energy can be used to reconstruct a neturino object. There is an
ambiguity in the choice of the neutrino z-momentum. To find the z-momentum a x?
minimization is done:

X2 - X%MTop + X%V

X2 — (mbjet,l,y - mt)2 n (ml,l/ _ mW)2

0 gMTop o 12/V

The widths ogymep and of, are determined from signal Monte Carlo. The event
objects are combined to calculate the invariant mass of the top quark (the
combination of the b-jet, lepton, and neutrino) and the W boson (combination of the
lepton and neutrino). The x? minimization is done while varying the z-momentum
of the neutrino. The neutrino momentum that corresponds to the smallest x? value
is assigned to the neutrino object for further use in the analysis. The x? values are

also used as a discriminating variable and fed into a neural network (Section [5.3)).
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CHAPTER V

SEARCH STRATEGY

This chapter will describe the major backgrounds and outline a search strategy
used in the analysis. The kinematic regions for the signal will be defined as
well as the introduction of neural networks to assist with the separation of signal
and background-like events. This chapter contains material coauthored with the
ATLAS Collaboration. I developed the signal samples and analysis framework,
optimized the signal regions, and was responsible for the the background modeling
in the regions shown here including the fake rate studies. Other members of the
ATLAS Collaboration developed the background samples used to produce the results

presented in this chapter.

5.1. Major Backgrounds

There are a large number of Standard Model processes that can end up in the
signal region and share a similar final state topology as the studied signal process,
tt — blvgry. All of these processes are modeled with Monte Carlo (MC) simulation,
with the exception of particles that fake other particles (leptons and photons) which
are done using data-driven techniques because they are poorly modeled with MC.
A full list of the Monte Carlo samples used for each background can be found in
Appendix [B]

The dominant backgrounds in this search are Standard Model ¢t and Standard
Model tt++, as well as W+jets and W+jets with an associated photon (W+jets+7).
These, along with minor backgrounds (Standard Model single top events, Z-+jets

(Z+jets+7), tt+Vector Boson, diboson), are all modeled with MC and some data-
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driven estimates and corrections are applied. The various backgrounds modeled in

this search are summarized here:

SM Processes: SM tt, W+jets, Z+jets, single top, diboson, tt+V are modeled
with MC simulations. Control and validation regions are designed to test
performance of the largest of these background proceses, t¢ and W+jets. A
discussion of the modeling of the major SM processes without photons and a

derivation of additional scale factors for these processes are in Section [5.6.1}

SM Processes with an associated photon: SM + associated photon processes
tt+~, Wjets++, and Z+jets+v are modeled with MC simulation and overlap
removal is applied to the SM processes to remove events with similar phase
spaces since these processes are a subset of the SM process. MC simulations
are created with additional statistics for these processes. Further details are

presented in Section [5.6.3]

Fake Leptons: Non-prompt or fake electrons and muons can arise from semi-
leptonic decay of b and ¢ quarks. For electrons additional contributions from
photon conversions and jets in the electromagnetic calorimeter can lead to
lepton fakes. Muons can be faked via energetic showers in the hadronic
calorimeter or from hadrons that punch through the hadronic calorimeter. The

matrix method is used to estimate the number of events with fake leptons as

described in Section [£.6.2.21

Fake Photons: The number of events with fake photons is estimated using a Z —
ete” tag-and-probe method discussed in Section |5.6.2.1. Further, the ABCD
method is used in Section [5.6.2.3| to estimate the number of fake photon events

that arise from a jet faking a photon.
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5.1.1. Overlap Removal

Tracks and energy deposits within the detector can, in some cases, be used to
reconstruct multiple objects. To prevent using these tracks and deposits multiple
times a standard overlap removal procedure is applied to objects. First, electrons
that share tracks with any other electrons are removed. Any electron sharing a track
with a muon is then also removed. Any jet that is found within AR < 0.2 of an
electron is removed. Then any jet with fewer than three tracks associated with it
within AR < 0.2 of a muon object is removed. After that any muon found withing
AR < 0.4 of a jet is removed and any photon within AR < 0.4 of an electron or

muon object is removed.

5.1.2. Duplicate Event Removal

As specialized higher statistic samples are used for processes with prompt
photons, a double counting of events could occur with the nominal MC samples.
For example, in addition to the ¢f sample a sample of ¢t + v events are used. This
is true for the W+jets/Z+jets and special samples of W+jets+v and Z+jets+.
Therefore a truth-based matching scheme is used to remove events in the nominal
samples that match with the photon types produced in the specialized +v samples,

i.e., they contain a truth photon that does not originate from a hadron or lepton.

5.2. Event Selection

This analysis is searching for ¢t candidate events where one of the top quarks
decays through the most common decay path (a W boson that decays leptonically
to an electron or muon and a bottom quark) and the other through the FCNC

diagram to an up-type light quark and a photon. The selected decay path is then
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tt — Whbqy — lvbgy such that the final state will contain at least two jets, exactly
one of which is b-tagged using the MV2c¢10 algorithm, exactly one lepton (an electron
or muon), exactly one highly energetic photon, missing transverse energy from the
neutrino, and a large transverse W mass. The transverse W mass requirement selects
events that have a lepton and J; which are consistent with a leptonically decaying

W boson, defined as:

my = \/2 X pr, X B x (1 — cos(¢ — puer))

which is largest when the lepton and missing transverse energy are close in ¢ as would
be expected from the decay products of a boosted W boson. Events are selected
loosely to include all possible kinematic regions of interest and then skimmed down
to the individual regions for various studies. This includes events that will not enter
the signal region such as events with 0 photons or events with 0 b-jets that are used
to derive and test scale factors on the largest background samples and account for
mismodeling of MC simulations.

For the events that have a chance of entering the final Signal Region, i.e., events
with exactly one b-tagged jet and exactly one photon, a neural network analysis is
performed to help separate the signal from the background using a variety of high
dimensional cuts. The neural network training and testing are described in Section
5.3l The neural network is then applied to all events with exactly one b-tagged jet
and one photon and greatly increases signal purity while separating out the most

dominant backgrounds, in particular t¢ and tt + 7.
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5.3. Event Classification: Neural Network Optimization

To help distinguish signal events from the majority of background events, neural
networks were employed for event classification. Neural networks are multivariate
methods that take a variety of inputs and output a number between 0 and 1. The
output value is a discriminating variable that will be used to classify events and
determine which events make it into the final Signal Region selection. Signal-like
events accumulate towards 1 while background-like events cluster around 0. Two
neural networks are trained, one for the electron+jets final state and one for the
muon+jets final state. This section will discuss the neural network studies completed

and their uses in the search for FCNC events.

5.3.1. Input Variables

A wide variety of input variables to the neural network were studied in detail.
Studies were done using only low-level variables such as the kinematic variables
(pr, n, ¢, E) of the physics objects in the signal region. While a complex enough
neural network should be able to figure out useful high-level/event-level variables
(i.e., invariant masses, geometric separations), in practice a combination of some of
these low-level variables and high-level variables used as inputs to the neural network
proved to give the best separation and projected limits. Using physical intuition to
guide the neural network proved to be a valuable tool.

Combinations of 29 input variables were tested at the outset. However, variables
such as n and ¢ tend to not have significant weights in the neural network and are
left out in favor of the high-level variables that include them (e.g., AR values). A
measure of how different the variables are between signal and background is the

separation. Table shows the separation values for the variables that are inputs
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Variable  Separation e+jets Separation p+jets

pr(7) 22.97 24.01
M 22.65 28.31
Viso 18.62 41.32
- 11.10 11.70
e, 9.00 7.51

AR; 4.59 2.66

ARy 4.99 4.47
ml 3.16 3.37
St 3.78 3.32
Mot 1.70 2.03
X2 1.37 1.91

pr(q) 9.46 9.82

ARy, 1.40 1.19

E (lepton) 0.86 0.89
jom 0.47 0.70
pr(b) 0.51 0.53

TABLE 5.1. Separation of normalized variables between signal and background in
the e+jets and p+jets channels for the variables used as input to the final neural
network.

to the final neural network. Comparisons between the shapes of the input variables
for the u+jets channel are shown in Figures [5.1], 5.2 and [5.3]
bins (i — 12
Separation = Z ﬁ (5.1)
Signal and background distributions are normalized separately to one for the
calculation of the separation. The backgrounds are pre-normalized with the process

cross sections such that the relative representation of each background is accurate to

the final distributions of the analysis.
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Typically the kinematic variables with photon information have the biggest
separation values. This is expected because the signal photon comes directly from the
decay of a top quark and is much more energetic than background photons. Shape
comparison plots for the e+jets channel and additional plots for other investigated
variables are shown in Appendix The largest difference in separation between
the e+jets and p+jets channels is the photon isolation value. This is due to the
fact that all backgrounds are included and fake photon contamination from a large
Z+jets background is expected. Both networks perform similarly in their separation
of signal and background events. The network is able to learn and compensate for
this behavior with the help of other variables that include the lepton and photon:
ARy, and my,.

The neural networks are trained on MC events that have a chance of being in
the signal region after basic event-level cuts and are optimized for signal significance.
Only events with one photon (> 15 GeV) and one b-jet (MV2cl0 77% working
point) are classified by the neural network. The 77% working point was chosen by
training the neural network on events with only one b-jet at each working point: 70%,
77%, and 85%, and picking the network and working point with the best estimated

significance. The b-tagging neural network study is shown in Section

5.3.2. Architecture

A variety of architectures of dense neural networks are studied using KERAS[80]
on top of the TENSORFLOW backend|81]. Each network has a number of input nodes
equal to the number of input variables. Networks with one, two, and three hidden
layers are investigated each with 20 nodes. The output layer contains only a single

node. Every node in one layer is connected to every node in the next layer and the
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FIGURE 5.1. Normalized variables showing the shapes of neural network input
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FIGURE 5.3. Normalized variables showing the shapes of neural network input
variables for the p-+jets channel: ARy, E (lepton), £, and pr(b).

previous layer. Every connection is assigned a weight that is optimized during the
training of the network. For every node in the network a value is computed using
the weights and input values of the previous nodes using an activation function.
Nodes with the highest output of this function are more important to the fit. The

activation function used on the internal nodes in this search is the Rectified Linear
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Unit activation function.

x, ifx>0

0, if x <0

The output layer uses the sigmoid function, o(z), as an activation function. The

sigmoid function maps the output smoothly to the range (0,1).

In every training step the weight of each node is updated following an optimization
algorithm, in this case the ADAM optimizer|82]. This optimizer follows the steepest
gradient to reach the minimum of the parameter of interest called the loss function.
The loss function used for these classification neural networks is the binary cross

entropy:

Loss = —% Zyilog(p(yi)) + (1 = yi)log(1 — p(y;))

where y is a binary indicator (0 or 1) if class label is the correct classification for
observation and p is the predicted probability observation of the class label (0 or 1).
The logarithmic nature of this loss function means it applies small values to correctly
assigned events but more harshly punishes mismatching of events. Therefore, having
a similar number of signal and background events that get weighted similarly can
improve the behavior of the network. In rare decay searches typically the number
of signal events is significantly smaller than the number of background events in the
training sample. By using the weight functionality in KERAS, the total number of

signal events can be scaled to be similar to the number of background events.
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Weighting the signal events this way allows the network to separate the signal
and background events in a way that is significantly less harsh than without the
weights by taking advantage of the loss function being used. This improves the
estimated significance of the neural network cut after the signal events are rescaled

to their proper normalization values.

put layer

input layer
hidden layer 1 hidden layer 2

FIGURE 5.4. Pictoral representation of neural network architecture with three input
variables, two hidden layers with four nodes each, and one output layer.

Various hyperparameters are used as inputs into the neural network as well as
the optimizer used. The ADAM optimizer has a default learning rate of 0.001 which
remained constant throughout these studies. The learning rate corresponds to the
amounts by which weights are updated during training. A learning rate that is too
large can mean the network never settles into a local minima as it is always missing
the minima or, at the very least, it can take much longer to converge into a minima.
As the neural network training for this search always converged quickly and to a
similar value after being tested multiple different times, the learning rate was not

adapted.
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Another hyperparameter of note is the batch size that defines the number of
samples that are propagated through the network at once. The batch size is crucial
in determining how long the training of the network takes. A set of 1000 training
samples with a batch size of 100 will propagate each set of 100 samples through the
neural network every epoch, meaning 10 separate batches. A larger batch size means
that each epoch of the training takes a shorter amount of time. However, as the
weights are updated after each batch, the network can take many more epochs to
converge as the weights are being updated less frequently. A batch size of 100 was
used while training the networks presented in this chapter. Larger batch sizes were
tested with the only difference being the time each epoch took and the total time
the network took to converge.

Epochs are the total number of times the network is trained over the entire
training set. All of the networks are allowed up to 200 epochs to converge with
a KERAS patience value set to 50. The loss function minimization is done every
batch, and after each epoch the best possible value of the loss function is found.
If this value is better than any previous epoch the network is allowed to train for
50 more epochs until 50 epochs have passed without finding a new minimum loss
function value which then terminates the training. All models converge early and
are terminated typically between epoch 80 and 120, meaning the loss function was
minimized between epoch 30 and 70.

One method employed to avoid overtraining the network is to use dropout
regularization on each of the hidden layers. Dropout has the effect of simulating a
large number of networks with very different network structures by removing nodes
randomly throughout the training. A dropout rate of 20% is used, meaning that for

every batch 20% of the weights of the hidden layer nodes are set to 0. This prevents
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the network from becoming overly dependent on any given node or learning the data

‘by heart’ as opposed to recognizing the trends in the sample.

5.3.2.1. Training and Validation of Neural Networks

The input variables into the neural network are preprocessed using the
ROBUSTSCALAR method implemented in scikit-learn[84]. The preprocessing is
done so that the input variables exist on a similar scale. As the network is tasked
with learning how to combine these inputs through a series of linear combinations and
nonlinear activation function values, a disparity in the scales of the input values can
lead to awkward loss function topology that focuses on certain parameter gradients
instead of treating them all similarly. Normalizing the values to a standard scale
allows the network to learn the optimal parameters for each input node more quickly
and efficiently. This means that less focus can be used on the optimization of the
hyperparameters for the network as the scales of the inputs do not need to be learned
by the network itself.

Each input variable in the neural network, x, is scaled by the following equation:

r—m

43— 1

z =

where m is the median of the distribution, and ¢; and g3 are the first and third
quartile. This changes the distribution of the input variable distributions to be
centered around zero.

A second method to avoid overtraining the neural network is to make use of a
train-test split to split the signal and background samples into three independent

randomized sets before training the neural network. The samples are split into a
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training set of 64% of the samples and a test set containing 20% of the samples, and
the remaing 16% are a validation set. The training and test sets are used during the
training of the network while the validation set is used to compute performance of
the trained neural network.

One measure of the performance of the network is the accuracy. The KERAS

default accuracy measure is defined:

N(eventyy > 0.5]signal) + N(eventyy < 0.5|background)
N (signal) + N (background)

accuracy =

where N(eventyy > 0.5|signal) (N(eventyy > 0.5|signal)) is the number of signal
(background) events with Pygnal > 0.5 (Pignal < 0.5). Essentially, the accuracy is a
measure of the mean of how often correct prediction values occur assuming a cut on

the output of > 0.5.

5.3.3. Hidden Layer Studies

The general performance of the neural network was studied with a varying
number of hidden layers (1, 2, and 3) in both the e+jets and u+jets channels. All
of the networks were trained on the same set of variables and with the same train-
test split input data. For each of the channels the Receiver Operating Characterisitic
(ROC)[85] curves are shown in Figure[5.5] The ROC curves show the value of 1 —epig,
as a function of the true positive rate, €ggna1. A figure of merit is the Area Under the
Curve (AUC) which is a measure of how close the resulting values are to the optimal
value of unity.

The AUC for two hidden layers and three hidden layers are identical within

rounding errors for both channels. As such the network with two hidden layers has
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(a) e+jets ROC Curves (b) u+jets ROC Curves

FIGURE 5.5. ROC Curves are shown for both search channels for a varying number
of hidden layers. Orange lines correspond to one hidden layer, blue to 2 hidden layers
and green to 3 hidden layers. The blue and green curves have near identical AUC
values: 0.950 and 0.951 for the e+jets case and 0.962 for the u+jets cases.

been chosen as it is computationally simpler. The normalized neural network output
values are shown in Figure[5.8] Adding a second hidden layer significantly improves
the performance of the network but a third layer does not. The output shapes change
slightly when the third hidden layer is added due to the network learning differently
from similar data. However, as the AUC shows, the performances of two and three
hidden layers are identical. Figures [5.6] and show the accuracy metric and the
loss function as a function of the training epoch for the networks trained with two
hidden layers. The accuracy plot behavior is expected as the validation datasets do
not have dropout regularization applied to them. These networks are also trained
without further reduction of Z+jets background meaning the e+jets sample has a

larger background contamination that makes the validation testing more volatile.
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This is due to the increased number of similar events in that sample that can be

more heavily dependent on specific weights across the network for identification.
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FIGURE 5.6. Accuracy plots for both channels for the 2 hidden layer neural network.
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FIGURE 5.7. Loss plots for both channels for the 2 hidden layer neural network.

The main metric used in choosing which network has the best physics reach is

the significance:
N
VN, + N,

significance =
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where N, is the number of signal events that pass the cut and N, is the number of
background events that pass the neural network cut. After the model has been fully
trained, it is tested on all of the Monte Carlo simulations for signal and background.
The signal samples are normalized to various branching ratios (in the range 107° —
3 x 1073) and full LHC Run-2 luminosity, and the significance is calculated as a
function of the cut on the output of the neural network P(signal). The network with
the output cut for the smallest branching ratio with a maximum significance of 2 is
chosen, a rough estimate of where the expected limit could be set. The significance

as a function of the neural network output cut is shown in Figure 5.9
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FIGURE 5.8. Normalized neural network output signal and background distribution
plots are shown for both search channels for a varying number of hidden layers.
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FIGURE 5.9. Significance plots for both channels for the two hidden layer neural
network. The green points correspond to a branching ratio with a maximum
significance of 5, and the orange to a maximum significance of 2. The e+jets (u+jets)
branching ratio with max significance of 2 is 1.22 x 107°(1.18 x 107°). The blue,
red, purple, and brown points correspond to branching ratios of 1 x 1075, 5 x 1074,
1 x 1072, and 5 x 1073, respectively.

5.3.4. B-Tagging Working Point Studies

The b-tagging working point selection was performed with similar neural
network studies. Three neural networks were trained with the datasets using the jet
information and total scaled events for each of the major b-tagging working points:
70%, 77%, and 85%. Changing the working point alters a number of things about the
signal and background datasets such as which jets are b-tagged and therefore which
jets are combined into the higher level variables (e.g., my, and myy). The total
number of events that pass the preselection to the neural network is also changed
for all of the datasets since the neural networks are only trained on events with one
b-tagged jet. Similar sets of plots to those in Section [5.3.3| will be presented in this
section.

This selection of neural networks were trained in parallel with one, two, and

three hidden layers. The only results shown are the two hidden layer outputs as they
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B-Tag Working Point e+jets Branching Ratio p-+jets Branching Ratio

70% 1.25 x 1075 1.31 x 1075
7% 1.23 x 1075 1.18 x 1075
85% 1.27 x 1075 1.19 x 1075

TABLE 5.2. Branching ratio values with a significance of 2 after neural network
optimization.

perform equally to or better than the others as previously discussed. The accuracy
and loss plots for these networks are shown in Figures and [5.11l The neural

network output and significance plots are shown in Figures and [5.13]
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FIGURE 5.10. Accuracy and loss plots for the e+jets channel at 70%, 77%, and 85%
b-tagging working points.

The result of these studies is the choice of using the 77% working point for
b-tagged jets. The branching ratio with significance of 2 is found for each network

and reported in Table [5.2]
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FIGURE 5.12. Neural network output and significance plots for the e+4jets channel
at 70%, 77%, and 85% b-tagging working points.
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5.4. Initial Event Selection

Initial event selection is done to ensure that the events accepted into the analysis
are not contaminated by extremely noisy detector environments and that these events
happened during times when the ATLAS detector was accepting events properly. All
of the events have the same initial set of criteria for determining whether or not the
event is looked at any further for this analysis, applying to both MC and Data. These

initial checks are as follows:
e Only events occuring during runs good for physics

e Good Calorimeter status: ensures that the LAr and Tile calorimeters are not

experiencing a noise burst at the time of the event

e Requires a primary vertex to be reconstructed for the event which ensures

timing of further reconstructed objects are placed with the correct vertex
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e Global Trigger Decision: selects events based on whether they passed one of

the triggers including the trigger thresholds, further discussed in Section [5.4.1

e Trigger Match: selects events where an electron or muon matches the trigger

e Overlap Removal as discussed in Section [5.1.1

e Ignores events that have a bad muon, which occur mostly in the transition

region and the cathode strip chamber regions

e Jet Cleaning: removes events with jets formed from calorimeter information
from sources that are unrelated to the energy flow from the initial hard scatter

interaction

These basic event selection values are applied to every event, in both MC and
Data. Beyond these values, various kinematic cuts are included to form the additional
analysis-level objects and regions used in the analysis. These additional kinematic
cuts are examined more closely in Section [5.5 and in the discussion of kinematic

region creation throughout the rest of the analysis, e.g., Section [5.6]

5.4.1. Triggers

Different HLT triggers are used for data-taking periods for each year of Run-2.
This analysis takes advantage of single lepton triggers for electrons and muons to

dramatically reduce backgrounds due to QCD events without leptons.

5.5. Data and MC Preselection Cuts

The Signal Region preselection is defined to select events that have an

opportunity to enter the final search selection. This preselection selects events with
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Year pr threshold [GeV] | Identification Menu | Isolation Menu L1 Seed
2015 > 24 Medium None L1EM20VH
> 60 Medium None -
> 120 Loose None -
> 26 Tight Gradient (Loose) -
2016-2018 > 60 Medium None -
> 140 Loose None -

TABLE 5.3. The electron trigger requirements in the event selections as called using

AnalysisTop.
Year pr threshold [GeV] | Identification Menu Isolation Menu L1 Seed
2015 > 20 None Gradient (Loose) | L1IMUI15
> 50 None None -
2016-2018 > 26 None Gradient (Medium) -
> 30 None None -

TABLE 5.4. The muon trigger requirements in the event selections as called using
AnalysisTop.

exactly one massive lepton, at least two jets (at least one of which is b-tagged at

the 77% working point), transverse momentum, and exactly one photon such that

it resembles the expected final-state toplogy for the signal. All of the events have

the same initial set of criteria for determining whether or not the event is further

examined for this analysis, applying to both MC and Data. These initial checks are

as follows:

e Exactly one lepton (electron or muon) pr > 25 GeV

e At least two good jets (pr > 25 GeV)

e At least one b-tag (MV2c10, 77% working point)

o Fr > 30 GeV and ml¥ > 30 GeV (for events with electrons)
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o F'r > 20 GeV and Fr +ml¥ > 60 GeV (for events with muons)
e Exactly one photon, pr > 50 GeV

These plots are also produced before additional scale factors are added to
account for mismodeling of various processes. These include the fake rate scale
factors for processes where a truth electron or hadron is reconstructed to a photon
and scaled to account for further mismodeling based on the order of the MC events
produced (leading order, next-to-leading order, etc.). Only statistical uncertainties
are shown.

Signal photons, which originate from a top quark decay, are very high pr whereas
background photons typically result from soft processes. A cut on the photon
candidate pr removes much of the backgrounds while keeping a majority of the

signal. The photon pr in the preselection region is shown in Figure |5.14]
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FIGURE 5.14. Photon pr in the signal region preselection region. FCNC signal
branching ratio is scaled to 1.5%.
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Other variables of interest, i.e., those being used as inputs into the neural
network, are also showed in this section. Figure shows the Sp and m}/
distributions. Figure [5.16| shows the invariant mass distributions for both top quark
candidates, my; and mg,. The kinematic variables for the electron channel are
shown in Figure and for the muon channel in Figure [5.18 The neural network

output of these events is shown in Figure [5.19]

5.6. Background Evaluation: Control and Validation Regions

Orthogonal regions to the signal region have been created to test the
performance of Monte Carlo samples. Control and validation regions are designed
to isolate specific physics processes to determine and test the efficacy of scale factors
that will be applied to the final signal region Monte Carlo events. These control
and validation regions need to be kinematically similar to the signal region such that
derived scale factors can be translated directly into the signal region and orthogonal
to make sure that there is little signal contamination in the regions. Regions have
been created to test the major backgrounds expected in the signal region: tt, W+jets,
as well as similar events produced with an associated photon: tf+~ and W+Jets+.
Events without real photons are described in Section and regions with a real

photon are described in Section [5.6.3]

5.6.1. Backgrounds Without Photons

Various background processes that do not have a real photon produced in the
events can still enter the signal region if an electron or jet is mis-reconstructed as a
photon. Of these processes the largest contributors in the signal region are Standard

Model tt and W+jets. As the LHC attains higher and higher energies the QCD
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FIGURE 5.15. Sy and m} in the signal region preselection region. FCNC signal
branching ratio is scaled to 1.5%.

multijet backgrounds become increasingly hard to model due to the non-perturbative

nature of the interactions. A data-driven technique to study these backgrounds was
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FIGURE 5.16. Top mass candidates in the signal region preselection: myy;, and my,.
FCNC signal branching ratio is scaled to 1.5%.

developed by scaling the major backgrounds without photons to account for the

QCD backgrounds that contribute extra jets to the major backgrounds. Designing
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FIGURE 5.17. Photon pr (a), leading light jet pr (b), lepton pr (c), b-jet pr(d), Er
(e), and njes (f) plots in the signal region preselection for the electron+jets channel.
FCNC signal branching ratio is scaled to 1.5%.

a single control region satisfactorily close to the signal region is impossible. Thus,

two control regions are designed, one which is W+jets rich and the other ¢t rich.

Scale factors for these backgrounds are derived simultaneously and tested in a third

similar region for validation before being applied to other regions. These control and

validation regions are defined as follows:

e All of the Initial Event Selection as outlined in Section [5.4]

e Exactly one lepton (electron or muon) pr > 25 GeV
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FIGURE 5.18. Photon pr (a)
(e), and njes (f) plots in the
FCNC signal branching ratio is scaled to 1.5%.

()

, leading light jet pr (b), lepton pr- (c), b-jet pr(d), Er

signal region preselection for the muon+jets channel.

e Number of Jets (pr > 25 GeV) to define the regions

* Control Region 1 (W+Jets enriched): njets = 3

* Validation Region: njes = 4

« Control Region 2 (¢t enriched): njets > 5

o Fr > 30 GeV and mi¥ > 30 GeV (for events with electrons)

o F'r > 20 GeV and Fr+my > 60 GeV (for events with muons)
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FIGURE 5.19. Output of the neural network in the signal region preselection region.
FCNC signal branching ratio is scaled to 1.5%.

e Exactly one b-tagged jet (MV2c10, 77% working point)
e Zero photons, pr > 15 GeV

The efficiency of scale factors derived using control regions 1 (njes=3) and 2
(njets >5) are then tested in the validation region (njes=4). The scale factors for the
tt and W+jets MC are derived using:

N(W)3j N(tf)gj WSF N(data—bkg)gj

N(W)5+j N(tf)5+j tt_SF N(data—bkg)5j

Figure [5.20| shows the Sp distribution in both electron and muon channels before
scale factors are calculated for all three kinematically separate regions. The large

mismodeling occurs at low Sy values as expected as QCD processes will typically add
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FIGURE 5.20. Sy distributions in the 3 (a, d), 4 (b, e), and 5+ (c, f) jets control and
validation regions. The electron channel is shown on the top and the muon channel
on the bottom, before scale factors are determined.

SqGeV]

low-energy jets to the events. The Figures (electron channel) and (muon

channel) show various event-level variable plots for the validation region after the

scale factors have been applied. The problem areas in the St distributions are not

present in regions containing a photon. The scale factors do an excellent job scaling

all of the kinematic regimes within regions enriched with signal like events, shown in

Figures (f) and (f

).

The derived scale factors using these regions are shown in Table [5.5]
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Sample

e+jets SE p+jets SF

WHjets

1.22 1.25
1.06 1.01

TABLE 5.5. Derived tt and W+jets scale factors for QCD multijet backgrounds.
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FIGURE 5.21. Event-level plots for the =4 jet validation region after scale factors
have been applied in the electron channel. FCNC signal branching ratio is scaled to

0.1%.

5.6.2. Fake Rates

Photons and leptons can be faked by various other particles depending on how

they interact within the detector. Section [5.6.2.2] discusses how jets faking leptons
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FIGURE 5.22. Event-level plots for the =4 jet validation region after scale factors
have been applied in the muon channel. FCNC signal branching ratio is scaled to
0.1%.

are accounted for, and Sections [5.6.2.1] and [5.6.2.3] discuss how electrons and jets

can appear as photons and enter the signal region. Photon fake rates and scale
factors are determined using data-driven techniques and truth information in the
MC samples. Information in the truth record of the reconstructed photons is found
using the M CTruthClassifier tool which performs a Truth to Cluster matching
algorithm based on geometric separations, AR, between various truth-level physics

objects.
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A photon is considered an electron fake if the truth particle ID is equal to the
PDG ID of an electron or if the truth particle ID is equal to the PDG ID of a photon
but a truth electron is within a distance of AR < 0.05. For the second case the
photon is assumed to have been originating from the electron.

A photon is considered a hadronic fake if the truth photon originates from any
hadron or when the truth particle is a hadron. These hadrons can be any meson or

baryon within the initial hard interaction.

5.6.2.1. Electron — Photon Fakes

In multiple scenarios it is possible to reconstruct an electron incorrectly within
the ATLAS detector, i.e., if the track is unable to be associated to the shower in the
electromagnetic calorimeter the object can be reconstructed as a photon instead of
an electron. Additionally, if an electron radiates all of its energy as a photon the
object will be correctly reconstructed as a photon but it is not a prompt photon
from the hard interaction. The second type of faked photon does not correspond to
a genuine signal-like photon as it originates from an electron. As other background
events can enter the signal region through these fake processes, understanding how
often this happens is imperative. Modeling of the detector in MC is known to be
inaccurate with respect to particle fakes. As such, a data-driven method has been
used to calculate scale factors for events with MC photons that are not matched to
truth photons in order to calculate appropriate scale factors for these MC events.

A tag-and-probe method is employed to determine the fake rate for e — « in
data and MC in a sample consisting mostly of Z — eTe™ events. Two separate

regions are created, one with two opposite sign electrons and the other with a single
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electron and a single photon. These events have similar cuts to the preselection cuts

discussed in Section [B.5

e All of the Initial Event Selection as outlined in Section [5.4]

At least two Jets (pr > 25 GeV)

At least one b-tagged jet (MV2c10, 77% working point)

ET > 25 GeV

At least one electron pr > 25 GeV

Further, a Z — ee region is created with:

x Exactly two opposite sign electrons > 25 GeV

x No good photons > 20 GeV

In addition, a Z — ey region is created with:

x Exactly one electron > 25 GeV

x Exactly one photon > 20 GeV

Distributions of the pr spectra of tag electrons and the probe electrons and
photons (both converted and unconverted) in data and MC are shown in Figures
(.23 and 5241

A fake rate can be inferred from MC defined as:
Ne
FRIE\;[%ke — Y

where N, - (Neye) is the number of events observed in the Z — ey (Z — ee) regions.

The MC subindex means that this is the fake rate derived using MC events. A
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FIGURE 5.23. Probe pr vs leading electron pr in Z — e*e™ Data Events.

data-driven fake rate is also defined in each region by subtracting the backgrounds
that do not contribute to the Z-boson invariant mass peak using a sideband fit to

the m(l,~) distribution defined as:

data __ Nnon—Z

FRe—fake _ e,y e,y

dd. data non-7Z
Ne,e - Ne,e

where the tails of the Z-boson peak are included as N :0;1/5 Combining the fake rates
from the data-driven and MC method, a scale factor can be applied as a correction

to the samples where the truth MC photon comes from an electron and is calculated
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FIGURE 5.24. Probe pr vs leading electron pr in Z — ete™ MC Events.

by
e-fake
SFe—fake _ FR‘d.d.
FR  — F e-fake *
MC

To give a sense of size the overall scale factor is derived to be 0.97 £ 0.01(stat).
In practice the scale factor is derived in bins of probe py and 7 as well as converted
and unconverted photon types.

As shown in Figure the 2D scale factors generally agree with the overall
scale factor derived for all photons and 1 — ¢ bins but additional correction factors
are calculated based on the conversion type and photon kinematic information.

Systematic variations are taken into account for this scale factor by considering larger
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regions around the 7 invariant mass peak. The nominal sample value is calculated
with a window of width of 10 GeV (5 GeV on either side of the Z mass). Varying

this to 5 GeV, 15 GeV, and 20 GeV and recalculating the values in each bin, a
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systematic variation is calculated based on the deviations using these larger, more
background-enriched windows. Appendix |Ef details the scale factors calculated with
these invariant mass windows. A conservative systematic uncertainty estimate of 5%
is set on events with this scale factor based on the median deviation from nominal

for each bin using all of these invariant mass windows.

5.6.2.2. Jet — Lepton Fakes

The final state is determined by the decay of the W boson throughout this search,
resulting in a charged lepton and a neutrino. However, this can be faked by the QCD
multi-jet background if a jet is misidentified as a lepton. Non-prompt and fake leptons
can pass the event selection and come from predominantly QCD multi-jet processes
with an associated photon. These leptons can arise from semi-leptonic decay of
bottom and charm quarks. The electron final state has additional contributions
from photon conversions in the electromagnetic calorimeter while muons can be
faked from highly energetic hadrons that punch through to the hadronic calorimeter
before beginning their shower, leaving only tracks similar to muons throughout the
electromagnetic calorimeter.

The estimation for the lepton fake background in the signal region channels
follows the fully data-driven Matrix Method[86] approach which compares the
number of leptons with looser lepton identification and isolation requirements than
those used in the search. The baseline preselection cuts are also influenced by the
use of the Matrix Method in that the calculations done in [86] in the single lepton

channel have the following cuts, as seen in the selection of various regions:

o Fr > 30 GeV and ml¥ > 30 GeV (for events with electrons)

o Fr > 20 GeV and Fr +ml¥ > 60 GeV (for events with muons)
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Electrons in the loose sample are required to have Medium identification criteria but
no isolation requirement is applied. Similarly for muons the identification criteria is
Medium and the requirement on the isolation is dropped. The Matrix Method works
under the assumption that the tight sample will contain mostly real leptons whereas
the loose sample will be enriched with fake lepton events. Therefore it follows that
the number of leptons in the loose (tight) sample is simply a combination of the
number of real and fake leptons in those samples:

loose __ loose loose
N - real + N fake

tight __ artight tight
N =N, + N, fake

real

Then €., is defined as the probability of a real lepton in the loose sample to pass
the tight selection and €g,y, as the probability of a fake lepton in the loose sample to
pass the tight selection. Then the number of events with fake leptons in the tight

sample can be estimated by applying the following equation:

tight €fake loose tight
Neio = ——(&realV — NU8%),
€real — €fake

The real efficiencies, €y, are estimated using the tag-and-probe method in
Z — ete” and Z — up~ regions, and the fake efficiencies, g, are estimated in
data samples that are dominated by non-prompt and fake leptons. The efficiency
measurements are provided centrally in ATLAS and are explained in much more

detail in [86]. Individual weights are applied to the event identification calculated as
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a function of these efliciencies which follow:

€fak
wy = ke s
) ea 7
€real — €fake

where 9; is 1 if the event passes the tight selection and 0 otherwise. These event
weights are applied to the loose data sample to estimate the fake contributions from

jets faking leptons.

5.6.2.3. Jet — Photon Fakes

The ABCD method is used to determine the number of hadrons that fake
photons in the analysis. As was shown in Section the multi-jet background is
poorly modeled, particularly at the high energies of Run-2. An accurate estimation
of this background that does not rely on the inaccurate MC modeling is done by
employing a data-driven technique. Scale factors to match MC predictions to data
are derived in control regions with enriched hadronic fake contributions and applied
in the signal region. The majority of hadronic fake photon events come from ¢t events
where a final state jet radiates a non-prompt photon. Additional small contributions
come from similar topologies from W+jets and single top events.

The ABCD method requires four orthogonal and non-correlated regions of phase
space. Events that pass the preselection cuts and the additional requirements for the
final signal region cuts (photon pr, b-jet multiplicity, and photon multiplicity) but
not the final neural network cut for the signal region can be used to craft these
additional regions. The neural network cut is not used here to preserve statistics
in the regions and should not affect the scale factor derivation as the regions are

expected to be independent. The photon isolation, topoErcone40, and the transverse
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W mass, m}Y, are chosen. The electron (muon) region requirement of m% > 30 GeV

(Fr+mY > 60 GeV) from the Matrix Method can be reversed to create the ABCD
regions used here. A pictoral representation of the regions is shown in Figure [5.26
If these variables are uncorrelated then it follows that the ratio of isolated vs. non-
isolated photons should not change depending on the kinematic variables unrelated
to the photon. The hadronic fake rate is enhanced when the photons are classified

as converted photons in the detector as seen in Figure [5.27]

IIsolated B C
Isolated A D
Reversed SR

METMWT METMWT

FIGURE 5.26. Pictoral representation of the regions used for the ABCD method in
this search.

Ng—fake Ng-fake Ng—fake Ng—fake

= and ——e = N hfak

Nh—fake Nh—fake N b-fake -fake
C B A B

To quantify the correlation between these variables, a double ratio 6y is defined
as a correction factor to ensure closure in accounting for imperfect simulation of fake

photons in MC events. This correction factor is defined as:

Nh—fake/ h-fake
D,MC NC,MC

e = h-fak :
N h-take h-fake
AMC NBMc

The number of events in MC samples where the truth photon comes from a

hadron is listed in Table A closure test is performed on these yields for the
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correction factor yc as shown in Table A cautious systematic uncertainty of

50% is set to this correction factor to account for further imperfect MC modeling.

Channel: e+jets +jets
N (A)kfake Converted 481 + 11 1244+ 7
N(B)Yfake Converted 4921 £ 37 1126 + 19
N(O)hfake Converted | 24606 £99 | 26575 & 108
N(D)ylske Converted | 2631 +£31 | 2805435
N(A){\ld%ke Unconverted | 414 + 12 11246
N(B)Yfake Unconverted | 2236 + 23 551 + 14
N(C)hfake Unconverted | 11661 & 136 | 12338 & 61
N(D)fake Unconverted | 2284 438 | 2419 £ 41

TABLE 5.6. Monte Carlo hadronic photon origin event yields in each region for
converted and unconverted photons, including statistical errors.

Channel: W %] Mgl o
Electron Channel, Converted 9.84+0.2 10.7 j: ().1 1.09 4+ 0.02
Electron Channel, Unconverted 18.5+ 0.6 19.6+04 1.06 £0.04
Muon Channel, Converted 11.0 + 0.6 10.6 £0.1  0.96 + 0.06

Muon Channel, Unconverted 203+1.2 19.5£0.3 0.96 +0.06

TABLE 5.7. Closure test results and the resulting correction factor values, 6y;c, for
hadronic fake estimates including statistical errors.

Using these the hadron fake contribution in the signal region (D) is estimated

with the following:
h-fake h-fake
h-fake _ Ny data X N data 0
D,est. — Nh fake X Umc
B,data

where the number of estimated hadronic fake events N};fgl;% duta 18 defined by
subtracting the sum of all background events from the total number of data events in
the respective regions. A scale factor for hadronic fakes can then be calculated with

the estimates for the number of fakes in MC and data in the signal region using:
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h-fake

gph-fake _ D,est.
- h-fake *
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FIGURE 5.27. Regions used for the ABCD method shown for both converted and
unconverted photon types. MC events are shown in the gradient histogram and data
events are shown with the black points. All final signal region cuts are included
except the neural network cut to give enough statistics in the regions for the ABCD
method to be a reasonable estimate of the fake rate scale factor.

This scale factor is calculated in terms of converted and unconverted photon
types and is then applied to events where the MC photon comes from a truth hadron.
The results shown in Table [5.8] are consistent with Figure As shown in
Figure the separation of photons leads to smaller scale factors as the hadronic

fakes are pulled out. However, for unconverted photons the scale factors are similar,
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Channel: Converted Unconverted
Electron Channel | 1.28 = 0.16 2 0.30 | 1.99 4+ 0.21 4+ 0.69
Muon Channel 1.23+£0.304+0.41 | 2.154+0.46 & 0.80

TABLE 5.8. Hadron scale factors determined in data for both channels and both
photon types using the ABCD method. Statistical and systematic uncertainties are
shown.

as the bulk of the photons are in region D. In addition to the systematic uncertainty
propagated from fy;c another estimation was done using a direct comparison of the
scale factors in region D for events by reversing the final neural network cut. This
allows the estimation to be completely blinded while still directly computing the
scale factors.

Given that the amount of preselection events expected to pass the final event
selection is very small (on the order of 1%), removing the few events that could end
up in the signal region should result in sufficiently similar scale factors. These scale
factors are calculated and an additional systematic effect is estimated by comparing
the two sets of scale factors. The maximal value of the deviations is taken to be a

further source of systematic uncertainty.

5.6.3. Backgrounds With Photons

Standard Model processes that are produced with an extra real photon are
an irreducible background for this search as they can share the same final state
as the signal events. The largest contributors of these irreducible backgrounds are
the major background samples discussed in the previous section with an associated
photon (tt +~ and W+jets+7). Special Monte Carlo samples are produced for these

samples (along with Z-+jets+) that have higher statistics of these photon-enriched
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events than the nominal samples. However, as these samples (X-+jets+7) are subsets
of the nominal sample (X+jets), duplicate events must be removed from the nominal
sample. This is done using the MCTruthClassifier tool that is detailed further in
Section [5.6.2] All events with a photon from the hard scattering are removed from
the X+jets samples because they are contained within the X+jets+v samples. The
fake rate scale factors can also be applied to the MC events using truth information
to appropriately scale out mismodeling behavior from the MC samples. The fake
rate scale factors discussed in Section have been applied to all of the following

figures.

5.6.3.1. W+~ Validation Region

A validation region for W+jets+~ was created as it is one of the more dominant
backgrounds other than tf and ¢t + v events. The region selection for the W+jets+~

is as follows:

All of the Initial Event Selection as outlined in Section [5.4]

Exactly one lepton (electron or muon) pr > 25 GeV

At least two Jets (pr > 25 GeV)

Fr > 30 GeV and mY > 30 GeV (for events with electrons)

Er > 20 GeV and Fr+ml¥ > 60 GeV (for events with muons)

Exactly zero b-tagged jets (MV2c10, 77% working point)

Exactly one photon, pr > 50 GeV

Photon isolation cuts: topoFErcone4d0<4 GeV
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e 7 mass cut |my, —myz| > 5 GeV

Distributions of kinematic variables in the electron (muon) channels are shown
in Figure (5.29). Post-fit distributions for the best fit presented in Section

are included in Appendix [F]
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FIGURE 5.28. W+jets+~ validation region plots for the electron channel after all
scale factors are applied. The FCNC signal sample is scaled to 1%.

5.6.3.2. tt + v Validation Region

Another validation region was created for the other largest photon enriched

samples, tt + . The region selection is as follows:
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FIGURE 5.29. W+jets+~ validation region plots for the muon channel after all scale
factors are applied. The FCNC signal sample is scaled to 1%.

All of the Initial Event Selection as outlined in Section [5.4]

Exactly one lepton (electron or muon) pr > 25 GeV

At least four jets (pr > 25 GeV)

Fr > 30 GeV and m¥ > 30 GeV (for events with electrons)

Er > 20 GeV and Fr +ml¥ > 60 GeV (for events with muons)

At least one b-tagged jet (MV2c10, 77% working point)
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e Exactly one photon, pr > 50 GeV
e Photon isolation cuts: topoFErconed0<4 GeV

e Reverse neural network cut: NNOutput<0.93 electron channel, NNOutput<0.92

muon channel

Distributions of kinematic variables in the electron (muon) channels are shown
in Figure (5.31)). Post-fit distributions for the best fit presented in Section

are included in Appendix [F]
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FIGURE 5.30. tt+jets+v validation region plots for the electron channel after all
scale factors are applied. The FCNC signal sample is scaled to 1%.
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FIGURE 5.31. tt+jets+~ validation region plots for the muon channel after all scale
factors are applied. The FCNC signal sample is scaled to 1%.

5.7. Signal Region

After the calculation and application of various scale factors this section presents
distributions of the pre-fit kinematic and event-level variables with the final selection
cuts. The signal MC is scaled to BR(t — ¢v) = 107* (0.01%). Figures and [5.33]
show the distributions in the electron channel while Figures and show the

muon channel.
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5.7.1. Pre-fit Signal Region Plots
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FIGURE 5.32. Photon pr (a), lepton pr (b), leading light jet pr (c), ARy, (d), my,
(e), and b-jet pr (f) pre-fit distributions in the final signal region with scale factors
applied for the electron channel.
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region with scale factors applied for the electron channel.
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FIGURE 5.34. Photon pr (a), lepton pr (b), leading light jet pr (c), ARy, (d), my,
(e), and b-jet pr (f) pre-fit distributions in the final signal region with scale factors
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Sample Events e+jets Events p+jets
FCNC, signal (BR(t — ¢7)=10"%)  69.0 £ 4.1 90.7 + 4.9

tt 151.7 £60.3  195.9+ 58.1

tt 4~y 125.1 + 13.1  168.2 + 17.9
Wjets 17.3 £ 8.9 31.1 + 19.1
Wjets+y 60.9 £+ 14.2 72.1 + 16.2
Z+jets 149 £ 9.9 7.0 £ 4.6
Z+jets+y 6.9 = 3.5 8.3 £ 2.6
Single Top 28.9 + 6.8 31.5 £ 6.6
Diboson (VV) 1.6 £ 0.6 1.9+ 0.9
tt+V 1.3+ 0.3 1.5+ 0.3

Total MC 408.6 + 70.2  517.8 £ 78.7

Data 429 573

TABLE 5.9. Pre-fit signal region event yields after all scale factors and cuts are
applied including combined statistical and systematic errors.
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CHAPTER VI

ANALYSIS AND RESULTS

This search attempts to observe the FCNC decay of a top quark t — ¢v or
to set an upper limit on the branching ratio of this decay process if no observation
occurs. As there is no significant excess of events in the collected data an upper limit
on the branching ratio is set. This chapter will discuss the methods used to set the
upper limit on the branching ratio as well as the systematic uncertainties within the
experiment. This chapter contains material coauthored by the ATLAS Collaboration.
I took advantage of the common tools developed by the ATLAS Collaboration for

fitting and limit setting for the final results presented in this chapter.

6.1. Systematic Uncertainties

Various sources of uncertainty are considered for any analysis in high energy
physics. Statistical and systematic uncertainties are studied and propagated through
to the final upper limit set on the branching ratio. The statistical errors are related to
the amount of data collected or MC events that are available and created for analysis.
More data events or more MC simulated events lead to a smaller statistical error
due to random fluctuations of stochastic processes. In this section the systematic
errors will be discussed. Systematic errors are derived from limitations due to
detector construction or a lack of complete understanding of physics objects or
algorithms used in reconstruction. Some sources of systematic uncertainties are
provided centrally within ATLAS from studies carried out by other analysis teams
such as errors on the jet energy resolution (JER) or luminosity, amongst others.

Other sources are particular to the analysis such as errors propagating from deriving
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data-driven backgrounds as discussed in the previous chapter. This section will
briefly introduce and discuss the theoretical systematic uncertainties considered in
this analysis including the modeling and experimental uncertainties as well as a

discussion on systematic smoothing, symmetrization, and pruning used in the final

fit.

6.1.1. Theoretical Uncertainties

Cross Section: Various cross sections for MC samples are separately varied up
and down by one standard deviation for each process: tt (+5.6% [87]), tt + ~

(£8.0% [88]), single top (t-channel top fg:gg‘j, t-channel anti-top fi:g;‘;, s-channel

top fg:(fg;, s-channel anti-top figg‘;, tW-channel £5.3%]89]), V+jets (£5%]90]),

and diboson VV (£6%[90]).

Renormalization and Factorization Scale: The effect of the choice of renormalization
and factorization scales (y, and pif) is estimated varying them independently
or simultaneously up and down by a factor of 2 compared to the nominal value.
This is done using event weights and the maximum, and deviations from the

nominal are taken to be the up and down variations.

PDF Uncertainty: The PDF uncertainty is estimated using the PDF4LHC15
error set which contains 30 eigen variations which enter the fit as individual

nuisance parameters.

Initial and Final State Radiation: The effects of ISR are estimated by
decreasing the total QCD radiation activity in the events. These variations
are available for single top and tf processes. For single top processes the A14

tune is varied up (down) using the event weight Var3cUp (Var3dcDown) and
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dividing (multiplying) . and pr by a factor of 2. For ¢t processes a sample with
parameter hgqamp = 3Miop 1s used in the same manner, varying Var3cUp while
the down variation uses event weights in the nominal sample. FSR uncertainties
are estimated varying parameters using the A14 tune by varying event weight

(Var2) up and down.

tt Matrixz Element and Shower Generator: To estimate the uncertainty based
on the choice of MC generator and showering algorithm, the nominal
choice (POWHEG-BOX + PYTHIA) is replaced with samples generated using

MADGRAPHS_aMCQ@QNLO + PyTHIA and POWHEG-Box + HERWIG.

6.1.2. Experimental Uncertainties

Luminosity: The uncertainty in the combined 20152018 integrated luminosity is
1.7%]91], obtained using the LUCID-2 detector|92] for the primary luminosity

measurements using x-y beam separation scans.

Pile-up: Events are re-weighted in the MC samples to match the number of
interactions per bunch crossing in data. Systematic uncertainties for pile-up

are evaluated by scaling these distributions up and down.

Lepton Identification and Trigger: Lepton efficiencies contain the trigger,
reconstruction, identification, and isolation efficiencies. Scale factors are used
to correct any deviation from data in the MC simulation. Correction factors

are derived from Z — [l and J/1) — [l decays for electrons|65] and muons|68].

Lepton Energy Scale and Resolution: The lepton energy (momentum) is
calibrated using MC-based techniques. Correction factors derived from

dileptonic Z boson decay channels are applied to account for detector
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calibration mismodeling. For electrons, the energy scale and resolution are
calculated together with photons as the EGamma energy scale and resolution.
Various efficiencies are derived for the EGamma scale and resolution, e.g.,
varying the amount of material in front of the calorimeters, using various MC

generators, and considering varying background fits[65] 69].

Photon Efficiency: Scale factors for isolation are measured as described in Ref.
[93] while additional scale factors for the photon ID efficiency are derived for
photons using enriched Z — ee events where the similarity between electrons
and photons in our detector is exploited using the matrix method as described
in Section [5.6.2.1] These sets of scale factors are combined into a single set

that is applied to MC simulation based on photon information.

Photon Energy Scale and Resolution: Photon energy scale and resolution are

calculated together with electron energy scale and resolution.

Jet Energy Scale: The jet energy scale (JES) and its uncertainty are derived
using combinations of measurements in both simulation and data. The
CategoryReduction reduction parameter set (30 nuisance parameters) are varied
up and down and used for categories such as in-situ jet energy corrections,
flavor composition and response, 7 inter-calibration, b-jet energy scale, and

pile-up.

Jet Energy Resolution: The jet energy resolution (JER) is measured independently
for data and MC using two techniques[94] which results in eight separate
nuisance parameters. These nuisance parameters are one-sided; as such the

uncertainty is symmetrized.
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Jet Vertex Tagging: The cut on the jet vertex tagging (JVT) discriminant is
varied up and down [73] and the certainty on the JVT scale factor is calculated

and then propagated through this analysis.

b-tagging: Efficiencies for the various b-tagging working points are measured in
data, and scale factors are derived for simulation depending on the jet flavor.
The uncertainties on these scale factors are provided by the Flavor Tagging

group for b, ¢, and light jets.

E Uncertainties: Uncertainties on the lepton, photon, jet scale and resolution are
propagated through to the missing transverse energy. As such the impact on

the J uncertainty is estimated when evaluating the shift on the other variables.

Further Background Estimation: Uncertainties on the data-driven scale factors
calculated for this analyis as described in Section are applied and the scale

factors are varied up and down by one standard deviation.

6.1.3. Symmetrization, Smoothing, and Pruning of Systematic

Uncertainties

Symmetrization and smoothing are methods used to minimize statistical
fluctuations in various systematic sources. Symmetrization centers the systematic
uncertainty around a mean value and smoothing averages the expected number of

events across bins in order to remove statistical fluctuations.

6.1.3.1. Symmetrization

Two-sided symmetrization is performed when up and down variations are

provided for any given systematic. The difference between these variations is
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calculated and the half sum of the absolute deviations from the nominal is taken

as a symmetric variation:

Symmetric Variation — lup — nominal| + |down — nominal
2

The nominal value is then varied up and down by this symmetrized value. However, if
only an up or a down variation is provided for, a systematic one-sided symmetrization
is used by mirroring the absolute deviation about the nominal value. Experimental
systematic sources are generally symmetrized while signal and background modeling

contributions are not.

6.1.3.2. Smoothing

Smoothing is a technique used to average statistics across bins. This prevents
large statistical spikes in many systematic uncertainties that are expected to provide
small contributions. The smoothing algorithm depends on two parameters: the
tolerance and the maximal number of slope changes taking advantage of bin
and neighboring bin information. Distributions are rebinned until the statistical
uncertainty of each bin is below the tolerance and then the number of slope changes
in the distribution is checked. If the number of slope changes is smaller than the
threshold of four, then the distribution is kept, or else the first step is performed
again with the tolerance value halved. The smoothing algorithm 353QH[95] is run
to avoid artificially flat uncertainties being introduced in the first two steps. All
uncertainties are smoothed unless stated otherwise. Smoothing does not change the

overall normalizations of the uncertainty.
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6.1.3.3. Pruning

Pruning uncertainties is done in order to reduce the number of nuisance
parameters (NP) and stabilize the fit. Uncertainties that would only have a small
impact on the end result are removed. An initial fit is calculated for each NP using
the £10 variation, and if the effect on the uncertainty is less than the given threshold

of 1%, the contribution is removed from further fits.

6.2. Statistical Treatment of Results

A profile likelihood fit is performed on the SR. The TRExFitter framework[96]
was used for this analysis which provides a framework built upon existing code such
as the RooStats project|97]. Following [98] as well as the fit performed in [34] a

likelihood function, £, can be defined generally in the following manner:
L=L(p,0|7)

where the parameter u is defined as the signal strength and 6 as the set of nuisance
parameters for the systematic uncertainties. The parameter of interest in the fit is

proxied as 7. The likelihood is computed using the following:

Nregions Nr,bins kag NNP

c= [T II Pz +> N2y T Glelt o))
r 7 b J

using the following parameters:
® Niegions 18 the number of regions considered in the fit

® N, bins is the number of bins in region r
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r is the index that runs over each of the different regions

¢ is the index that runs over the number of bins in the region being considered
e P(z|)\) is the Poisson function with a mean A

e N,; is the observed number of events in bin 7 of region r

e N7, is the expected number of signal events in bin ¢ of region r

® Ny is the number of background processes that are considered in the fit

e b is the index that runs over all categories of backgrounds considered

° N}"i is the expected number of events of background b in bin ¢ of region r

e Nyp is the total number of nuisance parameters (NPs) considered in the fit

e j is the index that runs over the number of NPs

o G(x|p,04) is a Gaussian function with mean p and width o; for the source of
systematic uncertainty j (this Gaussian is replaced with a Poisson function for

statistical uncertainties due to MC statistics)

The signal strength, pu, enters the likelihood as

s s )
Nr,i = K- Ninput,r * Pr,i

with the number of signal events in region r, NJ scaled using the effective cross

input,r

section o.g © and p,;, the fraction of signal events in the respective bin ¢ and region

r.
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The decay mode effective cross section is given by:

gl =92 x a(pp — tt) x B(t — Wb) x B(W = 1) X Binput (t = q7)

eff, input

where o(pp — tt) = 831.76 pb, B(t — bW) =~ 1, and B(W — Ilv) = 32.58%. The
effective cross sections and couplings in the signal region are shown assuming the

branching ratio to the FONC decay mode B(t — ¢7) = 1073 for q=u,c. This implies

decay
eff, input>’

that the total effective cross section used for the FCNC signal samples, o is
542 tb. The final states of this analysis include both up-type quark decay modes and
the assumption is made that B(t — uy)=B(t — ¢y). As can be seen in figures of the
Signal Region distributions in Section the single top event rate is around 7% of
the total MC background. Due to this the effect of the production mode (u — t7) is
not further considered, as the final state for single top production with an association
photon has significant kinematic differences to the regions in this analysis. These
events would appear as a further subset of the single top background. Reconstructing
an invariant mass around the top quark mass from the photon and the leading light
jet is a key input to the neural network discriminator. This is unlikely to occur in
the production mode.

A profile likelihood approach for treatment of nuisance parameters[99)
(systematic uncertainties presented in Section is used.

Physically this signal strength can be interpreted as the ratio of the signal cross

section to the predicted signal cross section. However, if both the decay mode and

production (prod) mode are considered, then we can interpret u as

decay prod.
Ngy ~ + Ny

K= Ndecay _I_Nprod.

input input
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then it follows that

decay decay decay prod. prod. prod.
€ x A Xaeﬁ’ﬁtXL+e x A Xaeff,ﬁth

n = d
deca; deca; ecay
€ v X A Y X Ueff, input

rod. rod. prod.
X L+ eprod- xx Aprod- x gfp " X L

Ncoupling

where fit (input)

is the fitted (input) number of signal events per coupling

(production/decay), e©"ling are the signal efficiencies, A“"ie are the detector

coupling

off ft(inpury A€ the fitted (input) effective cross sections, and the

acceptances, o
luminosity is given by L. If it is then assumed that the detector acceptances
and signal efficiencies are independent of the coupling strength and due to the

fact that the signal samples have the same dependence on the coupling strength

decay

(o 7/ Ugfrf()d‘ = constant), the expression for the signal strength can be simplified to

the following form:

decay prod.
_ Oefifit Teffit
K= decay =~ _prod.

eff,input o-eff,input
The background-only hypothesis is fulfilled when p = 0. For this search the

signal strength can be classified in terms of the branching ratio (BR)

_ B(t—qy) x Bt - Wb)
a Binput (t = ) X Binput(t = Wb)'

Under the assumption that the top quark nominally decays only to a b quark and

a W boson (B(t — bW) = 1) and the FCNC decay mode being searched is small

(B(t — q7v) << B(t — bW)) this can be rewritten as

p= Bl =) x 1= Bt = )]
Binput (t — 97) X |]- - Binput (t — q’}/)|

~ Bl —ay)
Binput (t — QV)
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Values of p between 0 (background-only hypothosis) and 2 (2x the nominal branching
ratio) are tested in order to calculate expected and observed limits using the CLg
technique[100] and are presented in Section . The CLg technique makes use of a
test statistic based on the negative log likelihood motivated by Wilks’ theorem that

allows approximate aymptotic behavior —2InL(u) as a x? goodness of fit[101].

6.3. Nuisance Parameters

The statistical analysis allows the uncertainties discussed in Section to enter
into the fits as nuisance parameters (NPs). Each of these NPs is considered in all of
the fit regions independently and dropped (pruned away) if its effect is less than 1%.
Many of the parameters are dropped and for some only the normalization or the shape
impact is dropped. A large number of NPs are considered for each region and include
theory, experimental, and modeling uncertainties. Various plots showing which
nuisance parameters are kept and dropped, pull values for the nuisance parameters,
the bin by bin 7 normalization factors, the goodness of fit, and correlation matrix
between nuisance parameters are presented in this section for the best fit regions.

Most of the nuisance parameters have little to no effect on the fits, as seen in
Figures and [6.7. The parameters with the strongest pulls typically deal with
properties of the photon and light jets. This is due to the weights applied on the
input variables my, and 7,, (as well as other jet related variables) within the neural
network, as discussed in Section Any significant change to the photon or jets
of an event will result in a pull as can be seen by the ISR/FSR pulls and when the
showering algorithm is changed. This analysis is also sensitive to pile-up reweighting
as this can directly affect the energy of the jets considered in the analysis and can

therefore have an effect on mg, and other jet variables considered in the neural
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network. Both the e — ~ and j — ~ fake rates are also pulled which is not surprising

since their estimation comes along with a large uncertainty.

6.4. Post-fit Signal Region Plots

Every variable distribution contains shape information and as such will have
slight differences in the final limit value after fitting the distributions including
variations from the nuisance parameters. Simultaneous fits are done on well-modeled
variables with the largest separation, as shown in Table In addition to these
separate fits combinations of fits are done and the best results are presented in this
section. Further fit results are presented in Appendix [G] The variable with the best
tested fit for the e+jets signal region is the invariant mass of the up type quark and
the photon, mg,, which is near the mass of the top quark for the FCNC mode being
searched for. The variable with the best tested fit for the p+jets signal region is the

transverse momentum of the photon. The post-fit effects of all systematics are listed

in Appendix [H| (Tables and [H.2)).

6.4.1. Post-fit Data and MC Yields

The data and MC yields after fitting are presented in Table |6.1. The signal
sample, due to its shape with respect to the data, is fitted away. This implies that
there is no excess in data events that are similar to the signal MC. This fitting
methodology is continued in Section to set experimental upper bounds on the
process t — g7 taking into consideration all theoretical and experimental systematic

uncertainties.
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Sample Events e+jets (Fit on my, ) Events p+jets (Fit on ypy)

FCNC, signal 0.0 £ 1.7 0.6 £ 7.0
tt 162.9 &+ 30.6 253.5 £ 55.6
tt+ 125.1 + 12.3 165.6 + 16.6
Wjets 144 +£79 35.1 + 18.5
WHjets+y 67.1 £ 15.3 68.6 + 14.6
Z+jets 13.9 £ 5.6 8.0 &£ 4.7
Z+jets+ry 7.2+ 3.6 8.4 + 2.6
Single top 314 £ 6.7 33.0 £ 6.4
Diboson (VV) 1.7+ 0.7 21+08
tt+V 1.2+ 0.2 1.6 £ 0.3
Total MC 424.9 £+ 29.3 575.9 £ 72.9
Data 429 D73

TABLE 6.1. Post-fit signal region event yields.

6.5. Limit on Branching Ratio t—qy

Limits are calculated using the C'Lg method to place an upper bound on the
signal strength, p. This signal strength can then be interpreted as a branching ratio
or a cross section by comparing it to the nominal value used for signal simulation as
discussed in Section [6.2] The combined observed (expected) limits on the branching
ratio are BR(t — ¢7)< 9.6 x 1075(11.0 x 107°) and the cross section o(pp — tt —
bW qvy) < 50(60)fb. Table |6.2] shows the 95% confidence limit on the signal strength
and the interpretations in terms of the branching ratio and cross section are shown
in Table[6.3]and Table [6.4], respectively. Figure [6.15]shows the observed upper limits

for the signal strength.
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Channel  Obs. Limit Exp. Limit -0 Exp. Limit Exp. Limit +o

e-+jets 0.119 0.094 0.131 0.178
[itjets 0.153 0.103 0.142 0.193
Combined  0.096 0.080 0.110 0.153

TABLE 6.2. Expected and observed upper limits on signal strength p used in the
fit.

Channel  Obs. Limit Exp. Limit -0 Exp. Limit Exp. Limit +o
e+jets 1.19 x 1074 0.94 x 1074 1.31 x 1074 1.78 x 1074
ptjets 153 x 107 1.03x 107*  1.42x107*  1.93 x 107*

Combined 0.96 x 10  0.80 x 10~*  1.10x 107*  1.53x 10™*

TABLE 6.3. Upper limits on the branching ratio BR(t— ¢7).

Channel  Obs. Limit Exp. Limit

e+jets 64 fb 71 fb
p+jets 83 fb 77 b
Combined 50 fb 60 fb

TABLE 6.4. Observed and expected limits on the cross section o(pp — tt — Wbqy).
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FIGURE 6.1. Overview of nuisance parameters after pruning for the e+jets channel.
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parameter will be dropped in the final fit.
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FIGURE 6.4. Negative-log likelihood (goodness of fit) as a function of signal strength
using data in all regions for the e+jets channel.
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channel.
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FIGURE 6.14. Post-fit distributions for FCNC top candidate mass (a), Standard
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signal region for the muon channel.
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CHAPTER VII

OUTLOOK AND CONCLUSIONS

Various theories predicting physics beyond the Standard Model of particle
physics are constantly being tested and the Standard Model has stood up to these
tests time and time again. It is imperative to continue probing the Standard Model
from every angle to find pieces of the Standard Model that are not completely
consistent with experimental observation. Top quarks provide an ideal avenue to
search for these deviations from the expected values in the Standard Model as
they are produced in record numbers at the LHC. This search has set limits on
the t — g7v process which, in turn, helps to limit future theoretical models that

predict enhancements to the flavor-changing neutral current process.

7.1. Comparison with Complementary Searches

The previous ATLAS search for FCNC in the production mode (Figure [2.14))[34]
achieved a more sensitive result in the up-quark channel due to the enhancement due
the parton density function of the colliding protons. While the up-quark channel is
more sensitive than this analysis, the charm channel limit is weaker, also due to the
parton density function.

The search presented in this dissertation is final-state quark-independent as the
flavor-changing neutral current decay should not favor a single light quark final state.
Therefore, the limits achieved searching in the decay mode provide strong bounds

on both final states.

159



7.2. Future Directions

The prospects of repeating this search throughout the remaining lifetime of the
LHC with similar energies and luminosities should provide a statistical benefit to
lower the limit further, with the exact amount depending on the amount of statistics
and total amount of ¢t pairs the LHC is able to produce. The High-Luminosity LHC
will create a large number of top pair events as the ATLAS experiment will be able
to collect more data faster which results in a larger dataset to search for new physics
with top quarks. Further increases in energy for circular colliders such as the LHC
also provide a large increase in statistics as the probability to produce heavy particles
increases and the tt cross section goes up significantly. The cross section increased
by almost a factor of 3 from the LHC Run-1 /s = 8 TeV to the /s = 13 TeV and
continues to grow with center-of-mass energy.

Beyond the lifetime of the LHC, precision experiments are expected to be
continually performed. These searches would be performed at a linear collider, for
example, the International Linear Collider (ILC)[102] or the Compact Linear Collider
(CLIC)[103], or various proposed circular colliders such as the Circular Electron
Positron Collider (CEPC)[104], Large Hadron electron Collider (LHeC)[105], and
the Future Circular Collider in the electron-positron scenario (FCC-ee) or hadron-
electron scenario (FCC-he)|106]. Future searches are expected to be able to push
the sensitivities to branching ratios up to two orders of magnitude smaller than
presented in this dissertation[107] benefitting from much cleaner datasets (electron-
positron colliders operating near the energy required to directly produce ¢t pairs) or

a significantly greater amount of data (circular colliders).
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7.3. Conclusion

A search has been performed to search for the flavor-changing neutral current
decay in top quark pair events (t¢ — blrgy) at the LHC. This search was performed
using the entire Run-2 dataset collected by the ATLAS detector between 2015 and
2018 while the LHC was operating at a center-of-mass energy of /s = 13 TeV. As
no signal has been observed, an observed (expected) upper limit on the branching
ratio BR(t — ¢y)< 9.6 x 107° (11.0 x 107°) and a corresponding upper limit on
the cross section o(pp — tt — bWqy) < 50(60)fb have been presented. This search
offers the most stringent limits on the search for FCNC decays in the decay mode
using top pair events as well as the best existing limit on the process t — ¢y while

being competitive with the production mode search for the process t — uy.

161



APPENDIX A

DERIVATION INFORMATION (TOPQ1)

Preselection is applied to both data and MC samples using the derivation
framework in order to reduce the xAOD sample size. TOPQ1 derivations were
used and further skimmed for the specific n-tuples used in this analysis. TOPQ1
derivations are used for standard top analyses with at least one lepton and have the

following definitions:

Particle Definition
Electron [n| < 2.5 and Electrons. DFCommonElectronsLHLoose
Muon [n] < 2.5 and Muons.muonType=0 and Muons.DFCommonGoodMuon

Small-R Jet |n| < 2.5 and AntiKt4dEMTopoJets.DFCommonJets_Calib
Large-R Jet |n| < 2.5 and AntiKt10LCTopoTrimmedPtFrac5SmallR20Jets. DFCommonJets_Calib

TABLE A.1. TOPQ1 Object Definitions.

In addition to these object definitions TOPQ1 derivations require trigger

skimming of > 1 lepton with pr > 20GeV.
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APPENDIX B

COMPLETE LIST OF MONTE CARLO SAMPLES USED

The following MC samples have been used to simulate the signal and various
Standard Model backgrounds at center-of-mass energy of 13 TeV. MC16a, MC16d,
and MC16e samples correspond to run conditions for years 2015/16, 2017, and 2018,
respectively. The newest unprescaled p-tag samples at the time of writing were used

for each sample.

Process MC DSID  Generator Generator Tune
Diboson processes, Full Simulation

Z7Z — 364250 SHERPA2.2.2 NNPDF3.0 NNLO
ZW — llv 364253 SHERPA2.2.2 NNPDF3.0 NNLO
WW/ZZ — llvv 364254 SHERPA2.2.2 NNPDF3.0 NNLO
WZ — lvvy 364255 SHERPA2.2.2 NNPDF3.0 NNLO
Z7Z — qquv 364355 SHERPA2.2.1 NNPDF3.0 NNLO
Z7Z — qqll 364356 SHERPA2.2.1 NNPDF3.0 NNLO
WZ — qquv 363357 SHERPA2.2.1 NNPDF3.0 NNLO
WZ — qqll 363358 SHERPA2.2.1 NNPDF3.0 NNLO
WW — qql~v 363359 SHERPA2.2.1 NNPDF3.0 NNLO
WW — qqltv 363360 SHERPA2.2.1 NNPDF3.0 NNLO
WZ — qqlv 363489 SHERPA2.2.1 NNPDF3.0 NNLO

tt + V processes

ttWw 410155 MADGRAPH5_AMC@NLO 4 PyTHIA 8 + EVITGEN  A14NNPDF23LO
ttZ — ttvv 410156 MADGRAPHS5_AMC@NLO + PyTHIA 8 + EVTGEN  A14NNPDF23LO
ttZ — ttqq 410157 MADGRAPH5_AMC@NLO + PyTHIA 8 + EVTGEN  A14NNPDF23LO
ttZ — ttee 410218 MADGRAPH5_AMC@NLO + PyTHIA 8 + EVTGEN  A14NNPDF23LO
tZ — ttup 410219 MADGRAPH5_AMC@NLO + PyTHIA 8 + EVTGEN  A14NNPDF23LO
ttZ — ttrT 410220 MADGRAPHS_AMC@NLO + PyTHIA 8 + EVTGEN  A14NNPDF23LO

TABLE B.1. List of MC16a (r-tag 9364) samples used in this search for the ¢t + V/
and diboson processes. All samples are available and used for MC16d (r-tag 10201)
and MCl16e (r-tag 10724) unless otherwise stated.
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Process

MC DSID  Generator

Generator Tune

Signal samples for FCNC in decay mode: pp — tt — blvgy, NLO, AFII

tcy, anti-top
tcy, top
tu~y, anti-top
tuvy, top

410980
410981
410984
410985

MADGRAPH5_AMCQ@NLO + PyTHIA 8 + EVTGEN
MADGRAPH5_AMC@NLO + PyTHIA 8 + EVTGEN
MADGRAPH5_AMC@NLO 4+ PyTHIA 8 + EVTGEN
MADGRAPH5_AMCQ@NLO + PyTHIA 8 + EVTGEN

Al14 NNPDF23LO
A14 NNPDF23LO
A14 NNPDF23LO
A14 NNPDF23LO

tt processes, Full Simuation

tt (NLO)
tt+ v (LO)

410470
410389

PowHEG-Box + PyTHIA 8 + EVTGEN
POWHEG-Box + PyTHIA 8 + EVTGEN

A14 NNPDF23LO
A14 NNPDF23LO

tt processes, Variation Samples, NLO, AFII

tt (single lepton)

tt (di-lepton)

tt (single lepton)

tt (di-lepton)

tt (single lepton, hqamp = 3Mtop)
tt (di-lepton,hdamp = 3Mtop)

410557
410558
410464
410465
410480
410482

PowHEG-Box + HERWIG 7 + EVTGEN
PowHEG-Box + HERWIG 7 + EVTGEN
MADGRAPHS_AMCQ@QNLO + PyTHIA 8 + EVTGEN
MADGRAPH5_AMC@NLO + PyTHIA 8 + EVTGEN
PowHEG-Box + PyTHIA 8 + EVTGEN
PowHEG-Box + PyTHIA 8 + EVTGEN

MMHT20171068cl
MMHT20171068cl
A14NNPDF23LO
A14NNPDF23LO
A14NNPDF23LO
A14NNPDF23LO

Single-top processes, NLO, Full Simulation

t-channel, top
t-channel, anti-top
s-channel, top
s-channel, anti-top
tW-channel, top

tW-channel, anti-top

410658
410659
410644
410645
410646
410647

POWHEG-BOX + PYTHIA 8 + EVTGEN
PowHEG-Box + PyTHIA 8 + EVTGEN
PowHEG-Box + PyTHIA 8 + EVTGEN
POWHEG-BoXx + PyTHIA 8 + EVTGEN
PowHEG-Box + PyTHIA 8 + EVTGEN
PowHEG-Box + PyTHIA 8 + EVTGEN

A14 NNPDF23LO
Al14 NNPDF23LO
A14 NNPDF23LO
A14 NNPDF23LO
Al14 NNPDF23LO
A14 NNPDF23LO

Single-top processes, Variation Samples, NLO

t-channel, anti-top, AFII

t-channel, top, AFII
t-channel, AFII

s-channel, anti-top, AFII

s-channel, top, AFII
s-channel, AFII

tW-channel, anti-top, AFII
tW-channel, top, AFII
tW-channel, anti-top, AFII
tW-channel, top, AFII

tW-channel, AFII

411032
411033
410560
411034
411035
410561
411036
411037
410654
410655
412002

POwHEG-Box + HERWIG 7 + EVTGEN
POwHEG-Box + HERWIG 7 + EVTGEN
MADGRAPH5_AMCQ@NLO + PyTHIA 8 + EVTGEN
POwHEG-Box + HERWIG 7 + EVTGEN
POWHEG-Box + HERWIG 7 + EVTGEN
MADGRAPH5_AMC@NLO + PyTHIA 8 + EVTGEN
PowHEG-Box + HERWIG 7 + EVTGEN
PowHEG-Box + HERWIG 7 + EVTGEN
PowHEG-Box + HERWIG 7 + EVTGEN
PowHEG-Box + HERWIG 7 + EVTGEN
MADGRAPH5_AMCQ@NLO + PYTHIA 8 + EVTGEN

MMHT20171068cl
MMHT2017lo68cl
A14NNPDF23LO
MMHT20171068cl
MMHT2017l068cl
A14NNPDF23LO
MMHT20171068cl
MMHT2017lo68cl
MMHT20171068cl
MMHT20171068cl
A14NNPDF23LO

TABLE B.2. List of MC16a (r-tag 9364) samples used in this search for the signal
sample, tf, and single-top processes. All samples are available and used for MC16d
(r-tag 10201) and MC16e (r-tag 10724) unless otherwise stated.
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Process MC DSID  Generator Generator Tune
W+Jets, Full Simulation

W — ev, maX(HT,p¥) < 70GeV, ¢ veto, b veto 364170 SHERPA2.2.1 NNPDF3.0 NNLO
W —ev, max(HT,p¥) < 70GeV, c filter, b veto 364171 SHERPA2.2.1 NNPDF3.0 NNLO
W — ev, max(Hp,p¥) < 70GeV, b filter 364172  SHERPA2.2.1 NNPDF3.0 NNLO
W —ev, 70GeV<max(HT,p¥) < 140GeV, c veto, b veto 364173 SHERPA2.2.1 NNPDF3.0 NNLO
W —ev, 70GeV<max(HT,p¥) < 140GeV, c filter, b veto 364174 SHERPA2.2.1 NNPDF3.0 NNLO
W — ev, T0GeV<max(Hr,p¥.) < 140GeV, b filter 364175  SHERPA2.2.1 NNPDF3.0 NNLO
W —ev, 140GeV<max(HT,p¥) < 280GeV, c veto, b veto 364176 SHERPA2.2.1 NNPDF3.0 NNLO
W — ev, 140G0V<max(HT,p¥) < 280GeV, c filter, b veto 364177 SHERPA2.2.1 NNPDF3.0 NNLO
W — ev, 140GeV<max(Hr,pY.) < 280GeV, b filter 364178  SHERPA2.2.1 NNPDF3.0 NNLO
W —ev, 280GeV<max(HT,p¥) < 500GeV, c veto, b veto 364179 SHERPA2.2.1 NNPDF3.0 NNLO
W — ev, 280GeV<max(HT,p¥) < 500GeV, c filter, b veto 364180 SHERPA2.2.1 NNPDF3.0 NNLO
W — ev, 280GeV<max(Hr,pY.) < 500GeV, b filter 364181  SHERPA2.2.1 NNPDF3.0 NNLO
W — ev, 500GeV<max(HT,p¥) < 1000GeV 364182 SHERPA2.2.1 NNPDF3.0 NNLO
W — ev, rnax(HT,p¥) > 1000GeV 364183 SHERPA2.2.1 NNPDF3.0 NNLO
W — uv, max(HT,p¥) < 70GeV, c veto, b veto 364156 SHERPA2.2.1 NNPDF3.0 NNLO
W — pv, max(Hp,pY.) < 70GeV, c filter, b veto 364157 SHERPA2.2.1 NNPDF3.0 NNLO
W — v, max(Hr,pY) < 70GeV, b filter 364158  SHERPA2.2.1 NNPDF3.0 NNLO
W — uv, 70GeV<max(HT,p¥) < 140GeV, c veto, b veto 364159 SHERPA2.2.1 NNPDF3.0 NNLO
W — uv, 70GeV<max(HT,p¥) < 140GeV, c filter, b veto 364160 SHERPA2.2.1 NNPDF3.0 NNLO
W — uv, 7OGeV<max(HT,p¥) < 140GeV, b filter 364161 SHERPA2.2.1 NNPDF3.0 NNLO
W — uv, 140GeV<maX(HT,p¥) < 280GeV, c veto, b veto 364162 SHERPA2.2.1 NNPDF3.0 NNLO
W — pv, 140GeV<rnaX(HT,p¥) < 280GeV, c filter, b veto 364163 SHERPA2.2.1 NNPDF3.0 NNLO
W — uv, 140GeV<max(HT,p¥) < 280GeV, b filter 364164 SHERPA2.2.1 NNPDF3.0 NNLO
W — uv, 280GeV<max(HT,p¥) < 500GeV, c veto, b veto 364165 SHERPA2.2.1 NNPDF3.0 NNLO
W — pv, 280GeV<maX(HT,p¥) < 500GeV, c filter, b veto 364166 SHERPA2.2.1 NNPDF3.0 NNLO
W — uv, 280GeV<max(HT,p¥) < 500GeV, b filter 364167 SHERPA2.2.1 NNPDF3.0 NNLO
W — uv, 500GeV<max(HT,p¥) < 1000GeV 364168 SHERPA2.2.1 NNPDF3.0 NNLO
W — uv, max(HT,p¥) > 1000GeV 364169 SHERPA2.2.1 NNPDF3.0 NNLO
W — rv, max(HT,p¥) < 70GeV, c veto, b veto 364184 SHERPA2.2. NNPDF3.0 NNLO
W — v, max(HT,p¥) < 70GeV, c filter, b veto 364185 SHERPA2.2. NNPDF3.0 NNLO
W — 1v, max(HT,p¥) < 70GeV, b filter 364186 SHERPA2.2. NNPDF3.0 NNLO
W — rv, 7OGeV<max(HT,p¥) < 140GeV, ¢ veto, b veto 364187 SHERPA2.2. NNPDF3.0 NNLO
W — rv, 7OGeV<max(HT,p¥) < 140GeV, c filter, b veto 364188 SHERPA2.2. NNPDF3.0 NNLO

1

1

1

1

1

W — v, 70GeV<max(HT,p¥) < 140GeV, b filter 364189 SHERPA2.2.1 NNPDF3.0 NNLO

W — v, 140GeV<max(HT,p¥) < 280GeV, c veto, b veto 364190 SHERPA2.2.1 NNPDF3.0 NNLO

W — v, 140GeV <max HT,p¥) < 280GeV, c filter, b veto 364191 SHERPA2.2.1 NNPDF3.0 NNLO
1  NNPDF3.0 NNLO
1 NNPDF3.0 NNLO
1
1
1

(
W — v, 140GeV<max(Hr,pY.) < 280GeV, b filter 364192 SHERPA2.2.
W — Tv, 280GeV<max(HT,p¥) < 500GeV, c veto, b veto 364193 SHERPA2.2.
(
(

W — 7v, 280GeV <max HT,p¥) < 500GeV, c filter, b veto 364194 SHERPA2.2. NNPDF3.0 NNLO
W — 1v, 280GeV <max HT,p¥) < 500GeV, b filter 364195 SHERPA2.2. NNPDF3.0 NNLO
W — 71, 500GeV<max(Hr, pY) < 1000GeV 364196  SHERPA2.2.1 NNPDF3.0 NNLO

W — 7v, max(Hr,pY) > 1000CGeV 364197  SHERPA2.2.1 NNPDF3.0 NNLO

TABLE B.3. List of MC16a (r-tag 9364) samples used in this search for the W+jets
background. All samples are available and used for MC16d (r-tag 10201) and MC16e
(r-tag 10724). All processes are simulated for up to two partons at NLO and four
partons at LO.
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Process MC DSID  Generator Generator Tune
Z+Jets, Full Simulation

Z — ee, max(HT,p¥) < 70GeV, ¢ veto, b veto 364114 SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, max(Hr,pY.) < 70GeV, c filter, b veto 364115 SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, max(Hr,pY) < 70GeV, b filter 364116  SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, 70GeV<max(HT,p¥) < 140GeV, c veto, b veto 364117 SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, 70GCV<H’1&X(HT,I)¥) < 140GeV, c filter, b veto 364118 SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, T0GeV<max(Hr,pY) < 140GeV, b filter 364119  SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, 140GeV<max(HT,p¥) < 280GeV, c veto, b veto 364120 SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, 140GeV<max(HT,p¥) < 280GeV, c filter, b veto 364121 SHERPA2.2.1 NNPDF3.0 NNLO
7 — ee, 140GeV<max(Hr, pY.) < 280GeV, b filter 364122  SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, 280GeV<max(HT,p¥) < 500GeV, c veto, b veto 364123 SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, 280GeV<max(HT,p¥) < 500GeV, c filter, b veto 364124 SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, 280GeV<max(HT7p¥) < 500GeV, b filter 364125 SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, 500GeV<max(HT,p¥) < 1000GeV 364126 SHERPA2.2.1 NNPDF3.0 NNLO
Z — ee, rnax(HT,p¥) > 1000GeV 364127 SHERPA2.2.1 NNPDF3.0 NNLO
Z — up, max(HT,p¥) < 70GeV, c veto, b veto 364100 SHERPA2.2.1 NNPDF3.0 NNLO
Z — pp, max(HT,p¥) < 70GeV, c filter, b veto 364101 SHERPA2.2.1 NNPDF3.0 NNLO
Z — pp, max(Hr,pY¥.) < 70GeV, b filter 364102 SHERPA2.2.1 NNPDF3.0 NNLO
Z — up, 7OGeV<maX(HT,p¥) < 140GeV, c veto, b veto 364103 SHERPA2.2.1 NNPDF3.0 NNLO
Z — up, 70GeV<max(HT,p¥) < 140GeV, c filter, b veto 364104 SHERPA2.2.1 NNPDF3.0 NNLO
Z — pp, 70GeV<max(HT,p¥) < 140GeV, b filter 364105 SHERPA2.2.1 NNPDF3.0 NNLO
Z — up, 140GeV<max(HT,p¥) < 280GeV, c veto, b veto 364106 SHERPA2.2.1 NNPDF3.0 NNLO
Z — up, 14OGeV<max(HT,p¥) < 280GeV, c filter, b veto 364107 SHERPA2.2.1 NNPDF3.0 NNLO
Z — pp, 140GeV<maX(HT,p¥) < 280GeV, b filter 364108 SHERPA2.2.1 NNPDF3.0 NNLO
Z — up, 280GeV<max(HT,p¥) < 500GeV, c veto, b veto 364109 SHERPA2.2.1 NNPDF3.0 NNLO
Z — up, 280GeV<maX(HT,p¥) < 500GeV, c filter, b veto 364110 SHERPA2.2.1 NNPDF3.0 NNLO
Z — pp, 280GeV<maX(HT,p¥) < 500GeV, b filter 364111 SHERPA2.2.1 NNPDF3.0 NNLO
Z — pp, 500GeV<max(Hyp, p¥.) < 1000GeV 364112  SHERPA2.2.1 NNPDF3.0 NNLO
Z = pp, max(HT,p¥) > 1000GeV 364113 SHERPA2.2.1 NNPDF3.0 NNLO
Z — 77, max(Hr, pY) < 70GeV, ¢ veto, b veto 364128 SHERPA2.2.1 NNPDF3.0 NNLO
Z =TT, maX(HT,p¥) < 70GeV, c filter, b veto 364129 SHERPA2.2.1 NNPDF3.0 NNLO
Z =TT, max(HT,p¥) < 70GeV, b filter 364130 SHERPA2.2.1 NNPDF3.0 NNLO
Z — 71T, 70GeV<max(HT,p¥) < 140GeV, c veto, b veto 364131 SHERPA2.2.1 NNPDF3.0 NNLO
Z =TT, 7OGeV<max(HT,p¥) < 140GeV, c filter, b veto 364132 SHERPA2.2.1 NNPDF3.0 NNLO
Z =TT, 70G0V<max(HT,p¥) < 140GeV, b filter 364133 SHERPA2.2.1 NNPDF3.0 NNLO
Z — 77, 140GeV <max(Hr,p¥.) < 280GeV, ¢ veto, b veto 364134  SHERPA2.2.1 NNPDF3.0 NNLO
Z — 771, 140GeV<max HT,p¥) < 280GeV, c filter, b veto 364135 SHERPA2.2.1 NNPDF3.0 NNLO

(
Z — 77, 140GeV <max(Hr,pY.) < 280GeV, b filter 364136 SHERPA2.2.1 NNPDF3.0 NNLO
Z — 77, 280GeV<max(Hr,p¥.) < 500GeV, c veto, b veto 364137 SHERPA2.2.1 NNPDF3.0 NNLO
Z =TT, 280GeV<max(HT,p¥) < 500GeV, c filter, b veto 364138 SHERPA2.2.1 NNPDF3.0 NNLO
(

Z — 77, 280GeV<max(Hr, p¥.) < 500GeV, b filter 364139  SHERPA2.2.1 NNPDF3.0 NNLO
Z — 77, 500GeV<max(Hr,p¥) < 1000GeV 364140  SHERPA2.2.1 NNPDF3.0 NNLO
Z — 7, max(Hr, p¥) > 1000GeV 364141  SHERPA2.2.1 NNPDF3.0 NNLO

TABLE B.4. List of MC16a (r-tag 9364) samples used in this search for the Z+jets
background. All samples are available and used for MC16d (r-tag 10201) and MC16e
(r-tag 10724). All processes are simulated for up to two partons at NLO and four
partons at LO.
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Process MC DSID  Generator Generator Tune
Z+Jets+~, Full Simulation

Z — ee, 71GeV< pl. < 15GeV 366140 SHERPA2.2.4 NNPDF3.0 NNLO
Z — ee, 15GeV< pJ. < 35GeV 366141 SHERPA2.2.4 NNPDF3.0 NNLO
Z — ee, 35GeV< p} < 70GeV 366142 SHERPA2.2.4 NNPDF3.0 NNLO
Z — ee, 70GeV< pl. < 140GeV 366143 SHERPA2.2.4 NNPDF3.0 NNLO
Z — ee, p% > 140GeV 366144 SHERPA2.2.4 NNPDF3.0 NNLO
Z = pp, 7GeV< pl. < 15GeV 366145 SHERPA2.2.4 NNPDF3.0 NNLO
Z — pp, 15GeV< p} < 35GeV 366146 SHERPA2.2.4 NNPDF3.0 NNLO
Z — pp, 35GeV< pJ. < 70GeV 366147 SHERPA2.2.4 NNPDF3.0 NNLO
Z — pp, 70GeV< pl < 140GeV 366148 SHERPA2.2.4 NNPDF3.0 NNLO
Z — pp, py. > 140GeV 366149 SHERPA2.2.4 NNPDF3.0 NNLO
Z — 77, 1GeV< pl. < 15GeV 366150 SHERPA2.2.4 NNPDF3.0 NNLO
Z — 77, 156GeV< pJ. < 35GeV 366151 SHERPA2.2.4 NNPDF3.0 NNLO
Z — 17, 35GeV< pJ. < 710GeV 366152 SHERPA2.2.4 NNPDF3.0 NNLO
Z — 77, 710GeV< pl. < 140GeV 366153 SHERPA2.2.4 NNPDF3.0 NNLO
Z — 77, pjr > 140GeV 366154 SHERPA2.2.4 NNPDF3.0 NNLO

W+Jets+-y, Full Simulation

W — ev, 7TGeV< pJ. < 15GeV 364521 SHERPA2.2.2 NNPDF3.0 NNLO
W — ev, 15GeV< pJ. < 35GeV 364522 SHERPA2.2.2 NNPDF3.0 NNLO
W — ev, 35GeV< pJ. < 7T0GeV 364523 SHERPA2.2.2 NNPDF3.0 NNLO
W — ev, T0GeV< p}. < 140GeV 364524 SHERPA2.2.2 NNPDF3.0 NNLO
W — ev, pj. > 140GeV 364525 SHERPA2.2.2 NNPDF3.0 NNLO
W — uv, 7GeV< pl. < 15GeV 364526 SHERPA2.2.2 NNPDF3.0 NNLO
W — uv, 15GeV< pj. < 35GeV 364527 SHERPA2.2.2 NNPDF3.0 NNLO
W — pv, 35GeV< pl. < 70GeV 364528 SHERPA2.2.2 NNPDF3.0 NNLO
W — uv, 70GeV< pl. < 140GeV 364529 SHERPA2.2.2 NNPDF3.0 NNLO
W — pv, pt. > 140GeV 364530 SHERPA2.2.2 NNPDF3.0 NNLO
W — 1v, TGeV< p). < 15GeV 364531 SHERPA2.2.2 NNPDF3.0 NNLO
W — v, 15GeV< pl. < 35GeV 364532 SHERPA2.2.2 NNPDF3.0 NNLO
W — v, 35GeV< p} < 70GeV 364533 SHERPA2.2.2 NNPDF3.0 NNLO
W — 7v, 70GeV< pJ. < 140GeV 364534 SHERPA2.2.2 NNPDF3.0 NNLO
W — Tv, pJ. > 140GeV 364535 SHERPA2.2.2 NNPDF3.0 NNLO

TABLE B.5. List of MCl6a (r-tag 9364) samples used in this search for the
W+jets+~v and Z+jets+v backgrounds. All samples are available and used for
MC16d (r-tag 10201) and MC16e (r-tag 10724). All processes are simulated for
up to one parton at NLO and three partons at LO.
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APPENDIX C

DATA SAMPLES

To assure good data quality a number of basic requirements are set. Events
with bad detector conditions are rejected and not used for the data analysis, i.e.,
where large parts of the detectors are missing from data acquisition due to problems
throughout the run, or when the detector performance was affected by a large noise
burst. In addition to this incomplete events or events with bad detector information
are also rejected. The Good Runs List (GRL) selection is an XML file that selects
the well-behaved luminosity blocks within larger data runs, each of which span 1-2

minutes of data acquisition.

datal5_13TeV/20170619/physics_2b6ns_21.0.19.xml
datal6_13TeV/20180129/physics_25ns_21.0.19.xml
datal7_13TeV/20180619/physics_26ns_Triggernol7e33prim.xml

datal18_13TeV/20190219/physics_26ns_Triggernol7e33prim.xml

Year | Nominal Luminosity Value (fb™")
2015 3.220
2016 32.99
2017 44.31
2018 58.45

TABLE C.1. Luminosity by year for LHC Run-2.

Pileup-Reweighting files are also used to mimic the pile-up distribution measured
in these data runs when running over MC samples. To do this two files are used: one

which contains information about the average pile-up (u) distribution in MC and
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one which contains information about the average p distribution in data, generated
from the GRL XML file. The pile-up reweighting values are then calulated based on

the difference in these two files.
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APPENDIX D

ADDITIONAL PLOTS FROM NN STUDIES

D.1. Additional Shape Comparison Plots: ;+jets channel

Various additional plots are shown in this appendix from the neural network
creation and studies. Figure and show additional shape comparisons in
variables which are not included in the final neural network model as they do not
significantly change the fit values. In the cases of pr or E, variables with the higher
separation value were used as there is a large correlation between the two values,
and the other is shown in this appendix. ARj, was not included as the other 3 AR
values had higher separation values and they are all related to each other as they are
geometrically related.

The neutrino reconstruction is done using a minimization of

Xo = Xow + X

All three were investigated for their separation values and the x3%, value had the

largest separation.

D.2. Shape Comparison Plots: e+jets channel
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APPENDIX E

SYSTEMATIC VARIATIONS FOR ELECTRON TO PHOTON FAKE RATE
CALCULATION

This appendix shows variation plots for the systematic uncertainty estimation on
the fake rates for photons faked by electrons using various my; invariant mass windows
around the Z boson mass (5 GeV, 15 GeV, and 20 GeV window sizes). From values
and deviations from the nominal, a systematic uncertainty was estimated which is

then applied to events with a photon that is actually a truth electron.
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FIGURE E.1. 2-dimensional scale factors derived using the Z — eTe™ events within
a b GeV mass window around the Z boson (2.5 GeV on each side) for unconverted
and converted photon types shown with statistical uncertainties.
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FIGURE E.2. 2-dimensional scale factors derived using the Z — eTe™ events within

a 15 GeV mass window around the Z boson (7.5 GeV on each side) for unconverted
and converted photon types shown with statistical uncertainties.
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APPENDIX F

VALIDATION REGION PLOTS

This appendix includes the post-fit distributions for the W+jets+vy and
tt+jets+~ validation regions using the fits from Section [6.4 ﬂ Figure E shows
the W+~ (¢t + 7) validation region in the e+jets channel and Figure [F.3|(F.4)) shows

the W+~ (tt + +) validation region in the p+jets channel.
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FIGURE F.1. Post-fit distributions for Photon pr (a), lepton pr (b), leading light
jet pr (), njer (d), m¥¥ (e), and Sy (f) in the W+ validation region for the electron
channel.
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APPENDIX G

ADDITIONAL FITS

This appendix contains post-fit signal region plots for alternative fitting
methods. Section[G.1]contains the results for simultaneously fitting both regions with
the mg, distribution and post-fit distributions for the p+jets channel and Section
contains simultaneous fit results for v pr distributions along with the post-fit

distributions for the e+jets channel.

G.1. Alternative Fit Method: Both Channels m,,

Channel  Obs. Limit Exp. Limit -0 Exp. Limit Exp. Limit +o
e+jets 1.19x 107* 094 x107* 131 x107* 1.78 x 107*
ptjets 217 x 107 1.04x107* 145 x 107* 1.93 x 10*

Combined 1.54 x 10™*  0.84 x 107* 1.12x10™*  1.52x 107"

TABLE G.1. Branching ratio limits for alternative fit using mg, in both regions.

G.1.1. Validation Region Plots: Fit on m,, in ;+jets Region

G.2. Alternative Fit Method: Both Channels v pr

Channel  Obs. Limit Exp. Limit -0 Exp. Limit Exp. Limit +o
e+jets 2.13 x 10~ 1.31 x 1074 1.82 x 1074 2.42 x 1074
putjets  1.53x 107 1.03x 107*  1.42x107*  1.96 x 10~*

Combined 1.47 x 107*  0.97 x 107*  1.34 x 1074 1.85 x 107*

TABLE G.2. Branching ratio limits for alternative fit using v pr in both regions.
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APPENDIX H

POST-FIT EFFECT OF SYSTEMATIC UNCERTAINTIES

This appendix includes the post-fit systematic uncertainties for the best fit
regions for the signal and each background separately. This includes systematics
that are pruned away using the procedure outlined in Section [6.1.3.3
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TABLE H.1. Relative effect of each systematic (post-fit) on the yields in the SR for e+jets channel.

FCNC

tt + jets

tf + gam

W+

W + jets

Z + jets

Z 4+~

SigXsecOverSM
Luminosity
Electron trigger eff.

Electron reconstruction eff.

Electron identification eff.
Electron isolation eff.
Muon id. (stat)
Muon id. low pt (stat)
Muon id. (syst)
Muon id. low pt (syst)
Muon isolation eff. (stat)
Muon isolation eff. (syst)
Muon trigger eff. (stat)
Muon trigger eff. (syst)
SF(photon ID)
SF(photon iso.)
Pile-up
JVT
EGamFake
JGamFake
PDF Unc. NNPDF
c-tag Eigenvar.
c-tag Bigenvar.
c-tag BEigenvar.
c-tag Eigenvar.
c-tag Eigenvar.
c-tag Eigenvar.
c-tag Eigenvar.
c-tag Eigenvar.
c-tag Eigenvar.

0N DU AW N

©

c-tag Bigenvar. 10
c-tag Eigenvar. 11
c-tag Eigenvar. 12
c-tag Eigenvar. 13
c-tag Eigenvar. 14
c-tag Bigenvar. 15
c-tag Eigenvar. 16
c-tag Eigenvar. 17
c-tag Eigenvar. 18
c-tag Bigenvar. 19
c-tag Eigenvar. 20

light-tag Eigenvar.

light-tag Eigenvar.
light-tag BEigenvar.

NI

light-tag Eigenvar.
light-tag Eigenvar.
light-tag Eigenvar.
light-tag Eigenvar.

® N o w

light-tag Eigenvar.
light-tag Eigenvar. 9
light-tag Eigenvar. 10
light-tag Eigenvar. 11
light-tag Bigenvar. 12
light-tag Eigenvar. 13
light-tag Eigenvar. 14
light-tag Eigenvar. 15
light-tag Eigenvar. 16
light-tag Eigenvar. 17

1.07e4+04 / -1
0.0469 / -0.047
0.00155 / -0.00155
0.00139 / -0.00139
0.00686 / -0.00686
0.00138 / -0.00138
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
0.00646 / -0.00645
3.76e-05 / 3.76e-05
-0.0114 / 0.0117
0.00427 / -0.00446
0.00022 / -0.00022
8.63e-05 / -8.63e-05
-0.00504 / 0.00504
-0.00404 / 0.00404
0.00213 / -0.00213
0.000204 / -0.000204
-0.000742 / 0.000742
-0.000381 / 0.000381
-0.000227 / 0.000227
0.000495 / -0.000495
0.000296 / -0.000296
-0.000167 / 0.000167
0.000384 / -0.000384
0.000981 / -0.000981
0.000479 / -0.000479
0.000626 / -0.000626
-0.000234 / 0.000234
-0.000751 / 0.000751
0.00155 / -0.00155
-0.000681 / 0.000681
0.00173 / -0.00173
-0.00387 / 0.00387
-0.000515 / 0.000515
-0.00238 / 0.00238
0.000961 / -0.000961
0.00011 / -0.00011
0.000303 / -0.000303
0.000256 / -0.000256
8.95e-05 / -8.95¢-05
0.00018 / -0.00018
2.54¢-05 / -2.54e-05
0.000264 / -0.000264
9.78e-05 / -9.78e-05
-0.000129 / 0.000129
-0.000188 / 0.000188
0.000304 / -0.000304
-0.000329 / 0.000329
-4.19e-05 / 4.19¢-05
3.45¢-05 / -3.45¢-05
0.000377 / -0.000377

0/0
0.0469 / -0.047
0.00159 / -0.00159
0.00128 / -0.00128
0.00713 / -0.00713
0.000856 / -0.000856
4.486-08 / 4.48e-08
4.48¢-08 / 4.48e-08
4.48¢-08 / 4.48e-08
4.48e-08 / 4.48e-08
4.48e-08 / 4.48e-08
4.48e-08 / 4.48e-08
4.48¢-08 / 4.48¢-08
4.486-08 / 4.48e-08
0.00747 / -0.00746
-0.000541 / -0.000541
0.00621 / -0.00619
0.00498 / -0.00519
0.0596 / -0.0591
0.0987 / -0.097
0/0
-0.00151 / 0.00151
0.000531 / -0.000531
-5.15e-06 / 5.13e-06
-0.000156 / 0.000156
-9.94e-05 / 9.94e-05
-8.67¢-05 / 8.67¢-05

5.26e-05 / -5.26e-05
5.63e-05 / -5.63e-05
-2.61e-05 / 2.62e-05
8.74e-05 / -8.74e-05

0.000111 / -0.000111
0.000107 / -0.000107
0.000252 / -0.000252
-2.19e-05 / 2.19e-05
-8.59e-05 / 8.59e-05
0.000283 / -0.000283
-0.00029 / 0.00029
0.00027 / -0.00027
-0.00076 / 0.00076
-0.000472 / 0.000472
-0.000303 / 0.000303
0.000559 / -0.000559
-7.23e-05 / 7.23e-05
0.000241 / -0.000241
0.000298 / -0.000298
3.77e-05 / -3.77e-05
0.000162 / -0.000162
4.42e-05 / -4.42e-05
0.000158 / -0.000158
3.58e-05 / -3.58e-05
-6.54e-05 / 6.54e-05
-0.000189 / 0.000189
0.000307 / -0.000307
-0.000491 / 0.000491
-0.000126 / 0.000126
4.67e-05 / -4.67e-05
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0/0
0.0469 / -0.047
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0.00128 / -0.00128
0.0074 / -0.0074
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4.64¢-09 / 4.64e-09
4.64¢-09 / 4.64e-09
4.64¢-09 / 4.64e-09
4.64e-09 / 4.64e-09
4.64¢-09 / 4.64e-09
4.64¢-09 / 4.64e-09
4.64¢-09 / 4.64e-09
4.64¢-09 / 4.64e-09
0.0063 / -0.00629
3.96¢-05 / 3.96e-05
-0.00554 / 0.00566
0.0041 / -0.0048
0.000704 / -0.000704
0.000481 / -0.000481
0/0
-0.00383 / 0.00383
0.00126 / -0.00126
-0.000256 / 0.000256
-0.000492 / 0.000492
-0.000311 / 0.000311
-0.000291 / 0.000291
0.000202 / -0.000202
-3.53¢-06 / 3.54¢-06
-0.000169 / 0.000169
0.000274 / -0.000274
0.000555 / -0.000555
0.00039 / -0.00039
0.000428 / -0.000428
-5.19¢-05 / 5.2e-05
-9.14¢-05 / 9.14e-05
0.000394 / -0.000394
-0.000647 / 0.000647
0.00038 / -0.00038
-0.0028 / 0.0028
-0.00132 / 0.00132
-0.0024 / 0.0024

0.00122 / -0.00122
6.34e-05 / -6.34e-05
0.000362 / -0.000362

/ -0
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-0.000561 / 0.000561
-5.7e-05 / 5.7e-05
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-0.00604 / 0.00604
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-0.0549 / 0.0586
0.00671 / -0.00671
0/0
0.316 / -0.296
0.111 / -0.111
0.0768 / -0.0769
0.00203 / -0.00203
-0.0162 / 0.0162
-0.011 / 0.011
-0.00179 / 0.00179
0.00023 / -0.00023
-0.00122 / 0.00122
-0.000942 / 0.000942
0.00251 / -0.00251
0.0018 / -0.0018
6.13e-05 / -6.13e-05
-0.00416 / 0.00416
0.0027 / -0.0027
-0.000432 / 0.000432
-0.000303 / 0.000303
9.56e-05 / -9.56e-05
-0.000183 / 0.000183
8.72e-05 / -8.73e-05
-0.00055 / 0.00055
-0.000946 / 0.000946
-0.0277 / 0.0277
0.00738 / -0.00738
0.00389 / -0.00389
0.0011 / -0.0011
-0.00285 / 0.00285
0.00288 / -0.00288
-0.000172 / 0.000172
-0.000865 / 0.000865
0.00168 / -0.00168
0.00169 / -0.00169
-0.0028 / 0.0028
0.000138 / -0.000138
-0.00148 / 0.00148
-0.000163 / 0.000163
-0.000321 / 0.000321
0.000194 / -0.000194
0.000488 / -0.000488

0/0
0.0469 / -0.047
0.00235 / -0.00235
0.00151 / -0.00151
0.00882 / -0.00882
0.00142 / -0.00142
.97e-09 / 1.97e-09
97¢-09 / 1.97¢-09
.97e-09 / 1.97e-09
.97e-09 / 1.97e-09
.97e-09 / 1.97e-09
.97e-09 / 1.97e-09
97¢-09 / 1.97¢-09
.97¢-09 / 1.97¢-09
0.00728 / -0.00725
-0.000441 / -0.000441
-0.068 / 0.057
0.00129 / -0.00199
0.0824 / -0.0813
0.031 / -0.0304
-0.000758 / 0.000837
0.0326 / -0.0326
0.000106 / 3.78e-05
0.00521 / -0.00521
-0.000817 / 0.000817
0.00488 / -0.00487
0.00157 / -0.00157
9.8¢-05 / -9.8e-05
0.000113 / -0.000113
-0.00122 / 0.00123
-0.00911 / 0.00914
0.0067 / -0.00659
0.000226 / -0.000192
0.00278 / -0.00266
-0.000543 / 0.000543
-0.000231 / 0.000408
-0.000782 / 0.000867
-0.00282 / 0.00288
0.00408 / -0.00408
-0.00449 / 0.0045
0.000317 / -0.000317
-0.0395 / 0.0395
0.00958 / -0.00958
0.00203 / -0.00203
0.00246 / -0.00246
0.00168 / -0.00168
0.00107 / -0.00107
0.00277 / -0.00277
0.00055 / -0.00055
0.00261 / -0.00261
0.00417 / -0.00417
-0.0063 / 0.0063
0.00179 / -0.00179
-0.000556 / 0.000556
-0.000126 / 0.000126
0.000157 / -0.000157
-0.000154 / 0.000154
0.000347 / -0.000345
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0/0
0.0469 / -0.047
0.00181 / -0.00181
0.00136 / -0.00136
0.00708 / -0.00708
0.000962 / -0.000962
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41¢-09
4.41¢-09 / 4.41e-09
4.41e-09 / 4.41e-09
0.00657 / -0.00656
0.000312 / 0.000312
0.0159 / -0.0155
-0.00558 / 0.00148
0.00544 / -0.00544
0.00986 / -0.00985
0/0
0.0238 / -0.0238
-0.00194 / 0.00194
0.00154 / -0.00154
2.64¢-05 / -2.64¢-05
0.0036 / -0.0036
0.00171 / -0.00171
-0.002 / 0.002
0.000904 / -0.000904
7.76¢-05 / -7.76¢-05
-0.00203 / 0.00203
-0.000794 / 0.000794
-0.000722 / 0.000722
-0.000524 / 0.000524
-0.00188 / 0.00188
-0.0012 / 0.0012
0.000345 / -0.000346
-0.000652 / 0.000652
-0.000126 / 0.000126
-0.00138 / 0.00138
-0.00183 / 0.00183
-0.0478 / 0.0477
0.011 / -0.011
0.00416 / -0.00416
0.00163 / -0.00163
-0.00173 / 0.00173
0.00254 / -0.00254
0.00157 / -0.00157
-0.000305 / 0.000305
0.00161 / -0.00161
0.00214 / -0.00214
-0.00273 / 0.00273
-0.000279 / 0.000279
-0.00109 / 0.00109
-0.000197 / 0.000197
-0.000286 / 0.000286
1.23¢-05 / -1.23e-05
0.000387 / -0.000387




light-tag Eigenvar. 18
light-tag Eigenvar. 19
light-tag Eigenvar. 20
b-tag Eigenvar.
b-tag Eigenvar.
b-tag Eigenvar.
b-tag Bigenvar.
b-tag Eigenvar.
b-tag Eigenvar.
b-tag Eigenvar.
b-tag Eigenvar. 9
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b-tag Eigenvar. 10
b-tag Eigenvar. 11
b-tag Eigenvar. 12
b-tag Eigenvar. 13
b-tag BEigenvar. 14
b-tag Eigenvar. 15
b-tag Eigenvar. 16
b-tag Eigenvar. 17
b-tag Eigenvar. 18
b-tag Eigenvar. 19
b-tag Eigenvar. 20
b-tag Eigenvar. 21
b-tag Eigenvar. 22
b-tag Eigenvar. 23
b-tag Eigenvar. 24
b-tag Eigenvar. 25
b-tag Eigenvar. 26
b-tag Eigenvar. 27
b-tag Eigenvar. 28
b-tag Eigenvar. 29
b-tag Eigenvar. 30
b-tag Eigenvar. 31
b-tag Eigenvar. 32
b-tag Eigenvar. 33
b-tag Eigenvar. 34
b-tag Eigenvar. 35
b-tag Eigenvar. 36
b-tag Eigenvar. 37
b-tag Eigenvar. 38
b-tag Eigenvar. 39
b-tag Eigenvar. 40
b-tag Eigenvar. 41
b-tag Eigenvar. 42
b-tag Eigenvar. 43
b-tag Eigenvar. 44
b-tag Eigenvar. 45
b-tag Eigenvar. 45
Muon momen resolution (ID)
Muon momen resolution (MS)
Muon momen scale
Muon Sagitta ResBias
Muon Sagitta Rho
Met ResoPara
Met ResoPerp
MET Scale
Electron energy resolution
Electron energy scale
AF2 Electron energy scale

1.42e-05 / -1.42e-05
0.000104 / -0.000104
-9.76¢-05 / 9.75¢-05
-0.00343 / 0.00343
-0.00246 / 0.00246
0.000575 / -0.000575
0.00119 / -0.00119
0.00281 / -0.00281
0.000906 / -0.000906
-0.00294 / 0.00294
2.67¢-05 / -2.67¢-05
0.0032 / -0.0032
0.000919 / -0.000919
-0.000237 / 0.000237
5.08¢-05 / -5.08e-05
0.000195 / -0.000195
0.00134 / -0.00134
0.000674 / -0.000674
-0.000425 / 0.000425
0.00127 / -0.00127
0.00151 / -0.00151
0.000264 / -0.000264
-2.02e-05 / 2.02e-05
-0.00116 / 0.00116
-0.000296 / 0.000296
1.18¢-05 / -1.18e-05
-1.83e-05 / 1.83e-05
0.00156 / -0.00156
-1.76¢-05 / 1.76¢-05
0.000176 / -0.000176
-0.000342 / 0.000342
0.000426 / -0.000426
6.1¢-05 / -6.1e-05
0.00116 / -0.00116
-0.000357 / 0.000357
0.000331 / -0.000331
0.000486 / -0.000486
-0.000769 / 0.000769
-0.00167 / 0.00167
0.000549 / -0.000549
0.00141 / -0.00141
0.000523 / -0.000523
-0.00114 / 0.00114
-0.00228 / 0.00228
0.000605 / -0.000605
0.000453 / -0.000453
-0.0012 / 0.0012
-0.0012 / 0.0012
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
-2.73¢-09 / -2.73¢-09
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
-0.000343 / 0.000343
0.00225 / -0.00225
0.000941 / -0.000941
-7.63e-05 / 7.63e-05
0.0103 / -0.0103
0.00286 / -0.00286

5.14e-05 / -5.14e-05
9.67e-05 / -9.68e-05
-0.000103 / 0.000103
0.00187 / -0.00187
0.00373 / -0.00373
-0.00132 / 0.00132
0.00118 / -0.00118
-0.00304 / 0.00304
0.00107 / -0.00107
0.00079 / -0.00079
-0.000545 / 0.000545
-0.00304 / 0.00304
-0.00113 / 0.00113
-2.13e-05 / 2.13e-05
0.00101 / -0.00101
0.000542 / -0.000542
0.00158 / -0.00158
-0.000714 / 0.000714
-0.00117 / 0.00117
0.00239 / -0.00239
0.00218 / -0.00218
0.000233 / -0.000233
-0.000264 / 0.000264
-0.000416 / 0.000416
0.000713 / -0.000713
-0.000741 / 0.000741
0.001 / -0.001
0.00227 / -0.00227
0.00039 / -0.00039
0.000382 / -0.000382
0.000174 / -0.000174
-0.000576 / 0.000576
-0.000603 / 0.000603
0.00111 / -0.00111
-0.000609 / 0.000609
-0.000597 / 0.000597
0.000585 / -0.000585
-0.000878 / 0.000878
-0.00218 / 0.00218
0.0007 / -0.0007
0.00177 / -0.00177
0.000201 / -0.000201
-0.0011 / 0.0011
-0.00257 / 0.00257
0.000348 / -0.000348
0.000462 / -0.000462
-0.00132 / 0.00132
-0.00132 / 0.00132
4.48e-08 / 4.48e-08
4.48¢-08 / 4.48e-08
4.48¢-08 / 4.48¢-08
4.48e-08 / 4.48e-08
4.48¢-08 / 4.48e-08
0.00309 / -0.00309
0.000415 / -0.000415
0.00324 / -0.00324
-0.000799 / 0.000799
0.0172 / -0.0172
4.48¢-08 / 4.48¢-08

Table

6.51e-05 / -6.51e-05
0.00012 / -0.00012
-0.000134 / 0.000134
0.00145 / -0.00145
0.00226 / -0.00226
-0.00104 / 0.00104
-0.000238 / 0.000238
-0.00209 / 0.00209
0.000417 / -0.000417
0.00213 / -0.00213
0.000161 / -0.000161
-0.00238 / 0.00238
-0.000671 / 0.000671
0.00014 / -0.00014
0.000997 / -0.000997
0.000199 / -0.000199
0.0018 / -0.0018
0.000476 / -0.000476
-0.00116 / 0.00116
0.00223 / -0.00223
0.00161 / -0.00161
0.00024 / -0.00024
-0.000187 / 0.000187
-0.000548 / 0.000548
0.000369 / -0.000369
-0.000389 / 0.000389
0.000691 / -0.000691
0.00203 / -0.00203
0.000109 / -0.000109
0.000366 / -0.000366
9.76e-06 / -9.76e-06
-0.000453 / 0.000453
-0.000329 / 0.000329
0.00114 / -0.00114
-0.00055 / 0.00055
-0.000722 / 0.000722
0.000385 / -0.000385
-0.000952 / 0.000952
-0.00202 / 0.00202
0.000594 / -0.000594
0.00148 / -0.00148
0.000568 / -0.000568
-0.00108 / 0.00108
-0.00224 / 0.00224
0.000532 / -0.000532
0.000462 / -0.000462
-0.00138 / 0.00138
-0.00138 / 0.00138
0.000198 / -0.000198
0.000124 / -0.000124
0.000124 / -0.000124
4.64e-09 / 4.64e-09
4.64¢-09 / 4.64e-09
0.00865 / -0.00865
0.00388 / -0.00388
-0.000938 / 0.000938
-0.00159 / 0.00159
0.01 / -0.01

4.64e-09 / 4.64e-09
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5.45¢-05 / -5.45¢-05
0.000101 / -0.000101
-0.00013 / 0.00013
-0.000735 / 0.000735
-0.000482 / 0.000482
6.72¢-05 / -6.72¢-05
0.00157 / -0.00157
0.000562 / -0.000562
0.000344 / -0.000344
-0.000778 / 0.000778
-0.000114 / 0.000114
0.000655 / -0.000655
0.000243 / -0.000243
-0.000133 / 0.000133
0.000129 / -0.000129
0.000156 / -0.000156
0.000793 / -0.000793
0.000404 / -0.000404
-0.000327 / 0.000327
0.00114 / -0.00114
0.000992 / -0.000992
5.15e-05 / -5.15e-05
0.000123 / -0.000123
-0.000554 / 0.000554
-0.000439 / 0.000439
-3.19¢-05 / 3.19¢-05
-0.000384 / 0.000384
0.00146 / -0.00146
0.000389 / -0.000389
0.000204 / -0.000204
0.000212 / -0.000212
0.00022 / -0.00022
9.71e-05 / -9.71e-05
0.000405 / -0.000405
-0.000788 / 0.000788
0.000149 / -0.000149
6.14¢-05 / -6.14e-05
-0.000489 / 0.000489
-0.000745 / 0.000745
9.44¢-05 / -9.44e-05
0.000974 / -0.000974
-0.000138 / 0.000138
-0.000134 / 0.000134
-0.000939 / 0.000939
-0.000149 / 0.000149
-9.25e-05 / 9.25e-05
-0.000421 / 0.000421
-0.000421 / 0.000421
7.69¢-09 / 7.69e-09
7.69¢-09 / 7.69e-09
7.69¢-09 / 7.69e-09
7.69¢-09 / 7.69e-09
7.69¢-09 / 7.69e-09
-0.0182 / 0.0182
-0.0269 / 0.0269
0.00767 / -0.00767
-0.0231 / 0.0231
0.0343 / -0.0343
7.69¢-09 / 7.69e-09

9.01e-05 / -9.01e-05
0.000114 / -0.000114
-0.000194 / 0.000194
8.21e-05 / -8.21e-05
-0.000883 / 0.000883
0.000403 / -0.000403
0.00262 / -0.00262
0.00051 / -0.00051
-9.24e-05 / 9.24e-05
0.000168 / -0.000168
-0.000108 / 0.000108
0.00136 / -0.00136
0.000419 / -0.000419
-4.17e-05 / 4.17e-05
-4.68¢-08 / 4.68¢-08
0.000203 / -0.000203
0.000705 / -0.000705
0.000359 / -0.000359
-0.000217 / 0.000217
0.000855 / -0.000855
0.000562 / -0.000562
7.79e-05 / -7.79¢-05
2.28e-05 / -2.28e-05
-0.00059 / 0.00059
0.000577 / -0.000577
6.53¢-05 / -6.53e-05
2.5e-06 / -2.5e-06
0.000763 / -0.000763
0.000278 / -0.000278
-0.000307 / 0.000307
-0.000243 / 0.000243
0.000139 / -0.000139
5.72¢-05 / -5.72¢-05
0.0003 / -0.0003
-9.62e-06 / 9.62e-06
0.000163 / -0.000163
0.000278 / -0.000278
-3.24¢-05 / 3.24e-05
-0.000485 / 0.000485
0.000474 / -0.000474
0.00131 / -0.00131
-0.000133 / 0.000133
-8.04e-05 / 8.04e-05
-0.000428 / 0.000428
-9.02¢-06 / 9.02e-06
-5.73e-05 / 5.73e-05
-0.000717 / 0.000717
-0.000717 / 0.000717
2.02e-08 / 2.02e-08
2.02e-08 / 2.02e-08
2.02¢-08 / 2.02e-08
2.02e-08 / 2.02e-08
2.02e-08 / 2.02e-08
0.0447 / -0.0446
0.047 / -0.047
-0.00402 / 0.00402
0.0114 / -0.0114
0.0206 / -0.0206
2.02e-08 / 2.02e-08

4.68e-05 / -4.68e-05
6.35e-05 / -6.36e-05
-8.26¢-05 / 8.26¢-05
-0.000806 / 0.000806
0.000564 / -0.000564
-0.000554 / 0.000554
-0.00105 / 0.00105
0.00022 / -0.00022
0.000776 / -0.000776
-0.00326 / 0.00326
-0.000522 / 0.000522
0.00182 / -0.00182
-8.19e-05 / 8.19e-05
-0.000173 / 0.000173
0.00056 / -0.00056
0.000375 / -0.000375
0.000601 / -0.000601
-0.000283 / 0.000283
-0.000512 / 0.000512
0.00104 / -0.00104
0.000416 / -0.000416
6.44e-05 / -6.44e-05
-0.000157 / 0.000157
-0.000144 / 0.000144
0.000163 / -0.000163
-8.05e-05 / 8.05e-05
0.000411 / -0.000411
0.000936 / -0.000936
0.000141 / -0.000141
0.000192 / -0.000192
0.000166 / -0.000166
0.000214 / -0.000214
0.000948 / -0.000948
0.000396 / -0.000396
-0.000107 / 0.000107
-0.00162 / 0.00162
-0.000175 / 0.000175
-0.000559 / 0.000559
-0.00136 / 0.00136
-0.000506 / 0.000506
0.000673 / -0.000673
-0.000135 / 0.000135
-0.000616 / 0.000616
-0.00133 / 0.00133
9.56e-05 / -9.56e-05
3.92¢-06 / -3.92¢-06
.000895 / 0.000895
.000895 / 0.000895
.97e-09 / 1.97¢-09
.97e-09 / 1.97¢-09
.97¢-09 / 1.97¢-09
.97e-09 / 1.97e-09
.97e-09 / 1.97e-09
-0.0966 / 0.0967
-0.0618 / 0.0618
-0.0381 / 0.0381
0.0472 / -0.0472
-0.0024 / 0.0024
1.97e-09 / 1.97¢-09
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5.68e-05 / -5.68e-05
0.000127 / -0.000127
-0.000135 / 0.000135
-0.0023 / 0.0023
-0.000994 / 0.000994
-1.49¢-05 / 1.49¢-05
0.000183 / -0.000183
0.000468 / -0.000468
0.000401 / -0.000401
-0.002 / 0.002
-7.87¢-05 / 7.87¢-05
0.000898 / -0.000898
6.63e-05 / -6.63e-05
-0.000172 / 0.000172
0.000354 / -0.000354
0.000359 / -0.000359
0.00124 / -0.00124
0.000424 / -0.000424
-0.000693 / 0.000693
0.00194 / -0.00194
0.00189 / -0.00189
0.000269 / -0.000269
0.00037 / -0.00037
-0.00147 / 0.00147
-0.000538 / 0.000538
-0.000167 / 0.000167
-0.00089 / 0.00089
0.00174 / -0.00174
0.000408 / -0.000408
0.000211 / -0.000211
2.24e-05 / -2.24e-05
0.000159 / -0.000159
-5.85¢-05 / 5.85¢-05
0.000391 / -0.000391
-0.000268 / 0.000268
9.82e-05 / -9.82e-05
0.00032 / -0.00032
-0.000488 / 0.000488
-0.000824 / 0.000824
0.000304 / -0.000304
0.00122 / -0.00122
-0.000142 / 0.000142
-0.000207 / 0.000207
-0.00116 / 0.00116
3.23e-05 / -3.23e-05
-6.96¢-06 / 6.96¢-06
-0.000161 / 0.000161
-0.000161 / 0.000161
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
-0.0242 / 0.0242
-0.0113 / 0.0113
-0.174 / 0.174
-0.157 / 0.157
0.15 / -0.15
4.41e-09 / 4.41e-09




BJES Response
JES EffectiveNP Detectorl
JES EffectiveNP Detector2
JES EffectiveNP Mixedl
JES EffectiveNP Mixed2
JES EffectiveNP Mixed3
JES EffectiveNP Modellingl
JES EffectiveNP Modelling2
JES EffectiveNP Modelling3
JES EffectiveNP Modelling4
JES EffectiveNP Statl
JES EffectiveNP Stat2
JES EffectiveNP Stat3
JES EffectiveNP Stat4
JES EffectiveNP Stat5
JES EffectiveNP Stat6
JES EtalntercModeling
JES Etalnterc Nonclo HighE
JES Etalnterc Nonclo NegEta
JES Etalnterc Nonclo PosEta
JES Etalnterc TotalStat
JES Flavor Composition
JES Flavor Response
JER DataVsMC AFII
JER Effective NP1
JER Effective NP2
JER Effective NP3
JER Effective NP4
JER Effective NP5
JER Effective NP6
JER Effective NP7 RestTerm
JES Pileup OffsetMu
JES Pileup NPV
JES Pileup PtTerm
JES Pileup RhoTopology
JET PunchThrough AFII
JES Relative NonClosure
JES SingleParticle HighPt
tt cross-section
Scale pp, pp ttbar
PDF no. 1
PDF no. 2
PDF no. 3
PDF no. 4
PDF no. 5
PDF no. 6
PDF no. 7
PDF no. 8
PDF no. 9
PDF no. 10
PDF no. 11
PDF no. 12
PDF no. 13
PDF no. 14
PDF no. 15
PDF no. 16
PDF no. 17
PDF no. 18
PDF no. 19

0.00524 / -0.00524
0.000638 / -0.000638
0.000287 / -0.000287
0.000805 / -0.000805
-0.000599 / 0.000599
0.000286 / -0.000286

0.0118 / -0.0118
-0.000174 / 0.000174
-0.000744 / 0.000744

0.00019 / -0.00019
0.000198 / -0.000198
-0.000644 / 0.000644
-0.000151 / 0.000151
0.000272 / -0.000272
-0.000131 / 0.000131
-9.73e-05 / 9.72¢-05

0.00417 / -0.00417
-2.73e-09 / -2.73e-09
-7.58e-05 / 7.58e-05

0.00017 / -0.00017
0.000866 / -0.000866

0.00988 / -0.00988

-0.00658 / 0.00658
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
-2.68e-07 / 2.63e-07
-2.68e-07 / 2.63e-07
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09
-2.73e-09 / -2.73e-09

0.00189 / -0.00189

0.0047 / -0.0047
0.000889 / -0.000889

0.00857 / -0.00857
-2.73e-09 / -2.73e-09

0.00197 / -0.00197
-2.73e-09 / -2.73e-09

0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0

0.00692 / -0.00692
-0.0045 / 0.0045
-4.89¢-07 / 4.72e-07
-0.0072 / 0.0072
0.00824 / -0.00824
-0.00119 / 0.00119
0.0066 / -0.0066
0.000327 / -0.000327
0.00149 / -0.00149
-0.00126 / 0.00126
-0.00357 / 0.00357
0.00452 / -0.00452
0.00217 / -0.00217
-0.0015 / 0.0015
-6.74e-05 / 6.74e-05
-0.00514 / 0.00514
-0.00983 / 0.00983
4.48e-08 / 4.48e-08
-0.000536 / 0.000536
-0.00063 / 0.00063
-0.00392 / 0.00392
0.00119 / -0.00119
0.00926 / -0.00926
0/0
4.48¢-08 / 4.48e-08
4.48¢-08 / 4.48e-08
4.48e-08 / 4.48e-08
4.48¢-08 / 4.48e-08
4.48¢-08 / 4.48e-08
4.48e-08 / 4.48e-08
4.48¢-08 / 4.48e-08
-0.00812 / 0.00812
-0.00432 / 0.00431
-0.00348 / 0.00348
0.00349 / -0.00349
0/0
0/0
4.48¢-08 / 4.48¢-08
0.0548 / -0.0549
0/0
0.00238 / -0.00238
-0.00993 / 0.00993
-0.00117 / 0.00117
-0.0116 / 0.0116
0.000896 / -0.000896
-0.00751 / 0.00751
-0.00021 / 0.00021
-0.000258 / 0.000258
-0.005 / 0.005
0.00134 / -0.00134
-0.00738 / 0.00738
-0.00231 / 0.00231
0.00144 / -0.00144
-0.0015 / 0.0015
0.000515 / -0.000515
-0.00262 / 0.00262
0.007 / -0.007
0.00272 / -0.00272
-0.00844 / 0.00844
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-0.00131 / 0.00131
-0.00025 / 0.00025
-0.000215 / 0.000215
-0.000587 / 0.000587
0.000559 / -0.000559
-0.000154 / 0.000154
-0.00563 / 0.00563
0.00122 / -0.00122
-0.00148 / 0.00148
-0.000416 / 0.000416
-0.00106 / 0.00106
0.0018 / -0.0018
7.31e-07 / -7.22e-07
0.000675 / -0.000675
1.1e-05 / -1.11e-05
0.000508 / -0.000508
-0.00304 / 0.00304
4.64¢-09 / 4.64e-09
-5.6e-08 / 6.52e-08
6.75¢-05 / -6.75¢-05
-0.000882 / 0.000882
-0.00566 / 0.00566
0.0028 / -0.0028
0/0
4.64¢-09 / 4.64e-09
4.64e-09 / 4.64e-09
4.64¢-09 / 4.64e-09
4.64¢-09 / 4.64e-09
4.64¢-09 / 4.64e-09
4.64e-09 / 4.64e-09
4.64¢-09 / 4.64e-09
-0.00394 / 0.00394
-0.00324 / 0.00324
0.00124 / -0.00124
-0.00552 / 0.00552
0o/0
0/0
4.64¢-09 / 4.64e-09
0/0
0/0
0.00238 / -0.00238
-0.00993 / 0.00993
-0.00117 / 0.00117
-0.0116 / 0.0116
0.000896 / -0.000896
-0.00751 / 0.00751
-0.00021 / 0.00021
-0.000258 / 0.000258
-0.005 / 0.005
0.00134 / -0.00134
-0.00738 / 0.00738
-0.00231 / 0.00231
0.00144 / -0.00144
-0.0015 / 0.0015
0.000515 / -0.000515
-0.00262 / 0.00262
0.007 / -0.007
0.00272 / -0.00272
-0.00844 / 0.00844
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0.00403 / -0.00403
0.00161 / -0.00161
-6.19¢-07 / 6.35e-07
0.00143 / -0.00143
0.00114 / -0.00114
0.000751 / -0.000751
0.035 / -0.035
-0.00409 / 0.00409
0.000963 / -0.000963
-3.67¢-06 / 3.68¢-06
0.00129 / -0.00129
-0.00481 / 0.00481
1.31e-06 / -1.3e-06
0.00033 / -0.00033
-0.000757 / 0.000757
0.000749 / -0.000749
-0.0104 / 0.0104
7.69¢-09 / 7.69e-09
1e-06 / -9.89e-07
-8.02¢-07 / 8.17¢-07
0.00415 / -0.00415
0.0673 / -0.0674
-0.0207 / 0.0207
0/0
7.69¢-09 / 7.69e-09
7.69¢-09 / 7.69e-09
7.69¢-09 / 7.69e-09
7.69e-09 / 7.69e-09
7.69¢-09 / 7.69e-09
7.69e-09 / 7.69e-09
7.69¢-09 / 7.69e-09
0.000644 / -0.000644
0.00533 / -0.00533
0.00304 / -0.00304
0.028 / -0.028
0/0
0/0
7.69¢-09 / 7.69e-09
0/0

0000000000000

-0.0154 / 0.0154
7.14e-06 / -7.1e-06
-1.81¢-07 / 1.54e-07
-2.49¢-05 / 2.49e-05
-7.75e-06 / 7.73e-06
-5.12¢-07 / 4.86e-07

-0.0281 / 0.0281
1.58e-05 / -1.58e-05
3.52e-07 / -3.79e-07
-3.79e-07 / 4.19e-07
8.13¢-06 / -8.16¢-06
5.25e-05 / -5.25¢-05
-1.31e-06 / 1.35e-06
2.2e-07 / -2.46e-07
-5.78e-07 / 6.18e-07
7.67¢-06 / -7.63¢-06

-0.0387 / 0.0387
2.02e-08 / 2.02e-08

2¢-08 / 2e-08
2¢-08 / 2¢-08

-0.0239 / 0.0239

-0.0552 / 0.0552

0.0299 / -0.0299

0/0
2.02¢-08 / 2.02e-08
2.02e-08 / 2.02e-08
2.02e-08 / 2.02e-08
2.02e-08 / 2.02e-08
2.02¢-08 / 2.02e-08
2.02e-08 / 2.02e-08
2.02e-08 / 2.02e-08

-0.0351 / 0.0351

-0.0614 / 0.0614

-0.0224 / 0.0224

-0.0279 / 0.0279

0/0

0/0
2.02¢-08 / 2.02e-08

OC0O000000OO0OO0OO0OO0COCOO0O0O0OO0OO0OO

0.0113 / -0.0113
0.0104 / -0.0104
2.73e-05 / -2.73e-05
0.012 / -0.012
0.00827 / 0.00834
2.07e-05 / -2.07e-05
0.0481 / -0.0481
0.0154 / -0.0154
0.00996 / 0.012
2.81e-05 / -2.81e-05
1.99¢-05 / -1.99¢-05
-0.00124 / 0.0184
0.00996 / 0.012
0.022 / -0.022
1.24e-05 / 0.022
2.09¢-05 / -2.09¢-05
-0.0169 / 0.0169
1.97¢-09 / 1.97¢-09
-0.00997 / 0.00997
0.0151 / -0.0151
0.0085 / -0.0085
-0.0345 / 0.0603
0.0123 / 0.00346
0/0
1.97¢-09 / 1.97¢-09
1.97e-09 / 1.97e-09
1.97¢-09 / 1.97¢-09
1.97¢-09 / 1.97¢-09
1.97¢-09 / 1.97¢-09
1.97e-09 / 1.97e-09
1.97¢-09 / 1.97e-09
0.0188 / -0.0188
0.0334 / -0.011
-0.00691 / 0.0258
0.000945 / -0.000945
0/0

0/

1.97e-09 / 1.97e-09

C0O000000O0OO0OO0O0O0O00O0O0OO0OO0O0ORO

-0.000351 / 0.000351
-0.000353 / 0.000353
-1.17¢-06 / 1.18¢-06
-0.00035 / 0.00035
0.164 / -0.164
3.02e-06 / -3.01e-06
0.0271 / -0.0271
0.0037 / -0.0037
0.000502 / -0.000502
2.06e-06 / -2.05¢-06
0.000152 / -0.000152
0.00954 / -0.00954
9.51e-06 / -9.51e-06
-0.000895 / 0.000895
0.000543 / -0.000543
3.84¢-06 / -3.83¢-06
-0.0319 / 0.0319
4.41e-09 / 4.41e-09
-0.00471 / 0.00471
7.29¢-08 / -6.41e-08
-0.18 / 0.18
0.0629 / -0.063
0.00274 / -0.00274
0/0
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
4.41e-09 / 4.41e-09
-0.183 / 0.183
-0.00734 / 0.00734
-0.164 / 0.164
0.0191 / -0.0191
0/0
0/0
4.41e-09 / 4.41e-09
0/0
0/0
0/0
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PDF no. 20 0/0 -0.000816 / 0.000816 -0.000816 / 0.000816 0/0 0/0 0/0 0/0

PDF no. 21 0/0 -0.00123 / 0.00123 -0.00123 / 0.00123 0/0 0/0 0/0 0/0

PDF no. 22 0/0 0.0054 / -0.0054 0.0054 / -0.0054 0/0 0/0 0/0 0/0

PDF no. 23 0/0 0.000806 / -0.000806 0.000806 / -0.000806 0/0 0/0 0/0 0/0

PDF no. 24 0/0 -0.00109 / 0.00109 -0.00109 / 0.00109 0/0 0/0 0/0 0/0

PDF no. 25 0/0 -0.000695 / 0.000695 -0.000695 / 0.000695 0/0 0/0 0/0 0/0

PDF no. 26 0/0 0.0027 / -0.0027 0.0027 / -0.0027 0/0 0/0 0/0 0/0

PDF no. 27 0/0 0.00125 / -0.00125 0.00125 / -0.00125 0/0 0/0 0/0 0/0

PDF no. 28 0/0 0.0092 / -0.0092 0.0092 / -0.0092 0/0 0/0 0/0 0/0

PDF no. 29 0/0 0.000615 / -0.000615 0.000615 / -0.000615 0/0 0/0 0/0 0/0

PDF no. 30 0/0 -0.000547 / 0.000547 -0.000547 / 0.000547 0/0 0/0 0/0 0/0

JER DataVsMC 0/0 4.48e-08 / 4.48e-08 4.64e-09 / 4.64e-09 7.69e-09 / 7.69e-09 2.02e-08 / 2.02e-08 1.97e-09 / 1.97e-09 4.41e-09 / 4.41e-09
JET PunchThrough MC16 0/0 2.18e-06 / -2.2e-06 0.000156 / -0.000156 7.69e-09 / 7.69e-09 2.02e-08 / 2.02e-08 1.97e-09 / 1.97e-09 -2.13e-06 / 2.14e-06

tf ISR/FSR 0/0 0.115 / -0.112 0/0 0/0 0/0 0/0 0/0

tt PowHer7 0/0 0.235 / -0.233 0/0 0/0 0/0 0/0 0/0

tt + v cross-section 0/0 0/0 0.078 / -0.0782 0/0 0/0 0/0 0/0

Scale pp, up ttgam 0/0 0/0 -0.0153 / -0.0526 0/0 0/0 0/0 0/0

VV cross-section 0/0 0o/0 0/0 0o/0 0/0 0/0 0o/0

Scale pp, up VV 0/0 0/0 0/0 0/0 0/0 0/0 0/0

Single top cross-section 0/0 0/0 0/0 0/0 0/0 0/0 0/0

Scale pup, up single top 0/0 0/0 0/0 0/0 0/0 0/0 0/0
V+jets cross-section 0/0 0/0 0/0 0.0495 / -0.0495 0.0495 / -0.0495 0.0495 / -0.0495 0.0495 / -0.0495

Scale uR, up WGam 0/0 0/0 0/0 0.182 / -0.129 0/0 0/0 0/0

Scale pup, pp Zlets 0/0 0/0 0/0 0/0 0/0 0.159 / -0.105 0/0
Scale up, pp ZGam 0/0 0/0 0/0 0/0 0/0 0/0 0.189 / -0.125

TABLE H.2. Relative effect of each systematic (post-fit) on the yields in the SR for u+jets channel.

FCNC tt + jets tt + W + v W + jets Z + jets Z 4+ v

SigXsecOverSM 10.4 / -10.3 0/0 0/0 0/0 0/0 0/0 0/0
Luminosity 0.0484 / -0.0484 0.0484 / -0.0484 0.0484 / -0.0484 0.0484 / -0.0484 0.0484 / -0.0484 0.0484 / -0.0484 0.0484 / -0.0484

Electron trigger eff.

Electron reconstruction eff.

Electron identification eff.
Electron isolation eff.
Muon id. (stat)
Muon id. low pt (stat)
Muon id. (syst)
Muon id. low pt (syst)
Muon isolation eff. (stat)
Muon isolation eff. (syst)
Muon trigger eff. (stat)
Muon trigger eff. (syst)
SF(photon ID)
SF(photon iso.)
Pile-up
JVT
EGamFake
JGamFake
PDF Unc. NNPDF
c-tag Eigenvar.
c-tag Eigenvar.
c-tag Eigenvar.
c-tag Eigenvar.
c-tag Eigenvar.
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c-tag Eigenvar.

-2.63e-08 / -2.63e-08
-2.63e-08 / -2.63e-08
-2.63e-08 / -2.63e-08
-2.63e-08 / -2.63e-08
0.000628 / -0.000628
-2.63e-08 / -2.63e-08
0.00279 / -0.00279
-2.63e-08 / -2.63e-08
0.000185 / -0.000185
0.00222 / -0.00222
0.00169 / -0.00169
-0.0064 / 0.0064
0.00606 / -0.00606
-8.43e-05 / -8.43e-05
-0.00557 / 0.0055
0.00445 / -0.00466
0.000219 / -0.000219
0.00067 / -0.00067
-0.00506 / 0.00506
-0.0045 / 0.0045
0.00209 / -0.00209
8.17e-05 / -8.17e-05
-0.000799 / 0.000799
-0.0005 / 0.0005
-0.000348 / 0.000348

-2.39¢-08 / -2.39¢-08
-2.39¢-08 / -2.39¢-08
-2.39¢-08 / -2.39e-08
-2.39¢-08 / -2.39e-08
0.000595 / -0.000595
-2.39¢-08 / -2.39¢-08
0.00279 / -0.00279
-2.39¢-08 / -2.39e-08
0.000184 / -0.000184
0.00224 / -0.00224
0.00154 / -0.00154
-0.00617 / 0.00617
0.00702 / -0.00702
-0.000595 / -0.000595
0.01 / -0.0161
0.00383 / -0.00444
0.0632 / -0.0633
0.102 / -0.0991
0/0
0.000181 / -0.000181
-0.000147 / 0.000147
0.000409 / -0.000409
4.436-05 / -4.42¢-05
-7.21e-05 / 7.21e-05
-7.04e-05 / 7.04e-05

1.3¢-08 / 1.3¢-08
1.3¢-08 / 1.3e-08
1.3¢-08 / 1.3e-08
1.3¢-08 / 1.3e-08
0.000627 / -0.000627
1.3¢-08 / 1.3e-08
0.00299 / -0.00299
1.3¢-08 / 1.3e-08
0.000205 / -0.000205
0.00224 / -0.00224
0.00163 / -0.00163
-0.00631 / 0.00631
0.00573 / -0.00573
-2.51e-05 / -2.51e-05
0.000235 / 0.00326
0.00349 / -0.00475
0.00053 / -0.00053
0.0007 / -0.0007
0/0
-0.00483 / 0.00483
0.00145 / -0.00145
-0.000561 / 0.000562
-0.00049 / 0.00049
-0.000357 / 0.000357
-0.00027 / 0.00027
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3.64¢-08 / 3.64¢-08
3.64e-08 / 3.64e-08
3.64e-08 / 3.64e-08
3.64e-08 / 3.64e-08
0.000625 / -0.000625
3.64¢-08 / 3.64¢-08
0.00271 / -0.00271
3.64e-08 / 3.64e-08
0.000201 / -0.000201
0.00211 / -0.00211
0.0015 / -0.0015
-0.00668 / 0.00668
0.00587 / -0.00587
-0.000312 / -0.000312
0.0117 / 0.0048
0.00589 / -0.00609
0/0
0/0
0/0
0.0437 / -0.0437
-0.0069 / 0.0069
0.00102 / -0.00102
0.00168 / -0.00168
0.00439 / -0.00439
0.002 / -0.002

3.07¢-08 / 3.07e-08
3.07¢-08 / 3.07e-08
3.07¢-08 / 3.07e-08
3.07¢-08 / 3.07e-08
0.000714 / -0.000714
3.07¢-08 / 3.07e-08
0.00232 / -0.00232
3.07¢-08 / 3.07e-08
0.000178 / -0.000178
0.0021 / -0.0021
0.000592 / -0.000592
-0.00494 / 0.00494
0.00661 / -0.00661
-0.00086 / -0.00086
0.00112 / -0.031
0.00537 / -0.00608
0.000285 / -0.000285
0.291 / -0.275
0.0147 / -0.0147
0.00939 / -0.00939
-0.000793 / 0.000793
0.00318 / -0.00318
-0.000483 / 0.000483
0.00235 / -0.00235
0.00133 / -0.00133

2.22¢-08 / 2.22¢-08
2.22¢-08 / 2.22¢-08
2.22¢-08 / 2.22e-08
2.22e-08 / 2.22e-08
0.000578 / -0.000578
2.22¢-08 / 2.22¢-08
0.00213 / -0.00213
2.22e-08 / 2.22e-08
0.00015 / -0.00015
0.0022 / -0.0022
-2.29e-05 / 2.29¢-05
-0.00514 / 0.00514
0.00601 / -0.00601
0.00419 / 0.00419
0.00457 / -0.00225
0.00406 / -0.00411
0/0
0.249 / -0.237
0.0249 / -0.0249
0.0114 / -0.0114
-0.000717 / 0.000717
0.00216 / -0.00216
-0.000546 / 0.000546
0.00227 / -0.00227
0.000556 / -0.000556

-2.24¢-08 / -2.24e-08
-2.24¢-08 / -2.24e-08
-2.24¢-08 / -2.24e-08
-2.24e-08 / -2.24e-08
0.000566 / -0.000566
-2.24¢-08 / -2.24e-08
0.00294 / -0.00294
-2.24¢-08 / -2.24e-08
0.000195 / -0.000195
0.00233 / -0.00233
0.00131 / -0.00131
-0.00603 / 0.00603
0.00589 / -0.00589
0.000519 / 0.000519
0.0319 / -0.0196
0.00248 / -0.00337
0/0
0/0
0/0
0.0258 / -0.0258
-0.00463 / 0.00463
0.0031 / -0.0031
-8.72¢-05 / 8.71e-05
0.00412 / -0.00412
0.00232 / -0.00232




c-tag Eigenvar. 7
c-tag Eigenvar. 8
c-tag Bigenvar. 9
c-tag Eigenvar. 10
c-tag Eigenvar. 11
c-tag Eigenvar. 12
c-tag Bigenvar. 13
c-tag Eigenvar. 14
c-tag Eigenvar. 15
c-tag Eigenvar. 16
c-tag Eigenvar. 17
c-tag Bigenvar. 18
c-tag Eigenvar. 19
c-tag Eigenvar. 20
light-tag Eigenvar.
light-tag Eigenvar.
light-tag Bigenvar.
light-tag Eigenvar.
light-tag Eigenvar.
light-tag Bigenvar.
light-tag Eigenvar.
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light-tag Eigenvar.
light-tag Eigenvar. 9
light-tag Eigenvar. 10
light-tag Bigenvar. 11
light-tag Eigenvar. 12
light-tag Eigenvar. 13
light-tag Eigenvar. 14
light-tag Eigenvar. 15
light-tag Eigenvar. 16
light-tag Eigenvar. 17
light-tag Eigenvar. 18
light-tag Eigenvar. 19
light-tag Eigenvar. 20
b-tag Eigenvar. 2
b-tag Eigenvar. 3
b-tag Eigenvar. 4
b-tag Eigenvar. 5
b-tag Eigenvar. 6
b-tag Eigenvar. 7
b-tag Eigenvar. 8
b-tag Eigenvar. 9
b-tag Eigenvar. 10
b-tag Eigenvar. 11
b-tag Eigenvar. 12
b-tag Eigenvar. 13
b-tag Eigenvar. 14
b-tag Eigenvar. 15
b-tag Eigenvar. 16
b-tag Eigenvar. 17
b-tag Eigenvar. 18
b-tag Eigenvar. 19
b-tag Eigenvar. 20
b-tag Eigenvar. 21
b-tag Eigenvar. 22
b-tag Eigenvar. 23
b-tag Eigenvar. 24
b-tag Eigenvar. 25
b-tag Eigenvar. 26

0.000411 / -0.
0.000352 / -0.
-9.14¢-05 / 9.
0.000393 / -0.
0.00104 / -0.
0.000519 / -0.
0.000667 / -0.
-0.000186 / 0.
-0.000587 / 0.
0.00136 / -0.
-0.000818 / 0.
0.00189 / -0.
-0.00402 / 0.
-0.000463 / 0.
-0.00137 / 0.
0.000794 / -0.
6.51e-05 / -6.
.000259
0.000189 / -0.
0.000117 / -O0.
0.000153 / -0.
3.91e-05 / -3.
0.000185 / -O0.
7.93e-05 / -7.
-9.94e-05 / 9.
-0.000154 / 0.
0.000264 / -O0.
-0.000303 / 0.
-4.84¢-05 / 4.
6.99e-05 / -6.
0.000356 / -O0.
.48e-05
0.000106 / -O0.
.86¢-05
-0.00332 / 0.
-0.00243 / 0.
0.000604 / -0.
0.00127 / -0.
0.00291 / -0.
0.000891 / -0.
-0.00305 / 0.
.29¢-05
0.00325 / -0.
0.000992 / -0.
-0.000162 / 0.
0.000131 / -0.
0.000193 / -0.
0.00126 / -0.
0.000648 / -O0.
-0.000433 / 0.
0.00113 / -0.
0.00137 / -0.
0.000448 / -0.
-6.6e-05 / 6.
-0.00105 / 0.
-0.000309 / 0.
.69¢-05
2.19e-05 / -2.
0.00156 / -0.

0.000259 / -0

1.48e-05 / -1

-9.86e-05 / 9

-1.29¢-05 / 1

-1.69e-05 / 1

000411
000352
14e-05
000393
00104
000519
000667
000186
000587
00136
000818
00189
00402
000463
00137
000794
51e-05

000189
000117
000153
91le-05
000185
93e-05
94e-05
000154
000263
000303
84e-05
99e-05
000356

000106

00332
00243
000604
00127
00291
000891
00305

00325
000992
000162
000131
000193
00126
000648
000433
00113
00137
000448
6e-05
00105
000309

19e-05
00156

0.000217 / -0.000217
-0.000105 / 0.000105
-0.00014 / 0.00014
0.000143 / -0.000143
0.000112 / -0.000112
0.00016 / -0.00016
0.000167 / -0.000167
-1.91e-05 / 1.91e-05
-2.78e-05 / 2.79¢-05
-7.33-07 / 6.86e-07
-8.06e-05 / 8.05e-05
0.000124 / -0.000124
-0.000362 / 0.000362
-0.000314 / 0.000314
-0.00447 / 0.00447
0.00185 / -0.00185
3.83e-05 / -3.83e-05
0.000627 / -0.000628
0.000678 / -0.000678
7.17¢-05 / -7.17¢-05
0.000537 / -0.000537
0.000175 / -0.000175
0.00038 / -0.00038
0.000142 / -0.000142
-5.98¢-05 / 5.98¢-05
-0.000334 / 0.000334
0.000587 / -0.000587
-0.000354 / 0.000353
0.000146 / -0.000146
-0.0001 / 0.0001
0.000386 / -0.000386
4.58¢-05 / -4.59¢-05
8.85¢-05 / -8.85¢-05
-9.03e-05 / 9.02¢-05
0.00327 / -0.00327
0.00464 / -0.00464
-0.00162 / 0.00162
0.000346 / -0.000346
-0.00422 / 0.00422
0.000135 / -0.000135
0.00223 / -0.00223
-0.000957 / 0.000957
-0.00248 / 0.00248
-0.00233 / 0.00233
0.000417 / -0.000417
0.00164 / -0.00164
0.00042 / -0.00042
0.00151 / -0.00151
-0.000869 / 0.000869
-0.00131 / 0.00131
0.00243 / -0.00243
0.00216 / -0.00216
0.000209 / -0.000209
-3.68¢-05 / 3.68e-05
-0.00062 / 0.00062
0.000505 / -0.000505
-0.00062 / 0.00062
0.000832 / -0.000832
0.00235 / -0.00235

Table

0.000157 / -0.000157
-2.87e-05 / 2.87e-05
-7.78¢-08 / 1.04e-07
0.000306 / -0.000306
0.000529 / -0.000529
0.00035 / -0.00035
0.00035 / -0.00035
-0.000103 / 0.000103
-0.000262 / 0.000262
0.000419 / -0.000419
-0.000358 / 0.000358
0.000373 / -0.000373
-0.00258 / 0.00258
-0.00136 / 0.00136
-0.00191 / 0.00191
0.00128 / -0.00128
-1.47e-05 / 1.47e-05
0.000471 / -0.000471
0.000466 / -0.000466
0.000122 / -0.000122
0.000316 / -0.000316
8.49¢-05 / -8.5¢-05
0.000212 / -0.000212
6.52¢-05 / -6.51e-05
-7.05e-05 / 7.06e-05
-0.000297 / 0.000297
0.000521 / -0.000521
-0.000536 / 0.000536
-3.03¢-05 / 3.03e-05
3.33e-05 / -3.33e-05
0.000531 / -0.000532
5.95¢-05 / -5.95¢-05
0.000126 / -0.000126
-0.000139 / 0.000139
0.00123 / -0.00123
0.00249 / -0.00249
-0.0014 / 0.0014
-0.000147 / 0.000147
-0.00193 / 0.00193
0.000842 / -0.000842
0.00169 / -0.00169
-0.000256 / 0.000256
-0.00262 / 0.00262
-0.000718 / 0.000718
-9.79e-05 / 9.79¢-05
0.00114 / -0.00114
0.000198 / -0.000198
0.0018 / -0.0018
0.000439 / -0.000439
-0.000935 / 0.000935
0.00197 / -0.00197
0.00167 / -0.00167
0.000418 / -0.000418
-0.000157 / 0.000157
-0.000793 / 0.000793
0.000575 / -0.000575
-0.000424 / 0.000424
0.000709 / -0.000709
0.00188 / -0.00188
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-0.00264 / 0.
0.000166 / -0.
-0.000459 / 0.
-0.0059 / 0.
0.00137 / -0.
0.000725 / -0
-0.00071 / 0
-0.00166 / 0.
-0.00123 / 0.
-0.000478 / 0
-0.000646 / 0
-0.000139 / 0.
-0.00132 / 0.
-0.00106 / 0.
-0.048 / 0
0.0107 / -0.
0.00141 / -0.

0.00284 / -0

0.00165 / -0
0.00259 / -0.
0.000372 / -0.
0.000728 / -0

-0.00422 / 0.
0.00144 / -0.
-0.00128 / 0
-0.000312 / 0
-0.000236 / 0
8.4e-05 / -8.
0.0006 / -0.
8.79e-05 / -8
9.41e-05 / -9
-0.000121 / 0

-0.000229 / 0

0.000279 / -0

0.000116 / -0

-0.000122 / 0

0.000434 / -0
-0.000276 / 0

0.000155 / -0
-0.000541 / 0

0.000859 / -0

00264
000166
000459
0059
00137

.000725
.00071

00166
00123

.000478
.000646

000139
00132
00106

.048

0107
00141

.00284
0.000694 / -0.
.00165

000694

00259
000372

.000728
0.00178 / -0.

00178
00422
00144

.00128
.000312
.000237

4e-05
0006

79e-05
.42e-05
.000121
-0.00159 / 0.
-0.000451 / 0.
.000229
-0.000491 / 0.
3.36e-05 / -3.
.000279
7.27e-05 / -7.
000116
0.00022 / -0.
0.000166 / -0.
.000122
6.48¢-05 / -6.
0.000214 / -0.
0.000855 / -0.
.000434
.000276
0.00108 / -0.
0.00169 / -0.
-2.92e-05 / 2.
.000155
.000541
-0.000364 / 0.
-4.16e-05 / 4.
-0.000505 / 0.
.000859

00159
000451

000491
36e-05

27e-05

00022
000166

48e-05
000214
000855

00108
00169
92e-05

000364
16e-05
000505

-0.000457 / 0.000457
-0.000164 / 0.000164
0.00108 / -0.00108
-0.00168 / 0.00168
0.00109 / -0.00109
0.000201 / -0.000201
0.00069 / -0.00069
0.000176 / -0.000176
0.000118 / -0.000118
-0.000115 / 0.000115
-0.000406 / 0.000406
0.000637 / -0.000637
-0.000635 / 0.000635
-0.000412 / 0.000412
-0.171 / 0.171
0.0447 / -0.0447
0.00881 / -0.00881
0.0111 / -0.0111
0.00555 / -0.00555
0.00749 / -0.00749
0.0101 / -0.0101
0.000582 / -0.000582
0.0112 / -0.0112
0.0174 / -0.0174
-0.027 / 0.027
0.00766 / -0.00766
-0.00493 / 0.00493
-0.000292 / 0.000292
-0.000109 / 0.000109
-0.000342 / 0.000342
0.0008 / -0.0008
0.000151 / -0.000151
5.46¢-05 / -5.46¢-05
-6.13e-05 / 6.13¢-05
-0.000159 / 0.000159
-0.000494 / 0.000494
0.000118 / -0.000118
0.00276 / -0.00276
0.000276 / -0.000276
0.000244 / -0.000244
-0.000309 / 0.000309
-0.00011 / 0.00011
0.00106 / -0.00106
8.05¢-05 / -8.05e-05
-7.88¢-06 / 7.88¢-06
0.000136 / -0.000136
0.000215 / -0.000215
0.000571 / -0.000571
0.000188 / -0.000188
-0.00027 / 0.00027
0.000932 / -0.000932
0.00104 / -0.00104
-9.13e-05 / 9.13e-05
-2.38¢-05 / 2.38e-05
0.000156 / -0.000156
0.000393 / -0.000393
-3.18e-05 / 3.18e-05
-7.05e-05 / 7.05e-05
0.000965 / -0.000965

-0.00266 / 0.00266
0.000415 / -0.000415
0.000669 / -0.000669

0.00104 / -0.00104
-0.000438 / 0.000438
-0.000192 / 0.000192

-0.00145 / 0.00145
-0.000636 / 0.000636

-0.0008 / 0.0008
-0.000415 / 0.000415

-0.00037 / 0.00037
0.000153 / -0.000153
-0.000177 / 0.000177

-0.00084 / 0.00084

-0.142 / 0.142
0.0376 / -0.0376
0.00372 / -0.00372
0.0127 / -0.0127
0.0136 / -0.0136
0.00302 / -0.00302
0.0129 / -0.0129
0.00258 / -0.00258
0.00957 / -0.00957
0.016 / -0.016
-0.0212 / 0.0212

0.00407 / -0.00407

-0.00756 / 0.00756
-0.000428 / 0.000428
-0.000648 / 0.000648
0.000156 / -0.000156
0.000298 / -0.000298
5.36e-05 / -5.36e-05
0.000113 / -0.000114
-0.000207 / 0.000207

0.00049 / -0.00049
-0.000176 / 0.000176
5.78e-05 / -5.78e-05

0.00154 / -0.00154
-1.15e-05 / 1.15e-05
-0.000107 / 0.000107
0.000842 / -0.000842
-0.000112 / 0.000112
-0.000685 / 0.000685
0.000421 / -0.000421
-0.000137 / 0.000137
-0.000232 / 0.000232
-9.99¢-05 / 9.99¢-05
0.000157 / -0.000157
-6.26e-05 / 6.26e-05

-6e-05 / 6e-05

0.00022 / -0.00022

0.00022 / -0.00022
5.65¢-05 / -5.65e-05
5.87e-05 / -5.87e-05
-0.000167 / 0.000167
0.000262 / -0.000262
4.78e-05 / -4.78e-05
0.000158 / -0.000158

0.00023 / -0.00023

-0.00343 / 0.00343
0.00129 / -0.00129
0.00111 / -0.00111
-0.00182 / 0.00182
-0.00146 / 0.00146
3.18¢-06 / -3.11e-06
0.000523 / -0.000523
0.000137 / -0.000137
-0.00137 / 0.00137
-0.000296 / 0.000296
-0.000816 / 0.000815
9.5¢-05 / -9.5¢-05
-0.00224 / 0.00224
-0.0017 / 0.0017
-0.0535 / 0.0535
0.0115 / -0.0115
0.00419 / -0.00419
0.00196 / -0.00196
-0.00199 / 0.00199
0.002 / -0.002
0.00169 / -0.00169
0.000485 / -0.000485
0.00154 / -0.00154
0.00304 / -0.00304
-0.0011 / 0.0011
0.0023 / -0.0023
-0.000589 / 0.000589
-0.000152 / 0.000152
-0.000276 / 0.000276
4.92¢-05 / -4.92e-05
0.00035 / -0.00035
2.75¢-05 / -2.75¢-05
0.000127 / -0.000127
-0.000119 / 0.000119
-0.00163 / 0.00163
-0.000394 / 0.000394
0.000151 / -0.000151
0.000147 / -0.000147
0.000349 / -0.000349
0.000779 / -0.000779
-0.00129 / 0.00129
-0.00011 / 0.00011
0.000967 / -0.000967
0.00012 / -0.00012
-5.98¢-05 / 5.98¢-05
0.000257 / -0.000257
0.000207 / -0.000207
0.000567 / -0.000567
0.000211 / -0.000211
-0.000293 / 0.000293
0.000924 / -0.000924
0.00136 / -0.00136
2.06e-05 / -2.06e-05
9.67¢-05 / -9.67¢-05
-0.000831 / 0.000831
-0.000373 / 0.000373
-3.2e-05 / 3.2e-05
2.44¢-05 / -2.44¢-05
0.000894 / -0.000894
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Muon momen resolution (ID)
Muon momen resolution (MS)
Muon momen scale
Muon Sagitta ResBias
Muon Sagitta Rho
Met ResoPara
Met ResoPerp
MET Scale
Electron energy resolution
Electron energy scale
AF2 Electron energy scale
BJES Response
JES EffectiveNP Detectorl
JES EffectiveNP Detector2
JES EffectiveNP Mixed1l
JES EffectiveNP Mixed2
JES EffectiveNP Mixed3
JES EffectiveNP Modellingl
JES EffectiveNP Modelling2
JES EffectiveNP Modelling3
JES EffectiveNP Modelling4
JES EffectiveNP Statl
JES EffectiveNP Stat2
JES EffectiveNP Stat3
JES EffectiveNP Stat4
JES EffectiveNP Stath
JES EffectiveNP Stat6
JES Etalnterc Modeling
JES EtalntercNonclo HighE
JES Etalnterc Nonclo NegEta
JES Etalnterc Nonclo PosEta
JES Etalnterc TotalStat
JES Flavor Composition
JES Flavor Response
JER DataVsMC AFII
JER Effective NP1
JER Effective NP2
JER Effective NP3
JER Effective NP4

7.38e-05 / -7.38e-05
0.000149 / -0.000149
-0.000274 / 0.000274
0.000497 / -0.000497
9.61e-05 / -9.61e-05
0.00109 / -0.00109
-0.000457 / 0.000457
0.000323 / -0.000323
0.00055 / -0.00055
-0.00074 / 0.00074
-0.00172 / 0.00172
0.000585 / -0.000585
0.00142 / -0.00142
0.000458 / -0.000458
-0.00111 / 0.00111
-0.00235 / 0.00235
0.000628 / -0.000628
0.000432 / -0.000432
-0.00122 / 0.00122
-0.00122 / 0.00122
-0.000491 / 0.000491
-0.000806 / 0.000806
-0.00145 / 0.00145
0.000636 / -0.000636
-2.63e-08 / -2.63¢-08
0.00186 / -0.00186
8.84e-05 / -8.84e-05
-0.000142 / 0.000142
-0.000101 / 0.000101
0.00571 / -0.0057
0.0017 / -0.0017
0.0044 / -0.0044
0.000161 / -0.000161
-1.71e-05 / 1.71e-05
-0.000757 / 0.000756
0.000412 / -0.000412
-5.51e-05 / 5.51e-05
0.00203 / -0.00203
1.98e-05 / -1.98¢-05
-0.000128 / 0.000128
0.000118 / -0.000118
6.77¢-06 / -6.76c-06
3.58¢-05 / -3.58¢-05
-0.000314 / 0.000314
9.47e-05 / -9.47e-05
-0.000358 / 0.000358
0.000108 / -0.000108
0.00115 / -0.00115
-2.63e-08 / -2.63e-08
4.89¢-06 / -4.87¢-06
-5.14¢-05 / 5.13e-05
0.000494 / -0.000494
-0.00262 / 0.00262
0.000746 / -0.000746
-2.63¢-08 / -2.63e-08
-2.63e-08 / -2.63e-08
2.54e-05 / -2.53e-05
4.1e-08 / -2.63e-08
-2.54e-05 / 2.54e-05

0.000311 / -0.000311
0.000631 / -0.000631
0.000196 / -0.000196
-0.000791 / 0.000791
-0.000664 / 0.000664
0.00104 / -0.00104
-0.00071 / 0.00071
-0.000549 / 0.000549
0.000486 / -0.000486
-0.000761 / 0.000761
-0.00197 / 0.00197
0.000549 / -0.000549
0.00167 / -0.00167
0.000396 / -0.000396
-0.00112 / 0.00112
-0.00254 / 0.00254
0.00049 / -0.00049
0.000458 / -0.000458
-0.00156 / 0.00156
-0.00156 / 0.00156
0.000275 / -0.000275
0.00737 / -0.00737
0.00385 / -0.00385
0.00253 / -0.00253
-2.39¢-08 / -2.39¢-08
0.00312 / -0.00312
0.0149 / -0.0149
0.00495 / -0.00495
0.00148 / -0.00148
0.0332 / -0.0331
-2.39¢-08 / -2.39e-08
-0.00324 / 0.00324
-0.000716 / 0.000716
4.73e-05 / -4.72e-05
-0.00228 / 0.00228
0.000976 / -0.000976
0.000734 / -0.000734
-0.0112 / 0.0112
-0.00267 / 0.00267
0.0032 / -0.0032
0.000319 / -0.000319
0.00228 / -0.00228
9.18e-05 / -9.18e-05
-0.000692 / 0.000692
-0.0005 / 0.0005
-0.00232 / 0.00232
0.00113 / -0.00113
-0.00469 / 0.00469
-2.39¢-08 / -2.39e-08
0.000461 / -0.000461
0.000907 / -0.000907
0.00109 / -0.00109
0.00782 / -0.00782
-0.000653 / 0.000653
0/0
-2.39¢-08 / -2.39¢-08
-2.39e-08 / -2.39e-08
-2.39¢-08 / -2.39e-08
-2.39¢-08 / -2.39e-08

Table

2.66e-05 / -2.66e-05
0.000363 / -0.000363
5.28¢-05 / -5.28¢-05
-0.00041 / 0.00041
-0.000234 / 0.000234
0.000974 / -0.000974
-0.000659 / 0.000659
-0.000652 / 0.000652
0.000517 / -0.000517
-0.000842 / 0.000842
-0.00184 / 0.00184
0.000509 / -0.000509
0.00126 / -0.00126
0.000763 / -0.000763
-0.00123 / 0.00123
-0.00218 / 0.00218
0.000661 / -0.000661
0.000465 / -0.000465
-0.00123 / 0.00123
-0.00123 / 0.00123
-0.000662 / 0.000662
-0.0018 / 0.0018
0.000525 / -0.000525
0.000807 / -0.000807
1.3¢-08 / 1.3e-08
0.00045 / -0.00045
0.00221 / -0.00221
0.000934 / -0.000934
0.000203 / -0.000203
0.0139 / -0.0139
1.36-08 / 1.3e-08
-0.00448 / 0.00448
-0.00104 / 0.00104
-0.000242 / 0.000242
-0.00146 / 0.00146
0.000616 / -0.000616
-0.000649 / 0.000649
-0.0127 / 0.0127
-0.000799 / 0.000799
-0.000279 / 0.000279
-0.000628 / 0.000628
-0.00129 / 0.00129
0.000181 / -0.000181
-0.000256 / 0.000256
6.24e-05 / -6.25¢-05
0.000222 / -0.000222
-0.00108 / 0.00108
-0.00518 / 0.00518
1.3e-08 / 1.3e-08
-0.00037 / 0.00037
-0.000196 / 0.000196
0.000792 / -0.000792
-0.0135 / 0.0134
0.00747 / -0.00747
0/0
1.3¢-08 / 1.3e-08
1.3e-08 / 1.3e-08
1.3e-08 / 1.3e-08
1.3e-08 / 1.3e-08

202

Continued

0.000194 / -0.000194
2.62e-05 / -2.62e-05
4.27¢-06 / -4.27¢-06
1.15e-05 / -1.15e-05
-4.28e-05 / 4.28e-05
0.0002 / -0.0002
-5.3¢-05 / 5.3e-05
-9.16e-07 / 9.16e-07
0.000313 / -0.000313
-0.000214 / 0.000214
-0.000329 / 0.000329
0.000134 / -0.000134
0.000487 / -0.000487
9.46e-05 / -9.46e-05
-0.000159 / 0.000159
-0.000818 / 0.000818
-0.000129 / 0.000129
-4.55e-05 / 4.55e-05
-0.000202 / 0.000202
-0.000202 / 0.000202
0.0366 / -0.0366
0.00268 / -0.00268
0.0084 / -0.0084
-0.00381 / 0.00381
3.64¢-08 / 3.64e-08
-0.00899 / 0.00899
0.0299 / -0.0299
-0.00807 / 0.00807
-0.022 / 0.022
0.021 / -0.0209
3.64e-08 / 3.64e-08
-0.00311 / 0.00311
-0.00805 / 0.00805
-0.00338 / 0.00338
-0.0143 / 0.0143
0.0136 / -0.0136
-0.00337 / 0.00337
-0.0114 / 0.0114
-0.00652 / 0.00652
0.0127 / -0.0127
-0.00338 / 0.00338
-0.00339 / 0.00339
0.0109 / -0.0109
0.00338 / -0.00338
-0.00771 / 0.00771
0.00337 / -0.00337
0.00338 / -0.00338
0.0363 / -0.0363
3.64e-08 / 3.64e-08
-1.27¢-05 / 1.26e-05
1.42e-07 / -1.75e-07
-0.0122 / 0.0122
0.028 / -0.028
0.00412 / -0.00412
0/0
3.64¢-08 / 3.64e-08
3.64e-08 / 3.64e-08
3.64e-08 / 3.64e-08
3.64e-08 / 3.64e-08

0.000299 / -0.000299
0.000111 / -0.000111
5.91e-05 / -5.91e-05
0.000375 / -0.000375
-6.55¢-05 / 6.55e-05
0.000347 / -0.000347
2.18¢-06 / -2.18¢-06
0.000159 / -0.000159
1.57e-05 / -1.57e-05
-0.00015 / 0.00015
-0.000428 / 0.000428
0.000532 / -0.000532
0.00129 / -0.00129
-0.000168 / 0.000168
-0.000219 / 0.000219
-0.00025 / 0.00025
-0.000134 / 0.000134
-0.000114 / 0.000114
-6.48¢-05 / 6.48¢-05
-6.48¢-05 / 6.48¢-05
0.00187 / -0.00187
-8.83e-05 / 8.83e-05
0.0043 / -0.0043
1.49¢-06 / -1.43e-06
3.07e-08 / 3.07e-08
-0.0271 / 0.0271
-0.000473 / 0.000473
0.0215 / -0.0215
0.013 / -0.013
0.00901 / -0.009
3.07e-08 / 3.07e-08
0.0495 / -0.0495
0.00193 / -0.00193
-4.61e-08 / 3.07e-08
-0.00051 / 0.00051
-0.00191 / 0.00191
-4.61e-08 / 1.07e-07
0.036 / -0.0258
-0.00192 / 0.00192
0.00192 / -0.00192
-2e-07 / 2.61e-07
0.00193 / -0.00193
-0.00191 / 0.00191
5.68¢-07 / -5.84e-07
-0.00193 / 0.00193
4.15e-07 / -4.3e-07
-2.76¢-07 / 2.61e-07
0.0109 / -0.000652
3.07e-08 / 3.07e-08
5.68e-07 / -5.07e-07
-1.23e-07 / 1.07e-07
0.00184 / -0.00184
0.00331 / 0.0069
-0.00343 / 0.00343
0/0
3.07e-08 / 3.07e-08
3.07e-08 / 3.07e-08
3.07e-08 / 3.07e-08
3.07e-08 / 3.07e-08

-0.000203 / 0.000203
3.29¢-06 / -3.29¢-06
1.21e-05 / -1.21e-05
0.000105 / -0.000105
-2.56e-05 / 2.56e-05
0.000282 / -0.000282
-0.000154 / 0.000154
8.12¢-05 / -8.12¢-05
0.000254 / -0.000254
-0.000123 / 0.000123
-0.000409 / 0.000409
0.000433 / -0.000433
0.000658 / -0.000658
0.000176 / -0.000176
-0.000275 / 0.000275
-0.000759 / 0.000759
0.000162 / -0.000162
-6.04e-05 / 6.04e-05
-0.000184 / 0.000184
-0.000184 / 0.000184
-1.63¢-05 / 1.64¢-05
0.0089 / -0.0089
-7.87¢-06 / 7.84e-06
2.22e-08 / 2.22e-08
2.22e-08 / 2.22e-08
0.032 / -0.032
0.0223 / -0.0223
-0.0167 / 0.0167
0.00494 / -0.00494
-0.0178 / 0.0178
2.22e-08 / 2.22e-08
-0.005 / 0.005
5.66-06 / -5.62¢-06
8.39¢-07 / -8.62¢-07
0.000132 / -0.000132
-0.00272 / 0.00272
9.07e-07 / -9.3e-07
-0.00338 / 0.00338
3.54¢-05 / -3.54¢-05
-3.9¢-06 / 3.87e-06
-2.49¢-06 / 2.47e-06
-1.14e-07 / 9.03¢-08
-1.72e-05 / 1.72¢-05
3.7¢-06 / -3.72e-06
-2.63e-06 / 2.68e-06
-6.37¢-06 / 6.35¢-06
-5.22¢-07 / 4.98¢-07
-0.0214 / 0.0214
2.22e-08 / 2.22e-08
2.22e-08 / 2.22e-08
2.22¢-08 / 2.22¢-08
-0.215 / 0.214
-0.00587 / 0.00587
-0.0122 / 0.0122
0/0
2.22e-08 / 2.22e-08
2.22e-08 / 2.22e-08
2.22e-08 / 2.22e-08
2.22¢-08 / 2.22e-08

0.0003 / -0.0003
0.000156 / -0.000156
0.000153 / -0.000153
-1.58e-05 / 1.58e-05
0.000115 / -0.000115
0.000295 / -0.000295
-0.000109 / 0.000109

3.4e-05 / -3.4e-05
7.33e-05 / -7.33e-05
-0.000558 / 0.000558
-0.000555 / 0.000555
0.000436 / -0.000436
0.000754 / -0.000754
5.13¢-06 / -5.13e-06
-0.000339 / 0.000339
-0.00113 / 0.00113

-1.9¢-05 / 1.9e-05
-0.000183 / 0.000183
-0.00025 / 0.00025
-0.00025 / 0.00025

0.0275 / -0.0275

0.0016 / -0.0016

-0.0022 / 0.0022

0.00111 / -0.00111
-2.24¢-08 / -2.24e-08

0.0535 / -0.0535

0.0135 / -0.0135

-0.0156 / 0.0156

0.00817 / -0.00817

0.0108 / -0.0108
-2.246-08 / -2.24e-08

-0.0042 / 0.0042

-0.00547 / 0.00547
-7.09e-07 / 6.65e-07
-0.00638 / 0.00638

-0.0157 / 0.0157

3.3¢-06 / -3.34e-06

-0.0221 / 0.0221

-0.0031 / 0.0031

0.00486 / -0.00487
0.000484 / -0.000484
0.00304 / -0.00304
0.00786 / -0.00786
-0.000484 / 0.000484
-0.000676 / 0.000676
0.00164 / -0.00164
-0.000635 / 0.000635
0.0138 / -0.0138
0.00061 / -0.00061
-0.000317 / 0.000317
-8.24¢-07 / 7.79e-07
-0.00699 / 0.00699
0.236 / -0.237
0.0199 / -0.0199
0/0
-2.24e-08 / -2.24e-08
-2.24e-08 / -2.24e-08
-2.246-08 / -2.24e-08
-2.246-08 / -2.24e-08




Table Continued

JER Effective NP5 -2.63e-08 / -2.63e-08 -2.39e-08 / -2.39e-08 1.3e-08 / 1.3e-08 3.64e-08 / 3.64e-08 3.07e-08 / 3.07e-08 2.22e-08 / 2.22e-08 -2.24e-08 / -2.24e-08
JER Effective NP6 -2.63e-08 / -2.63e-08 -2.39e-08 / -2.39e-08 1.3e-08 / 1.3e-08 3.64e-08 / 3.64e-08 3.07e-08 / 3.07e-08 2.22e-08 / 2.22e-08 -2.24e-08 / -2.24e-08
JER Effective NP7 RestTerm -2.63e-08 / 4.1e-08 -2.39e-08 / -2.39e-08 1.3e-08 / 1.3e-08 3.64e-08 / 3.64e-08 3.07e-08 / 3.07e-08 2.22e-08 / 2.22e-08 -2.24e-08 / -2.24e-08
JES Pileup OffsetMu 0.00049 / -0.00049 0.0057 / -0.0057 -0.00404 / 0.00404 -0.00458 / 0.00458 -0.00907 / 0.00907 -0.0082 / 0.0082 0.0368 / -0.0368
JES Pileup NPV 0.00259 / -0.00259 -0.00163 / 0.00163 -0.00768 / 0.00768 0.0243 / -0.0243 0.00562 / -0.00562 0.0202 / -0.0202 0.0162 / -0.0162
JES Pileup PtTerm 3.73e-05 / -3.73e-05 0.00567 / -0.00567 0.00118 / -0.00118 -0.000758 / 0.000758 -0.00359 / 0.00359 -0.0094 / 0.0094 0.0185 / -0.0185
JES Pileup RhoTopology 0.00456 / -0.00456 -0.0117 / 0.0117 -0.0118 / 0.0118 0.0144 / -0.0144 0.0223 / -0.012 0.0105 / -0.0105 -0.0219 / 0.0219
JET PunchThrough AFII -2.63e-08 / -2.63e-08 0/0 0/0 0/0 0/0 0/0 0/0
JES Relative NonClosure 0.00117 / -0.00117 0/0 0/0 0/0 0/0 0/0 0/0
JES SingleParticle HighPt -2.63e-08 / -2.63e-08 -2.39e-08 / -2.39e-08 1.3e-08 / 1.3e-08 3.64e-08 / 3.64e-08 3.07e-08 / 3.07e-08 2.22e-08 / 2.22e-08 -2.24e-08 / -2.24e-08
tf cross-section 0/0 0.0551 / -0.0551 0/0 0/0 0/0 0/0 0/0
Scale up, up ttbar 0/0 0/0 0/0 0/0 0/0 0/0 0/0
PDF no. 1 0/0 0.00238 / -0.00238 0.00238 / -0.00238 0/0 0o/0 0/0 0/0
PDF no. 2 0/0 -0.00993 / 0.00993 -0.00993 / 0.00993 0/0 0/0 0/0 0/0
PDF no. 3 0/0 -0.00117 / 0.00117 -0.00117 / 0.00117 0/0 0/0 0/0 0/0
PDF no. 4 0/0 -0.0116 / 0.0116 -0.0116 / 0.0116 0/0 0/0 0/0 0/0
PDF no. 5 0/0 0.000896 / -0.000896 0.000896 / -0.000896 0/0 0/0 0/0 0/0
PDF no. 6 0/0 -0.00751 / 0.00751 -0.00751 / 0.00751 0/0 0/0 0/0 0o/0
PDF no. 7 0/0 -0.00021 / 0.00021 -0.00021 / 0.00021 0/0 0/0 0/0 0/0
PDF no. 8 0/0 -0.000258 / 0.000258 -0.000258 / 0.000258 0/0 0/0 0/0 0/0
PDF no. 9 0/0 -0.005 / 0.005 -0.005 / 0.005 0/0 0/0 0/0 0/0
PDF no. 10 0/0 0.00134 / -0.00134 0.00134 / -0.00134 0/0 0o/0 0/0 0o/0
PDF no. 11 0/0 -0.00738 / 0.00738 -0.00738 / 0.00738 0/0 0/0 0/0 0/0
PDF no. 12 0/0 -0.00231 / 0.00231 -0.00231 / 0.00231 0/0 0/0 0/0 0/0
PDF no. 13 0/0 0.00144 / -0.00144 0.00144 / -0.00144 0/0 0/0 0/0 0/0
PDF no. 14 0/0 -0.0015 / 0.0015 -0.0015 / 0.0015 0/0 0/0 0/0 0/0
PDF no. 15 0/0 0.000515 / -0.000515 0.000515 / -0.000515 0/0 0o/0 0/0 0o/0
PDF no. 16 0/0 -0.00262 / 0.00262 -0.00262 / 0.00262 0/0 0/0 0/0 0/0
PDF no. 17 0/0 0.007 / -0.007 0.007 / -0.007 0/0 0/0 0/0 0/0
PDF no. 18 0/0 0.00272 / -0.00272 0.00272 / -0.00272 0/0 0/0 0/0 0/0
PDF no. 19 0/0 -0.00844 / 0.00844 -0.00844 / 0.00844 0/0 0o/0 0/0 0o/0
PDF no. 20 0/0 -0.000816 / 0.000816 -0.000816 / 0.000816 0/0 0/0 0/0 0/0
PDF no. 21 0/0 -0.00123 / 0.00123 -0.00123 / 0.00123 0/0 0/0 0/0 0/0
PDF no. 22 0/0 0.0054 / -0.0054 0.0054 / -0.0054 0/0 0/0 0/0 0/0
PDF no. 23 0/0 0.000806 / -0.000806 0.000806 / -0.000806 0/0 0/0 0/0 0/0
PDF no. 24 0/0 -0.00109 / 0.00109 -0.00109 / 0.00109 0/0 0/0 0/0 0/0
PDF no. 25 0/0 -0.000695 / 0.000695 -0.000695 / 0.000695 0/0 0/0 0/0 0/0
PDF no. 26 0/0 0.0027 / -0.0027 0.0027 / -0.0027 0/0 0/0 0/0 0/0
PDF no. 27 0/0 0.00125 / -0.00125 0.00125 / -0.00125 0/0 0/0 0/0 0/0
PDF no. 28 0/0 0.0092 / -0.0092 0.0092 / -0.0092 0/0 0/0 0/0 0o/0
PDF no. 29 0/0 0.000615 / -0.000615 0.000615 / -0.000615 0/0 0/0 0/0 0/0
PDF no. 30 0/0 -0.000547 / 0.000547 -0.000547 / 0.000547 0/0 0/0 0/0 0/0
JER DataVsMC 0/0 -2.39e-08 / -2.39e-08 1.3e-08 / 1.3e-08 3.64e-08 / 3.64e-08 3.07e-08 / 3.07e-08 2.22e-08 / 2.22e-08 -2.24e-08 / -2.24e-08
JET PunchThrough MC16 0/0 -1.28e-06 / 1.24e-06 7.39e-07 / -8.04e-07 3.54e-07 / -3.87e-07 3.07e-08 / 3.07e-08 2.22e-08 / 2.22e-08 -2.24e-08 / -2.24e-08
ti ISR/FSR 0/0 0.0949 / -0.0947 0/0 0/0 0/0 0/0 0/0
tf PowHer7 0/0 0.183 / -0.153 0/0 0/0 0/0 0/0 0/0
tt 4+ v cross-section 0/0 0/0 0.0777 / -0.0777 0/0 0/0 0/0 0/0
Scalep g, pp ttgam 0/0 0/0 20.0149 / -0.0598 0/0 0/0 0/0 0/0
VV cross-section 0/0 0o/0 0/0 0o/0 0o/0 0/0 0o/0
Scale up, up VV 0/0 0/0 0/0 0/0 0/0 0/0 0/0
Single top cross-section 0/0 0/0 0/0 0/0 0/0 0/0 0/0
Scale up, up single top 0/0 0/0 0/0 0/0 0/0 0/0 0/0
V+jets cross-section 0/0 0o/0 0/0 0.0497 / -0.0497 0.0497 / -0.0497 0.0497 / -0.0497 0.0497 / -0.0497
Scale up, pp WGam 0/0 0/0 0/0 0.16 / -0.115 0/0 0/0 0/0
Scale up, pp Zlets 0/0 0/0 0/0 0/0 0/0 0.227 / -0.15 0/0
Scale up, pp ZGam 0/0 0/0 0/0 0/0 0/0 0/0 0.202 / -0.134




1]
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