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ABSTRACT

Measurements of inclusive t£W = production cross sections performed by the ATLAS and CMS
collaborations have consistently shown excesses of 20%-70% over theoretical predictions. These ob-
servations have lead to a growth in interest from the theory community over the last several years,
leading to the realization that subleading electroweak corrections involving internal tW — tW
scattering can be important for differential ¢¢1¥ production cross section calculations. This the-
sis presents the first differential cross section measurements of the t¢W process using 138 b=t of
pp collision dataat /s = 13 TeV collected by the ATLAS experiment. Of particular interest is
the Nje distribution, a key input for the measurement of ¢t H production in multi-lepton final
states. Inclusive and differential cross sections are extracted at the particle level in 2/SS and 3/ fidu-
cial regions, both separated by total charge of the leptons as well as inclusively in charge with relative
charge asymmetries. Charge-asymmetric enhancement in the t¢WW 2/SS fiducial regions and charge-
symmetric enhancement in the 3¢ region are observed. Excesses in the ¢£1¥ production cross section
are localized to events with low jet multiplicity, high leptonic H, and high di-lepton invariant mass.

Distributions are generally in good agreement with predictions of several Monte Carlo models.
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The Standard Model

1.1 ELEMENTARY PARTICLES

The Standard Model of particle physics is the most comprehensive theory of the fundamental con-
stituents of matter and energy devised by humankind. It posits the existence of leptons and quarks
that coalesce to form ordinary matter at macroscopic scales and bosons that mediate interactions.
The dynamics of the theory include the electromagnetic interaction mediated by the photon -, the
strong nuclear interaction mediated by the gluon g, and the weak nuclear force mediated by the mas-

sive W+ and Z° bosons. The SM particle content and its interactions are illustrated in Figure 1.1.



Beyond a mere catalogue of the known elementary particles, the Standard Model (SM) describes
their properties and interactions. The most common use of the SM for high energy physics is the cal-
culation of scattering amplitudes, typically by means of a perturbative expansion in small coupling
strengths. Each term in the perturbative expansion can be represented by a set of Feynman diagrams,
allowing for an intuitive interpretation of the processes that mediate the scattering interaction. As
an example, the s-channel diagram for ¢t production in pp collisions is shown in Figure 1.2. This
chapter will provide an overview of the formulation of the Standard Model, highlighting its key fea-
tures relevant for the work described in this thesis. This chapter draws from references [22, 23, 24]

heavily throughout.

leptons

quarks

photon
Higgs boson

weak bosons

Figure 1.1: The interactions of the SM. Black ovals represent particles while lines connect particles that couple.
Gauge interactions are shown in blue, while the Yukawa couplings and Higgs electroweak couplings are shown
in green and orange. Based on [1].



Y t

Figure 1.2: Feynman diagram for s-channel tf production at the LHC

1.2 INTERACTIONS AND SYMMETRIES

The Standard Model is a renormalizable quantum field theory composed of indivisible particles.
These particles are understood as excitations in quantum fields that permeate spacetime. Particle
species can be defined as the irreducible unitary representations of the Poincaré global symmetry
group ISO(1, 3) of Lorentz transformations. In this way, the principles of Special Relativity are fun-
damentally embedded in the theory. Particles are uniquely classified by their mass m, a non-negative
real number, and their spin J, which can take positive half-integer values J = 0,1/2,1,3/2,2,...".
The construction of the theory relies on packaging these spin states into Lorentz covariant vectors
and tensors that propagate a larger number of degrees of freedom than is required for particle states.
In order to remove these extra degrees of freedom, local symmetries are imposed via gauge transfor-
mations of fields that leave the SM Lagrangian invariant. The unbroken symmetry group of the SM
is given by Equation 1.1:

Gsm = SU(?))C X SU(Z)L X U(l)YW (I.I)

' Additional immutable properties like color, charge, weak isospin, and weak hypercharge are added to the
list of quantum numbers that uniquely define particle species when the theory describing their interactions is

gauged.



This is the direct product of the symmetry groups of the strong interaction, which couples to color
charge, and the electroweak interaction, which couples to weak isospin I of left-handed fermions
and weak hypercharge Yjy. These local symmetries lead to the conservation of charges to which the
fundamental interactions couple through Noether’s theorem. Furthermore, the SM Lagrangian is
invariant under CPT transformations, the simultaneous reversal of charge, parity, and time. Finally,
the SM Lagrangian exhibits an additional set of accidental symmetries that are not embedded in
the model a priori. These lead to the conservation of baryon number and the three lepton family
numbers.

The SM is explicitly defined through its Lagrangian density (up to total derivative terms) and can

be considered piecewise in Equation 1.2:
Lsm = Lqcp + Lew + L1 + Lyakawa (1.2)

Quantum chromodynamics, the theory of the strong interaction which couples to particles with

color charge, is encapsulated in the first term of the SM Lagrangian:

T i 1 a v
Lacp = Y ity Difap; — 1GwGa (1.3)
¥

Here, 1 is the 4-component Dirac spinor for each of the 6 massless quarks, i = {r, g, b} are the

three color indices, and G, is the 8-component SU(3) gauge field in the adjoint representation

indexed by @ = {1,2,...,8}. The covariant derivative encodes the interaction between gluons and
quarks and is given by
D = 0,6i5v; — igsGoT; (1.4)



where 7T}

% are the 3 x 3 Gell-Mann matrices that generate SU(3) . The gluon field strength tensor

G, encodes the gluon field propagation and self-interaction and is given by
G4, = 0,G% — 9,G% + go f**°Gh G, (1.5)

where f?¢ are the structure constants of SU(3) . The non-vanishing structure constants of the
QCD Lagrangian is a result of QCD being a self-interacting, non-Abelian gauge theory. Itis also
a strongly interacting theory at energies near and below Agcp ~ 200 MeV when the strong cou-
pling constant g5 becomes O(2 1), which spoils the perturbative calculation of scattering ampli-
tudes and the interpretability of Feynman diagrams. It is at this scale that QCD confines quarks to
colorless bound states called hadrons and an entirely different effective theory based on the Chiral
Lagrangian is better suited to model their dynamics. QCD becomes a weakly interacting theory
at energy scales much larger than Aqcp, as the coupling g, becomes O(S 0.1). This high energy
behavior of the strong interaction is known as asymptotic freedom.

The next term in the SM Lagrangian models the propagation of free fields and interactions in the

electroweak (EW) sector:
Tt Lovmwypa _ Lo
Lew =Y py"iDyap — W, = B B (1.6)
()

In the EW Lagrangian, 1) runs over the 2-component Weyl spinors for both quarks and leptons.

The fields B,, and Wu = (WB, Wﬁ, Wi ) are the massless U(1) y and SU(2) 1, gauge fields,



respectively. The covariant derivative for the EW interaction is defined as
1 I
D,y = 0,0+ ig §YWBuw + zgiTi WM (1.7)

with Y}y the weak hypercharge and 7% the Pauli matrices (the L superscript denotes their applica-
tion to left-handed fermions only). The kinetic terms of the By, and W), fields are defined analo-
gously to the kinetic terms of the gluon field in the QCD Lagrangian, where the structure constants
are derived from separate Lie brackets of the U(1) and SU(2) gauge group algebras (they vanish
for the Abelian group U(1)).

The remaining two terms of the SM Lagrangian involve the Higgs field H, a complex scalar

isospin doublet with Yyr = 41 written as

|
- 5(0)

The Lagrangian that describes the Higgs field and its interactions with the massless EW vector

bosons

Ly = (D'H) (D, H) + V(H) (1.9)

where the covariant derivative for the EW interaction D), H is defined as in Equation 1.7. The most

general gauge-invariant and renormalizable Higgs potential is given by
2
V(H) = i2H H + Ay (HU{) (1.10)

The most general gauge-invariant terms that can be written for interactions between fermions and



the Higgs take the form of scalar Yukawa interactions:

— Lyakawa = Yo @ LH* + yLdirQ H* + yumQ; H + hec. (r.11)

where care has been taken to write explicitly the chiral-right SU(2) 1, singlet fields €;r, d;r, and
u;r. The constants y;; determine the coupling strengths of fermions to the Higgs and ultimately
fermion masses once the Higgs field acquires a vacuum expectation value, where 7, j index the three
fermion generations. Note that there is a separate term for charged leptons (yg ), up-type quarks
(yg ), and down-type quarks (yg ), while the SM treats the neutrinos as massless.

These are the ingredients to the renormalizable SM with its unbroken electroweak symmetries.
It does not feature the well-known electroweak bosons W+ and Z° and fermions are massless. The
next section will discuss the process of electroweak symmetry-breaking that motivated the introduc-

tion of the neutral scalar boson to the SM in the first place.

1.3 THE HicGs MECHANISM AND FERMION MASSES

The Higgs field, subsequent Electroweak symmetry-breaking (EWSB) mechanism, and existence

of an observable neutral scalar boson were proposed by Brout, Englert, and Higgs in 1964 [25,

26]. Electroweak gauge symmetry is spontaneously broken, in that the Lagrangian remains gauge-
invariant but admits vacuum states that break EW gauge symmetry. Given u? < 0 in Equation 1.10,

the Higgs field H assumes a nonzero vacuum expectation value (VEV)* The Higgs doublet then

*Tt is expected that the Higgs potential evolved from 12 > 0to u? < 0 in the first moments after the uni-
verse began.



takes the following form, which is unique up to SU(2) 1, x U(1) y;,, gauge transformations:

_ (Y : 2 _ 117
(H) = , withv>0 and ov°=-— (1.12)
v AH
The only linear combination of the 4 generators of the unbroken EW symmetry group that anni-
hilates (H'), and therefore leave £ invariant under its gauge transformation, is I3 + %YW = Q,

which is the electric charge. This implies that (H) is uncharged. Therefore the full Standard Model

symmetry group given in Equation 1.1 is spontaneously broken:
SU(3)C ®SU(2)L ®U(1)YW — SU(?))C ®U(1)EM (1.13)

This leads to the photon of the Electromagnetic (EM) interaction remaining massless and the con-
servation of electric charge. The symmetries of the remaining 3 linear combinations of generators
are broken and lead to the absorption of the associated degrees of freedom (Goldstone bosons) to
form the longitudinal modes required for massive W+ and Z° fields. The relevant field definitions

are given by:

A, =sin HwW3 + cos 0, B, (r.14)
Z,, = cos HwWE —sin 6, B, (r.15)

Wi =— (W, FiW7) (1.16)

1
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where tan 6, = ¢’/g. The substitution of these fields into Lgy give the familiar constants of the

SM after symmetry breaking:

e =gsinf, (EM coupling strength) (1.17)
My = gg (1.18)
M,
My = v P2 +g?=—W (1.19)
2 cos 6,

The sole remaining degree of freedom of the doublet /I manifests as an observable neutral scalar
field h, which can be substituted into Lsy. Its mass is given by m% = 2,u2 = 202 Substituting

H = % (vi h) into Equation 1.11 gives mass terms for the fermions and their couplings to the state

h:

1 .
EYukawa = _ﬁ Z yszzw}{ +h.c. (1'2’0)
1 —
-7 Zyih¢2¢%+h.c. (r.21)

where ¢ runs over the charged lepton and quark species and y; is the Yukawa coupling strength of
the fermions. Note that the fermion mass is proportional to its coupling strength to the Higgs bo-
son h.

To summarize, the issue with the Electroweak Lagrangian of the Standard Model is that fermions
and EW boson mass terms spoil gauge invariance of Lgw. Therefore, the EW symmetry is sponta-
neously broken and masses are furnished for the EW bosons through the absorption of degrees of

freedom from the Higgs field H. The fermions obtain their masses simply through Yukawa cou-
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pling terms. These are two qualitatively different mechanisms, a fact that will be revisited in Chap-

ter 2.

1.3.1  DEFICIENCIES OF THE STANDARD MODEL

While the SM has produced predictions verified by experiments to the level of parts per billion and
successfully explains physics across orders of magnitude, it has several clear deficiencies that motivate

the continued research in fundamental particle physics. They are given as follows:

1. While the SM can be extended to accommodate curved spacetime geometries at low energies,

there is no true quantum theory of gravity within the SM.

2. Since the observation of galactic rotation curves by Rubin [27], physicists have known the
existence of a stable form of matter unlike Baryonic matter that does not interact electromag-
netically. Further assuming that the so-called Dark Matter is constituted by weakly interact-
ing massive particles give rise to baryon acoustic oscillations in the early universe that explain
features of the Cosmic Microwave Background [28]. The SM does not offer a candidate for

Dark Matter and no particle Dark Matter has ever been detected.

3. The existence of Dark Matter and the accelerating expansion of the universe motivates the
ACDM model, where A refers to the cosmological constant that can be added in Einstein’s
field equation to give rise to accelerated expansion of the universe. The conventional inter-
pretation of A is that of a vacuum energy density. The Standard Model does not explain the

origin of this vacuum energy.

4. Itisacommon (but perhaps incorrect) assumption that the universe began in a highly or-
dered state with equal amounts of matter and anti-matter. The necessary and sufficient con-
ditions for electroweak baryogenesis to have occurred in the early universe, i.e. the creation
of an imbalance of matter over anti-matter at the level of what is observed today, were given
Sakharov: 1) baryon number violation, 2) C and CP violation, 3) departure from thermal
equilibrium [29]. Baryogenesis requires more baryon and C’P violation than explained by
SM. It also requires a first order phase transition to have occurred, which is not provided by

the smooth electroweak phase transition [30].

5. There is a term in the QCD Lagrangian that is controlled by a CP-violating phase 6 that

is observed to be very close to zero, leading to the preservation of C’P-symmetry. There is
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no mechanism to produce this behavior in the SM and results in an apparent fine-tuning
problem. A well-known solution due to Peccei and Quinn provides a dynamical mechanism
for small C’P-violation, but predicts the existence of axions that have not been observed in

nature [31].

6. The SM merely posits the form of the Higgs potential at low-energies through the sign of /2,

but does not provide a dynamical mechanism that causes the EW phase transition.

7. The Higgs boson mass is not protected by custodial symmetries in the SM, so its mass re-
ceives quantum corrections proportional to square of the the UV-cutoft scale Ayy at which
new physics is expected to be relevant. If there is no new physics up to the Plank scale of 101
GeV, the Higgs bare mass must be incredibly fine-tuned to produce a Higgs pole mass of 125
GeV. This result, due to the unnaturally different strengths of the weak force and gravity, is

known as the hierarchy problem, the naturalness problem, or the gauge desert problem.

8. The Higgs mechanism allows mass terms for the fermions to be written down, but does not
predict the hierarchy of fermion masses which span s orders of magnitude. Similarly, the
structure of the Cabibbo-Kobayashi-Maskawa (CKM) matrix that relates the quark mass

basis to its flavor basis is not predicted. This is known as the flavor puzzle.

9. The SM treats neutrinos as massless, which has been shown not to be the case by neutrino
oscillation experiments like Super-Kamiokande and the Sadbury Neutrino Observatory
[32, 33]. Moreover, since neutrinos are the only neutral fermions, it is possible that neutrinos
obtain their mass not from Dirac mass terms, as for the other fermions, but from Majorana

mass terms. In this scenario, the neutrino would be its own anti-particle.

Theoretical physicists have devised many extensions of the Standard Model aiming to address
its many shortcomings. Unfortunately, experiments have consistently failed to find any evidence of
such models. The next chapter will discuss the experimental status of Higgs physics and possible

extensions of the Higgs sector.
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Experimental Tests of the Standard Model

The Standard Model Higgs boson h is a truly unique particle. While there are several examples of
scalar bosons observed in nature, most are composite states (for example the 79 meson). The Higgs
boson, on the other hand, is the only elementary scalar particle of the SM. The ultimate discovery
of the Higgs boson and subsequent measurements of its properties were performed by experiments
at the Large Hadron Collider, which will be discussed in Chapter 3. The discovery of a particle
consistent with the Higgs came from the analysis of data taken between 2010 and 2012 at /s =

7,8 TeV (Run I), while precision tests of the new resonance came from data collected between 2015
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and 2018 at /s = 13 TeV. These subsequent measurements of its properties indicate that the
resonance is indeed like the SM Higgs boson.

This chapter will summarize the status of experimental tests of the Higgs boson properties and
highlight the importance of the Higgs couplings to fermions, with particular focus on the top quark.
Theories beyond the Standard Model (BSM) that can be expected to alter the value of y; will be
discussed. Finally, the measurement of ttH production in multi-lepton final states and its dominant

irreducible background production of t¢W will be introduced.

2.1 PROPERTIES OF THE HiGgGs Boson

The SM Higgs boson h is a CP-even spin-0 boson, i.e. a scalar. The terms that appear in the SM

Lagrangian involving h after electroweak symmetry breaking are given by:

1 m? m?
L= —= 2h2 _ h h3 "h h4
h 9""h 2u + 8v2
Ahhh Ahhhh
2m%v NI 1 2m2Z m%,v I 1 mQZ
+ = W WEW ht 5 =2 ZuZuh v =5 WIW, bt o —F ZuZuhh
SN—~— S—~— SN~~~ ~~
aw 9z IWWhh 9ZZhh
m —_
_f Frfh
v
~~
yr

where mp, = +/2Agv. While the VEV is constrained by v = (V2G F)_l/ > & 246 GeV, the pa-
rameter Af7 has no a priori prediction for its value and must be constrained by measuring the Higgs
boson mass. The Higgs couplings to fermions and weak vector bosons are proportional to their
mass and mass-squared, respectively. The Higgs trilinear coupling Ap,py, is also fixed by the structure

of V(H), providing another handle to validate the internal consistency of the EWSB mechanism of
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the SM.

The mass of the Higgs boson is best measuredin H — vyyand H — ZZ* — 4/, where
the Higgs decay products are entirely visible and well-reconstructed [34]. The world average re-
ported by the Particle Data Group (PDG) is mj, = 125.10 & 0.14 GeV. The spin and parity of
the Higgs boson were determined by analyzing angular distributions of the Higgs decay products
in H — WW* — evuv and the aforementioned decay processes [35, 36]. The various Higgs
couplings and Higgs mass determine its partial and total decay widths, and therefore its lifetime.
This is an important measurement, as it gives a handle on all possible decays of h, including those
to invisible and BSM final states. The total width of & is expected to be about I'y, ~ 4 MeV and
lifetime ¢t = Fih = 1.6 x 1072?%s. The best experimental constraints on the Higgs natural width
are 95% confidence-level upper limits of I';, < 14.4(22) MeV from ATLAS (CMS) measurements
of oft-shell g9 — h* — ZZ production in 4¢ and 22v final states and 95% CL lower limit
of ', > 3.5 x 1079 MeV from the measurement of flight distance in 4/ final states by CMS
(37,38, 39].

The production modes of the Higgs at the LHC are shown in Figure 2.1. Their cross sections
and branching fractions of Higgs decays as a function of 1y, are shown in Figure 2.2. The Higgs
can decay through on shell pairs of particles with mass less than my, /2. However, off-shell decays
through V'V* are dominant modes due the the large couplings gy. The decay of H — ¢*1* is ex-
tremely suppressed due to the large top quark mass m; ~ 173 GeV, requiring both top quarks
to be highly virtual. Decays to pairs of photons and gluons are mediated by loop diagrams, as mass-
less particles do not couple to the Higgs field. Decays to bb have the highest branching due to the

combination of large y;, coupling and large phase space relative to the H — V' V* phase space.
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Constraints on the couplings 3/ for fermions other than the top quark are obtained from H —
f f rate measurements. Similarly, gy is best measured through rate measurements of H — VV'*.
Measurements of the simultaneous production of ttH are used to determine the value of 1, and
will be discussed further in Section 2..3. Finally, the trilinear coupling Ap,p, can be constrained
through measurements of di-Higgs production, while the quartic coupling Ap,4p4 can be con-
strained through tri-Higgs production. Measuring the former is an achievable goal of the High
Luminosity LHC through the 2030s, but the latter is not within the reach of the LHC due to its

very small rate.

g W, Z
H
g ~H
(a)
9 00 ---H 9 00000 ——
; . _H
9 000 Z 9 ooooe——
(d) ()

Figure 2.1: Feynman diagrams for the dominant Higgs production modes at the LHC: (a) gluon-gluon fusion, (b)
vector boson fusion, (c) Higgs-strahlung (d) associated vector boson production, (e) associated production with
tt pair, (f-g) interfering diagrams for single top quark associated production [23]

Deviations in the measured value of Higgs coupling strengths given in Equation 2.1 from the SM
expectation can be parameterized as factors K, Ky, and k) that modify the couplings to fermions,

vector bosons, and the trilinear self coupling in the x-framework [40]. By construction, any devia-
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Figure 2.2: Higgs production cross sections at the LHC (left) and branching fractions as a function of my,
(right) [23]

tion from SM expectation is interpreted as non-SM Higgs couplings. Reduced coupling strength
modifiers are defined for the fermions and vector bosons separately such that they are proportional

to the particle’s mass:

This brings into focus the fundamental assumption that the Higgs field imbues mass to particles
proportionally to their couplings to the Higgs boson. The measurements of these coupling strength
modifiers by ATLAS and CMS are shown in Figure 2.3 The ATLAS measurement of x,, is derived

from the measurement of H — juu production with 139 fb=! [41].
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Measurements of Higgs couplings are generally in agreement with the SM. However, the cou-
pling strengths of the Higgs boson to fermions is probed far less precisely than those of the weak
vector bosons. Given that the mechanisms for fermions and vector bosons acquiring mass are qual-
itatively different, it is imperative to measure these quantities more precisely in order to test the
mechanism of Yukawa mass. Various extensions of the SM may cause deviations in the apparent
Yukawa couplings that could be hidden within these large uncertainties. Moreover, Yukawa cou-
plings have only been measured at the discovery threshold to third-generation fermions (¢, b, 7).
The muon Yukawa coupling is the only Higgs coupling to second generation fermions that is exper-
imentally accessible at the LHC, thanks to the high-quality reconstruction of muons achievable by
both ATLAS and CMS, which compensates for the low rate from BF (H — pp) ~ 0.2%. The
charm quark Yukawa coupling is likely out of reach due to the low rates from BF(H — c¢) ~ 3%
and the difficulty in efficiently tagging c-jets while rejecting b-jets and light quark jets. The result-
ing contamination of resonant H — bband H — gg backgrounds are particularly challenging
backgrounds, with branching fractions of &~ 58% and ~ 8%, respectively. It will be impossible to
measure the Yukawa couplings to light quarks (u, d, s) due to their extremely low rates and insepa-
rability from multi-jet backgrounds. While electrons can also be reconstructed with high precision,
the rates are suppressed relative to muons by 72 /m2 & 1/10,000 and are therefore inaccessible at the
LHC.

It is important to discuss another interpretation framework for Higgs measurements before open-
ing the discussion to specific model extensions of the SM. A more general approach to parameteriz-
ing non-SM effects than the x-framework is through the SM effective field theory (SMEFT) formal-

ism, where all possible gauge-invariant dimension 6 operators constructed from SM fields are added
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to ESMZ

Ci rae
Lovprr = Lsu + Y pold St (2.3)

These effective operators are in general non-renormalizable. The only dimension s operators are
Majorana neutrino mass terms that violate lepton number and are generally not considered since
the neutrino masses are too small to have observable effects at the LHC. The SMEFT formalism is
growing in popularity due to its minimal assumption, which is simply that the energy scale of new
physics A is sufficiently higher than the EW scale such that BSM fields integrate out to effective
operators, akin to the 4-Fermi contact interaction. Deviations in data from SM expectation in in-
clusive and differential cross sections measurements across many signatures can then be interpreted
in a single framework and provide complementary information. This is another appealing feature
of the SMEFT. The SMEFT formalism is not particularly relevant for the interpretation of t{WW
production measurements, as will be seen in Chapter ??, but is relevant for Higgs production. The
best limits on the Wilson coefficients ¢; related to Higgs measurements performed by ATLAS are
shown in Figure 2.4 with A = 1 TeV. Measurements are consistent with ¢; = 0 for all considered

operators.
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Figure 2.4: Observed measurements of SMEFT coefficients obtained from a combination of Higgs measure-
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2.2 EXTENDING THE H1GGs SECTOR

Interpretation paradigms like the k-framework and the SMEFT are useful for parameterizing pos-
sible BSM effects across multiple measurements but are themselves not models of new physics.
Should generic frameworks reveal deviations from the SM expectation, follow-up measurements
would be performed targeting extensions of the SM that predict those anomalous measurements.
Given that the Yukawa sector has not yet been probed precisely, we may expect to see evidence of
new physics there through measurements favoring £y # 1. Extensions of the Higgs sector would
be required to accommodate such a scenario and would offer new leads to follow in addressing the
deficiencies of the SM.

Given that the Higgs is the only scalar boson of the SM, one may consider the following when
developing model extensions of the SM Higgs sector:

1. Are there in fact no elementary scalars of the SM, and the boson A is actually a composite
state i.e. a pseudo-Nambu-Goldstone boson of strong dynamics that deconfine at some high

energy scale?

2. If there is one Higgs doublet in the SM, which is the minimum necessary to facilitate EWSB,

is it possible that there are additional scalar fields in nature?

The first class of SM extensions are called Composite Higgs models which can feature a variety of
symmetry breaking structures. Compositeness often requires the addition of new states that can
mix with the Higgs and lead to modification factors to Higgs couplings to the EW vector bosons of
(1 - %%) , where f is the symmetry breaking energy scale [42]. Such mechanisms can give a dy-
namical explanation for the small size of the Higgs mass, but model building finesse and tuning are
required to avoid experimental limits on Higgs precision measurements and the non-observation of

new states [43, 44]. The second possibility is considered in theories with additional Higgs doublets,
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the simplest of which are referred to as Two Higgs Doublet Models (2HDM). Since 2HDM are
simpler and less generic, they are used frequently as benchmark models against which to interpret
Higgs measurements. The remainder of this section will cover the main features of the 2HDM and
summarize experimental limits. For a comprehensive description of 2HDM phenomenology, see
[45]-

In general, 2HDM contain two doublets ®1 and ®5 with weak hypercharge 1 that can be pa-

rameterized as:

_ (o) 2
i = (\}5 (vi + hi(z) + zzz(m))) (24)

The Higgs potential in Equation 1.10 is straightforwardly extended to include both doublets, where
mass mixing terms ,u12<I>1T<I>2 are allowed if the doublets have opposite hypercharge. In either case,
both doublets may acquire VEVs v1 2 with [v]? = |v1|? + |v2|%. A common parameterization
relating the two VEVsis tan 5 = vz /v1. Three of the eight available degrees of freedom from the
two complex doublets are eaten by the EW vector bosons. What remains are two CP-even scalars h
and the heavier H, a CP-odd pseudoscalar A, and two charged Higgs bosons H £, An additional

model parameter o is defined by the mixing angle that diagonalizes the mass matrix of the C/P-even

Higgs bosons obtained from the ®1 and ®, doublets:

H cosa sina hi (25)
= 2.
h —sina cosa ) \ hy 5
The alignment limit cos(ac — ) ~ 0 defines the scenario where h couples to vector bosons like

the SM Higgs boson. Small variations in iy from SM expectation could be achieved in a scenario

near but not exactly at the alignment limit. In order to avoid mediation of flavor-changing neutral
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currents (FCNC) that have never been observed, the coupling structure of the doublets to fermions

is specified in four scenarios (where @5 is taken to couple to up-type quarks by convention):

Type u, ¢t dys,b e u, T
Typel Py D) D)
Type 1I (I)Q <I>1 <I>1

Type X (Lepton-specific) ~ ®» Dy P,

Type Y (Flipped) Py i1 Py
Note that Type II 2HDM is featured in the minimal Supersymmetric extension of the SM. Generic
2HDM and those with additional singlets can leads to experimentally discernible effects on the cou-
pling structure of the Higgs [46]. Extensions of the 2HDM to so-called “flavorful” models posit
the breaking of a flavor symmetry at the EW scale that leads to the generation of fermion mass hier-
archies and the structure of the CKM matrix [47]. Experimental limits on generic 2HDM models
generally favor the alignment limit, with weakening constraints to the alignment limit if vo > v;.
Exclusion limits at the 95% confidence level on the 2HDM parameter space obtained by ATLAS
in a global fit to Higgs measurements are shown in Figure 2.5. The observed exclusion is generally
similar to what would be expected under the SM-only hypothesis. The exception is in the 2HDM
Type-l interpretation, where the exclusion contour is driven toward negative values of cos(3—«) by
H — 77, H — bb, and tt H measurements driving the associated & ¢ best fit values below unity, as
seen in Figure 2.3. Since ®2 couples to all fermions in Type I 2HDM, it is more sensitive to coherent

effects on fermions than other 2HDM scenarios.
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ios obtained by the ATLAS experiment [2].
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2.3 MEASURING ¥y; IN MULTILEPTON FINAL STATES

While all Yukawa couplings can each be sensitive to a range of BSM scenarios, the Yukawa coupling
of the top quark is the most consequential for the UV behavior of the Standard Model. This is due
to y; being uniquely of order unity among the SM fermions, resulting in top quark loop correc-
tions to the Higgs mass and potential that dominate over other loop contributions. The Hierarchy
problem mentioned earlier is the manifestation of these top quark loop corrections to the Higgs
boson mass. These corrections also result in the destabilization of the Higgs potential at high ener-
gies, where the UV evolution causes a local minimum to occur at V' (v') where v >> v. Itis even
possible for this new local minimum to be a global minimum. In this case, the EW vacuum state
is metastable and can quantum tunnel to the true vacuum state and lead to spontaneous decay of
the vacuum itself. Such a scenario could radically redesign the mass hierarchy of particles within the
SM and the resulting phenomenology, equating to a doomsday scenario for life in the universe. A
more severe possibility is the instability of the EW vacuum if Higgs potential is unbounded from be-
low. The stability phase diagram for the EW vacuum calculated to NNLO in the S-function of the
parameter A in V' (H ) is shown in Figure 2.6. We evidently exist in a metastable universe given the
mass of the top quark and Higgs boson. An analytical calculation for the lifetime of a false vacuum
was first performed in 1977 [48, 49].

In addition to these phenomenological consequences of the largeness of ¥, the top quark is the
only SM particle more massive than the Higgs boson. This is more than a curiosity of the top quark,
though it is one that justifies interest in the relationship between the Higgs boson and the top quark.

Since Higgs decays to ¢t is kinematically forbidden, there are only two ways to measure y;. The first
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Figure 2.6: Phase diagram depicting stability regions of the EW vacuum with instability scale A; shown along
the stability boundary. Uncertainty bands of 1, 2, and 3 ¢ correspond to experimental uncertainties on 1y, and
my [4].

is indirectly through the top quark loop in gluon-gluon fusion production and H — 7y decays,
but the interpretation of y; in this method is conditioned on the assumption that there are no BSM
fields that enter into the loops. The only way to measure y; at tree level is through the measurement
of tt H and t H production cross sections. The former has a cross section of o(pp — ttH) ~
530 fb at 13 TeV computed at NLO in QCD, while inclusive ¢ H production to equal precision
has a cross section of ~ 75 fb [50]. For measurements of |y|, t¢H production is unparalleled in
sensitivity.

The simultaneous production of t¢H was first reported at 50 significance in 2018 through a
combined measurement of Higgs decay channels by the ATLAS and CMS collaborations [s1, 52].
Both collaborations analyzed events consistent with one of several Higgs decay modes:

e H — ~y7. Though the branching fraction is low, photons are well reconstructed and iden-
tified. This channel achieves low systematic uncertainties through a data-driven background
estimation. An analytical function is fit to data in the 1., sidebands and interpolated into

the signal window around 125 GeV. The background estimation is subtracted from data
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and the residual is fitted to a signal model. The measurement’s total uncertainty is therefore

driven by statistical uncertainties resulting from low production rates.

* H— 1, H = WW*and H — ZZ* — 4(. Collectively referred to as multi-lepton
final states, these channels boast higher branching fractions of Higgs decays and therefore
lower statistical uncertainties than H — 7. However, these channels suffer relatively
larger systematic uncertainties due to the less cleanly reconstructed hadronic 7 leptons, the
incomplete visibility of the Higgs final state from the presence of neutrinos, and the reliance
on simulation to model irreducible backgrounds from ¢£V and diboson production. Asa

result these channels are equally limited by statistical and systematic uncertainties.

* H — bb. The bb channel boasts the largest branching fraction of Higgs decays at about
58%. The dominant background comes from production of  in association with additional
heavy-flavor quarks through gluon emission and splitting, g — bb/c¢. Since these processes
are driven by soft QCD, they are more sensitive to logarithmic resummation and come with
large systematic uncertainties. As a result, the H — bb channel is dominated by systematic

uncertainties.

— 1 - 1 - 1 1 T T 1
ATLAS Preliminar ——  Total
{s=13TeV, 36.1 - 139 fo- Stat.
m,, = 125.09 GeV m=  Syst.
p =79% I SM
SM
, Total  Stat. Syst.
iy 139 for! #H e 093 o3 (o5 looe)
A WW }E« 164 105 (3u, o
tHtHzZz 36.1 fb1 - 1169 1% (Ties s Tode)
st R m—— . 139 “o% (loe, loa
ttH+tHbb 130 fl,-7HE==H 035 ‘0% (0% . loar)
L I L | I L L | L L ) | ) L L | L I ! | L L L | L

-4 -2 0 2 4 6 8
o x B normalised to SM

Figure 2.7: Summary of t£H measurements performed by ATLAS edited for brevity and clarity [2].

A summary of the latest published ATLAS measurements of ttH production is shown in Fig-

ure 2.7. Note that only the multi-lepton channels are lacking a measurement using the full Run II
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Figure 2.8: Prediction and observation in b-jet multiplicity bins for the two dominant channels of tt H multi-
lepton production

dataset of 139 fb~1. A preliminary measurement in the multi-lepton final state was performed us-
ing 80 fb~! of data, which reported an observed (expected) ¢t H significance of 1.80 (3.20") and a
best-fit signal strength of fi;;ry = O.70f8:§g(stat)f8:§g(syst) [53]. The analysis jointly measured the
production of t¢W, the largest irreducible background in the multi-lepton final state. Normaliza-
tion factors were applied to the t£WW prediction in different regions of phase space and were pulled
upwards by 20%-70%, the effect of which is shown in post-fit distributions of b-jet multiplicity in
Figure 2.8. The impact of tW -associated uncertainties is illustrated in Figure 2.9, which constitute
roughly half of the nuisance parameters with the largest impact on p4;77. This t£ -like excess is
consistent with previous measurements of inclusive t£W and t£Z production with 36.1 fb~! of
data separately by ATLAS and CMS [54, 55]. These and similar excesses observed in ¢¢.Z produc-

tion are summarized in Figure 2.10.

Itis clear that the precise measurement of tw production through its entire phase space is nec-
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Figure 2.9: List of nuisance parameters with the largest post-fitimpact on (777

essary before a new measurement of t¢H production in multi-lepton final states can be performed.
This thesis will describe the inclusive and differential cross section measurement for t¢W produc-

tion using data collected by the ATLAS experiment during Run II of the LHC at /s = 13 TeV.
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The Large Hadron Collider

There is only one way to recreate the energy densities reached in the first moments after the big
bang in a terrestrial experiment: high energy particle colliders. The options are further restricted to
circular colliders if high luminosities are required, as particle beams can be continuously circulated
to produce many interactions per beam fill. The choice of particle species to use for collisions is
limited to particles that are a) electrically charged, allowing them to be accelerated and deflected by
electric and magnetic fields and b) sufficiently long-lived such that a stable beam can be sustained.

The list of such particles used to date is short: electrons, positrons, protons, anti-protons, and heavy
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ions’.

Heavy ions are a good choice for studying QCD dynamics in general and quark-gluon plasma in
particular, while electrons and (anti-)protons are better suited for probing QCD and electroweak
physics. Electron colliders (¢ e ™) have the advantage of colliding fundamental particles, so the cen-
ter of mass energy of hard-scattering interactions can be finely controlled. They are better suited for
precision measurements, particularly of the electroweak interaction since electrons do not feel the
strong interaction. Circular electron colliders are limited in their energy due to high synchrotron
radiation, making electron colliders ill-suited for searches in the highest accessible energy regimes.
The LEP collider is the most notable circular electron collider from which many modern precision
SM measurements have come [56]. (Anti-)protons are better suited for high energy circular colliders
due to their larger masses and therefore negligible synchrotron radiation, but due to their compos-
ite nature, do not allow the energy of hard scattering between constituent partons to be controlled.
Colliders producing pp interactions have the feature of higher o (¢q) /o (gg) relative to pp collid-
ers, but suffer from the technical difficulty of producing anti-protons and therefore deliver lower
luminosities; the most recent pp collider was the Tevatron at Fermilab, where the CDF and D@ex-
periments discovered the top quark in 1995 [57, 58].

Both LEP and Tevatron searched for the Higgs boson, yet neither achieved the requisite CoM en-
ergy and luminosity to reach the 30 significance threshold for evidence, let alone 5o for a discovery.
During the 1990s, it was understood that a high energy pp collider was needed to either observe the
Higgs boson or whatever new physics was guaranteed at the EW scale through the so-called 70 lose

theorem [59]. The LEP tunnel was repurposed for a new pp collider and a new set of experiments

"There is a growing interest in developing a muon collider, whose physics case motivates R&D to over-
come the primary challenge of producing a stable beam of 2 microsecond lifetime particles
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began development. This new collider was named the Large Hadron Collider (LHC) and the AT-
LAS and CMS experiments claimed the discovery of the Higgs boson in 2012 using pp collisions at
/s = 8 TeV delivered by the LHC during its first data-taking period between 2010 and 2012 (Run

1) [6o, 61].

Figure 3.1: An aerial cutout of the LHC underneath the French-Swiss border facing south. The ATLAS and CMS
experiments are located at IP1 and IP5, respectively.

About 17 miles (28 km) in circumference, the LHC is situated 100 meters underground and
straddles the French-Swiss border around CERN in Geneva, Switzerland and is shown in Figure 3.1
*. The immense size of the LEP/LHC tunnel is required to maximize the achievable beam momen-
tum and therefore center of mass energy for collisions, as p’<9™ = er B where € is the fundamental
charge, 7 is the bending radius, and B is the magnetic field strength. To reach beam momentum
of 7 TeV, the LHC ring is composed of 1,232 15 meter long superconducting NbTi magnets that

provide a bending field of 8.33 T to steer the beams in a circular arc. They are held below the su-

perconducting critical temperature of 10 K using superfluid helium at 1.9 K. A cross section of the

*Figures and technical specifications for the LHC can be found in [62], where the most important aspects
of the design have been restated here.
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Figure 3.2: A cross section of the LHC dipole magnet cryostat

dipole magnet and its cryostat is shown in Figure 3.2.
The other key characteristic of a particle collider is its achievable instantaneous luminosity £,
measured in scattering interactions per unit area per unit time®. The luminosity of two colliding

beams is given by

_ NiNany f

£ A

(3.1)

Where [V; are the number of particles in the beams, 1y, is the number of particle bunches contained
in each beam, f is the revolution frequency of the beams around the ring, and A is the effective

beam overlap region. One very important way to increase luminosity is to minimize A, which re-

3The barn (abbreviated b) is typically used as the unit of area, which is equivalent to 10724 cm?®. One can
also consider integrated luminosity, f Ldt, which is 2 measure of the total luminosity delivered over time and

. . =1
ismeasuredinb™ .
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quires strong focusing of the beams. This is achieved by local focusing of the beam by two super-
conducting quadrupole magnets on either side of a beam crossing point, while a total of 858 super-
conducting quadrupole magnets are situated around the ring to more loosely focus the beam within
the accelerator aperture. Protons are guided longitudinally using radio frequency (RF) cavities with
field frequency of 400 MHz. The protons settle into every 1oth so-called bucket*, such that pro-
ton bunches are 7.5 5 cm long and separated by 25 ns, which fixes f to 40 MHz. The RF system is
responsible for accelerating the beam from the Super Proton Synchrotron injection energy of 450
GeV to 7 TeV.

The number of collision events expected for a process with cross section o and collision luminos-
ity L is given by

N = /Edt-a (3.2)

The cross section for a heavy resonance (e.g. Higgs boson production) increases with /s in pp col-
lisions. Since the number of produced Higgs bosons must be maximized to fulfill the physics goal
of the LHC, it benefits from both high luminosity and /s. Table 3.1 shows a comparison of the
design specifications for the LHC, as well as those for LEP2 and the Tevatron. From this, one sees

that the LHC is the most energetic and luminous high-energy collider built by a wide margin®.

*Buckets are centered around rising edge of the RF field, such that protons in the back/front of the
bucket are accelerated faster/slower, leading to synchrotron oscillation within bunches [63]

5The SuperKEKB e e collider achieved a new world record 2.22 x 103* cm ™25~ on June 15 2020, sur-
passing the LHC. It collides electrons at My 45y = 10.58 GeV, so can be disqualified from the comparison
of high-energy colliders on a technicality.
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Table 3.1: Design parameters of the LHC, LEP2, and Tevatron.

LHC LEP2 | Tevatron
colliding beams of D, P et e” D, P
Momentum at collisions, TeV/c 7 0.1 0.98
Peak luminosity, cm~!s™2 103 (design) 1032 | 4.3 x 10
Dipole field at top energy, Tesla 8.33 0.11 4.4
Number of bunches, each beam 2808 4 36
Total beam current / beam, A 0.58 0.003 0.08
Particles / bunch, 10! 1.15 4.2 2.9,0.8
Typical beam size in the ring, pm 200 — 300 | 1800,/140 (H/V) 500
Beam size at IP, um 16 | 200 /3 (H/V) 24
Fraction of energy lost in synchr.rad. per turn 107 3% 1071
Total power radiated in synchr.rad., MW 0.0078 18 10-6
Total energy stored in each beam, Megajoule 362 0.03 0.9
Total energy stored in the magnet system, Gigajoule 10 0.016 0.74
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The ATLAS Detector

The LHC circulates proton bunch trains in either direction along its ring and are brought into col-
lision at four points. Around each one of these interaction points is a particle detector that captures
the products of these collisions. Each detector is comprised of several subsystems designed to per-
form measurements of momentum, energy, and particle identification. Not all inelastic pp collisions
are worthy of the hefty computing power required to thoroughly analyze. Hardware and software-
based triggering algorithms are employed to quickly decide if a given collision event is worth routing

into an event reconstruction algorithm. From the raw data of channel hits processes by front-end
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electronics, reconstruction algorithms determine which particles were produced along with all their
trajectories as they flew away from the pp collision point. Particle trajectories can be extrapolated
back towards the beampipe to infer what short-range physical processes occurred during the colli-
sion. Indeed, the lifetime of the Higgs boson is so short that it will travel a mere 100 fm before its
virtually instant decay, ensuring the only way to study the Higgs is through its decay products.

Each of the four large LHC experiments (ATLAS, CMS, LHCb, and ALICE) operate in this
way. LHCD is optimized to study physics of the b quark and ALICE is optimized to study heavy ion
collisions. Meanwhile, ATLAS and CMS are the two all-purpose experiments which are capable
of measuring and searching for a variety of signatures. While following the same general design
principles, the two differ in their specific design choices and associated performance optimization.
They therefore complement each other and allow for the robust discovery of new physics if observed
similarly in both experiments. A description of the physics requirements that drive the features of
general purpose detectors at hadron colliders and the differences between ATLAS and CMS are
provided in [64].

An overview of the ATLAS detector and its subsystems are shown in Figure 4.1. Itis 25 meters
tall, 46 meters long, and weighs about 7,000 tons. Let it be impressed on the reader that this ma-
chine is nearly as tall as an 8-story building and as long as the width of an American football field.
Despite having a mass commensurate with that of the Eiffel tower, the ATLAS detector’s engineer-
ing and alignment is precise down to width of a human hair. It is a delicate beast of a machine and a

marvel of modern scientific achievement®.

'It’s not all that modern actually, much of the technology currently used in the ATLAS detector was
around in 1995 when the experiment was being designed. It is upgraded every few years to keep up with the
capabilities of new technology.
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Figure 4.1: An overview of the ATLAS detector labeled by its various subsystems. A portion of the LHC beam
enclosure is shown exiting the lefthand side of the largest forward muon chambers.

This chapter will outline the technical specifications of the subsystems of the ATLAS experiment.
The nominal performance and coverage of each system is given in Table 4.1. Section 4.1 describes
the ATLAS coordinate system used for reconstruction and analysis. Section 4.2 describes the inner
tracking detector, which provides charged particle momentum reconstruction closest to the LHC
beamline. Section 4.3 describes the Electromagnetic and Hadronic calorimeters, which measure
the energy of electrons, photons, and hadrons. Section 4.4 will describes the Muon Spectrometer,
which provides a secondary measurement of muons. Finally, Section 4.5 describes the magnet sys-
tem of ATLAS, which provides the magnetic field that is essential for the measurement of charged
particle momenta. The following sections reference the ATLAS overview manuscript and its Techni-

cal Design Report (TDR) [65, 66, 67].
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Table 4.1: A summary of the nominal performance of each of the ATLAS subsystems.

Detector component Required resolution 1 coverage
Measurement Trigger
Tracking 0y, /pr =0.05% pr &1% +2.5
EM calorimetry or/E =10%/VE $0.7% +3.2 +2.5
Hadronic calorimetry (jets)
barrel and end-cap ok /E =50%/vE ©3% +3.2 +3.2
forward or/E=100%/VE®10% |3.1<|n| <49 |3.1<|n/<49
Muon spectrometer 0y, /pr=10% at pr = 1 TeV 2.7 +2.4

4.1 THE ATLAS COORDINATE SYSTEM

The coordinate system used by the ATLAS experiment is driven by the physics of pp collisions. The
rectangular coordinates of the ATLAS detector are as follows: the positive x-axis points from the
center of the detector towards the center of the LHC ring, the positive y-axis points vertically up-
wards from the center of the detector, and the z-axis is parallel to the LHC beamline to form a
right-handed coordinate system. However, curvilinear coordinates are more frequently used. The
azimuthal angle ¢ runs from [—7, 7] around the z-axis, with ¢ = 0 aligning with the z-axis. The
polar angle # runs from [0, 7] with = 0 aligning with the z-axis. Due to the physics of pp colli-

sions, it is more useful to consider pseudorapidity 1) instead of 6, and it is defined as:
n = —Intan(6/2)

In the relativistic limit, this spacial coordinate is identical to rapidity y defined for both massive and

massless particles:

1 E+4p,
y=—=1In
2 E_pz
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The angular separation of reconstructed objects is defined as AR = /A¢? + An?, which is
invariant under Lorentz boosts along the z-axis for massless particles. Parton Distribution Func-
tions (PDF) of the proton prevent the initial p. of the hard scattering interaction between partons
to be controlled, so energy and momentum are often considered in the plane transverse to the beam-
line. Such variables include transverse momentum pr and transverse energy E7. Since the total pr
of the initial state is constrained to zero, the total transverse momentum can be added vectorially to
define E}mss, which typically captures neutrinos that escape the detector undetected. The ATLAS
coordinate system is shown graphically in Figure 4.2. In addition to these detector coordinates, tra-
jectories of reconstructed particles is parameterized in terms of perigee parameters zg and dp, the
distance of closest approach of a particle trajectory to the interaction point along the beam axis and

in the transverse plane.

the LHC

Figure 4.2: The ATLAS coordinate system (left) and select values of 1) and 0 (right). Graphics based on [4]

4.2 THE INNER DETECTOR

This section will briefly describe the design of the inner tracking detector (ID) and will draw on the
ID TDR [68, 69] and dedicated TDR for the Insertable B-layer (IBL) [70, 71]. A cutout of the ID

and its mechanical design parameters are given in Figure 4.3 and Table 4.2. The goal of the ID is to
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provide position measurements of charged particles as they are deflected in a strong magnetic field,
allowing their momenta and trajectories to be reconstructed. This magnetic field is uniformly 2 T
throughout the ID volume and is produced by a superconducting solenoid. The tracker is required
to be as light as possible to minimize the degradation of calorimeter energy resolution resulting
from energy loss in the ID active and support material. This has motivated the use of carbon fiber
in support structure since it is strong and light. Overall tracking coverage extends to || < 2.5 and
is composed of 3 subsystems: the inner silicon pixel tracker, the semiconductor tracker (SCT) based

on silicon microstrips, and the transition radiation tracker (TRT).

End-cap semiconductor tracker

Figure 4.3: An overview of the ATLAS inner tracking detector. Note the silicon pixel, silicon strip, and transition
radiation tracker subsystems

The innermost tracking layers utilize 2D channel segmentation (i.e. pixels) in order to maxi-
mize vertex reconstruction performance for primary vertex identification and suppression of pileup

tracks. Secondary vertex reconstruction provided by the pixel tracker is key for tagging 7-lepton and
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Table 4.2: Design parameters of the inner detector (except for the IBL).

Item Radial extension (mm) Length (mm)

Overall ID envelope 0<R<1150 0 < |z] <3512

Beam-pipe 29 <R <36

Pixel Overall envelope | 45.5 < R <242 0 < |z] <3092

3 cylindrical layers  Sensitive barrel | 50.5 < R < 122.5 0 < |z] < 400.5

2 x 3 disks Sensitive end-cap | 88.8 <R < 149.6 495 < |z] < 650

SCT Overall envelope | 255 < R < 549 (barrel) 0 < |z] < 805
251 < R < 610 (end-cap) | 810 < |z| <2797

4 cylindrical layers ~ Sensitive barrel | 299 < R < 514 0 <zl <749

2 x 9 disks Sensitive end-cap | 275 < R < 560 839 < |z] <2735

TRT Overall envelope | 554 < R < 1082 (barrel) 0< |z <780
617 < R < 1106 (end-cap) | 827 < |z] < 2744

73 straw planes Sensitive barrel 563 < R < 1066 0< |zl <712

160 straw planes Sensitive end-cap | 644 < R < 1004 848 < |z| <2710

B-hadron decays. Pixel segmentation is also needed to handle the high track densities typical at radii
closest to the beamline. Pixel sensors in both the barrel and endcap sectors are 400 um in z and so
pm in azimuth. There are a total of 3 barrel layers and 3 disk layers in the endcaps, yielding 80.4 mil-
lion readout channels in the pixel detector. An additional pixel layer called the IBL* and new smaller
radius beampipe were installed during the first long shutdown of the LHC in 2013-2014.

The SCT layers are installed at radii beyond the pixel layers where track densities are lower. Strips
in the barrel region extend nearly the full length of the sensor (6.4 cm) and have a strip pitch of 8o
pm. The barrel features 4 layers of silicon strip sensors oriented at a stereo angle of 40 mrad, with
one sensor in each layer having strips oriented parallel to the beam axis. This improves the space-
point resolution in each layer along the 2 axis to 8o pm, while the resolution in the precision plane
(azimuth) is 17 pm. The end-cap features 9 layers with the same dual-sensor stereo angle design and

provide similar space point resolution.

*The B-Layer name is due to its role in improving the identification of B-mesons produced in jets.
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Continuous tracking at the largest radii is provided by the TRT. The TRT features 370,000 cylin-
drical drift tubes, each 4 mm in diameter and supporting a 31 zzm diameter gold-plated tungsten
sense wire down the central axis. These tubes are referred to as straws and are filled with a gaseous
mixture of 70% Xe to absorb x-rays from transition radiation, 27% CO» to increase electron drift
velocity, and 3% O2 to for photon quenching. Maximum electron drift time is approximately so ns
during typical operation. The straws are oriented parallel to the beamline in the barrel and radially
in the endcaps. An average of 36 hits per track are provided by the TRT. The space between straws
is filled with polymer fibers (foils) in the barrel (endcap) sectors, which creates inhomogeneous mate-
rial boundaries that results in the production of transition radiation by relativistic charged particles.
This is typically in the soft x-ray spectrum, which can be absorbed by the Xe to produce an identifi-
able signal in the straws. Since transition radiation intensity depends on y = E/m, the TRT is able
to provide particle identification, particularly between e* /7.

The design of the tracking detector is one of the most consequential ways in which ATLAS and
CMS differ. CMS uses silicon pixel and strips to instrument the entire tracking volume, whereas
ATLAS also features a continuous tracker with particle identification capabilities. CMS uses a sin-
gle solenoid to provide bending in its entire volume. As a result, CMS is able to produce bending
field strengths twice that of ATLAS in the tracker, giving it the edge in charged particle momentum

resolution.

4.3 ELECTROMAGNETIC AND HADRONIC CALORIMETERS

This section will summarize the design of the electromagnetic and hadronic calorimeters. The com-

prehensive TDR for both sectors of the calorimeter and their expected physics performance can

46



be found in [72, 73, 74]. The purpose of the calorimeters is to destructively measure the energy of
electrons, photons, and hadrons. All particles except for neutrinos and muons are absorbed within
the calorimeters. The physics of electromagnetic and hadronic showers is quite different and moti-
vates the selection of different technologies optimized to measure each (though it is not possible to
strictly measure them separately).

Energy deposition of electrons and photons proceeds via bremsstrahlung and pair production to
form electromagnetic (EM) showers. EM showers have a predictable shape, with 90% energy con-
tainment inside the Moliére radius Ry; = 0.0265X,(Z + 1.2), where X and Z are the radiation
length and atomic number of the material. Shower shape is then driven purely by material prop-
erties. The regularity of EM shower shape is due to the low threshold energy for pair production
Eﬂ“ﬂes}wld = 2m, ~ 1 MeV, resulting in high interaction multiplicities in EM shower evolutions.
The low inherent randomness is encapsulated by the stochastic term in the energy resolution of the
ATLAS EM calorimeter in Table 4.1. The radiation length X characterizes both electron and pho-
ton energy loss and therefore sets the typical length scale of EM showers. Since bremsstrahlung and
pair production proceed through the virtual exchange of a photon with a nucleus of charge Ze and
the radiation length is inversely proportional to the interaction cross section, the rough dependence
is given by Xo o< 1/Z2 2. An EM calorimeter of depth 20X is typical.

Energy deposition of neutral and charged hadrons proceeds through inelastic nuclear interac-
tions mediated by the strong force and result in hadronic showers. The length scale that describes
the shower shapes is the nuclear interaction length A\g of a material and is typically larger than X
for the same material. This favors the general practice of constructing the hadronic calorimeter

around the EM calorimeter. Since nuclear scattering is mediated by the exchange of massive pions,
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its range is approximately given by 1/m, & 1 fm, and thus direct collisions between an imping-
ing hadron and nucleon are required. This results in a rough inverse dependence of the interaction
length on material density: A\g o< 1/p ~ 1/Z. The threshold energy for producing pions through
inelastic nuclear collisions is then Ethreshold — 9, — 980 MeV. As a result, the number of
interactions in a hadronic shower is small resulting in highly irregular shower shapes and a large

stochastic term in the energy resolution as shown in Table 4.1.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic y
end-cap (EMEC) ———

LAr electromagnetic
barrel

LAr forward (FCal)

Figure 4.4: An overview of the ATLAS electromagnetic and hadronic calorimeters. Note the LAr barrel EMCal,
barrel Tile HCal, and combined LAr forward calorimeter. The calorimeter surrounds the inner tracker and
solenoid, which is darkened.

A cutout of the ATLAS calorimeters is shown in Figure 4.4. The barrel EM calorimeter uses
alternating layers of liquid argon (LAr) with kapton electrodes and lead absorbers in an accordion

geometry as shown in Figure 4.5. The use of lead for absorption maximizes the depth of the EM

calorimeter in a fixed volume, providing > 22X in the barrel (|| < 1.475)and > 24X in the
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endcaps (1.375 < |n| < 3.2). The accordion geometry provides full coverage without azimuthal
gaps. A presampling layer is instrumented in || < 1.8 for electron and photon energy correction

and to provide identification of collimated 70 — 7y decays.

Cells in Layer 3
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Trj
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P = 00982
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37.5mm/8 ag \\ An < 0.025 ?
Ay 09 mm

Strip cells in Layer 1

Figure 4.5: A diagram of an EM calorimeter tower with distinct accordion geometry

Outside of the EM calorimeter is the hadronic tile sampling calorimeter (TileCal) consisting
of steel absorbers and plastic scintillating tiles as the active material. The barrel region covers the
range || < 1.0 and the two extended barrel detectors cover 0.8 < |n| < 1.7. The TileCalis
segmented radially into 3 layers and scintillation light is collected via wavelength-shifting plastic
fibers to photomultiplier tubes. A schematic of a TileCal section is shown in Figure 4.6.

The Hadronic Endcap Calorimeter (HEC) provides calorimetry in the range 1.5 < || < 3.2 to
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Figure 4.6: A schematic of a tile calorimeter section
ensure hermetic coverage between the most forward region of the TileCal and for forward calorime-

ters (FCal). The HEC is composed of wheels of copper plates alternating with active LAr. The cop-

per layers closest to the interaction point are 25 mm thick, while plates further down the beamline
are 50 mm thick. LAr active layers are uniformly 8.5 mm. Forward EM and hadronic calorimetry
is provided jointly by the FCal in the region 3.1 < || < 4.9. Itis situated further away from
the beamspot to reduce the high levels of radiation present close to the beamline. Due to this and
the fixed constraint of the endcap cryostat, the FCal is required to be very dense to retain similar
forward hadronic shower containment similar to that of the barrel. Each endcap is composed of 3
modules. The innermost layer is optimized for EM shower measurements and is made of copper,

while tungsten is chosen in the remaining two layers targeting hadronic shower measurements. Fig-

ure 4.7 shows the layout of the HEC layers and recessed FCal position within so cm radius of the
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beamline.
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Figure 4.7: A sketch of the HEC layers (left) and positions of the 3 FCal modules (right)

4.4 THE MUON SPECTROMETER

This section will briefly describe the design of the Muon Spectrometer (MS). The comprehensive
TDR for the MS can be found in [75]. A cutout of the MS is shown in Figure 4.8. As one even-
tually learns in the course of their work on the experiment, ATLAS is actually an acronym (or
perhaps more accurately called a backronym) for A Toroidal LHC ApparatuS. The full name of
the experiment, while less impressive than its abbreviated form, reveals the experiment’s namesake:
the toroidal geometry of the magnetic field of the Muon Spectrometer (MS). This is an important
feature of the ATLAS detector and distinguishes it in design from the Compact Muon Solenoid
(CMS). While the ATLAS MS field geometry features closed field lines, CMS has large volumes of
iron between their MS active layers to return the solenoidal field, significantly degrading the resolu-
tion of muons reconstructed by its MS.

The MS is instrumented in 3 layers (stations) with precision tracking chambers as well as fast re-
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Figure 4.8: An overview of the ATLAS barrel and endcap muon spectrometer. Note the multiple detector tech-
nologies used for muon detection.

sponse trigger chambers. Monitored drift tubes (MDTs) follow similar principles as the ID straw
tubes, using a gas mixture of Ar/COz (93%/7%) and so s1m gold-pated tungsten-rhenium sense
wire through aluminum tubes 3 cm in diameter. Arrays of two sets of 3-4 MDTs are arranged par-
allel to the beam axis in 3 layers in the barrel and 2 layers in the forward region to provide precision
¢ measurement. The MDTs provide position resolution of ~ 80pm per tube with drift times of
~700 ns, which is too slow for triggering.

The innermost layer of precision chambers in the forward region (|| > 2.0) are instrumented
with cathode strip chambers (CSC). The CSCs are multiwire proportional chambers with wires
oriented radially and the induced charge on cathode strips are used to infer the track position. The

CSCs are required for this region of the MS where flux rates are largest because hit positions can
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be measured in 2D from orthogonal cathode strips on either side of the CSC chambers. Resistive
plate chambers (RPC) and thin gap chambers (TGC) are instrumented for muon triggering and
secondary coordinate reconstruction in the central region (|| < 1.05) and forward regions (1.05 <
In| < 2.7). Response time for these chambers is <1ns with signal digitization yielding triggerable
signals within 4 ns. Internal and external alignment of the MS chambers is provided via an optical
system and toroid-off data-taking runs for straight muon track reconstruction. A summary of the
MS instrumentation coverage is given in Table 4.3.

Table 4.3: Summary of the instrumentation coverage for the MS

Monitored drift tubes MDT

- Coverage In| < 2.7 (innermost layer: || < 2.0)
- Number of chambers 1088 (1150)

- Number of channels 339000 (354 000)

- Function Precision tracking
Cathode strip chambers CSC

- Coverage 20<n| <27

- Number of chambers 32

- Number of channels 31000

- Function Precision tracking
Resistive plate chambers RPC

- Coverage In] < 1.05

- Number of chambers 544 (606)

- Number of channels 359000 (373 000)

- Function Triggering, second coordinate
Thin gap chambers TGC

- Coverage 1.05 < |n| < 2.7 (2.4 for triggering)
- Number of chambers 3588

- Number of channels 318000

- Function Triggering, second coordinate

4.5 THE MAGNET SYSTEMS

This section will provide an overview of the ATLAS magnet systems, while the full TDR can be

found in [76]. A rendering of the ATLAS toroidal magnet system and a photograph of the installed
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barrel toroid cryostats are shown in Figure 4.9. The magnetic field in the ID is provided by a super-
conducting solenoid which shares its cryogenic housing with the LAr calorimeter. The toroidal
field is provided by 8 air-core superconducting coils in each of the barrel and two endcap regions.
While the field is approximately toroidal, its nonuniformities (particularly near the coils) must be
taken into account for precision muon reconstruction. To this end, 1,800 Hall probes are installed
throughout the detector volume to continuously monitor the magnetic field. A finite-element sim-
ulation of the coils and conducting elements is used to produce magnetic field maps down to arbi-
trary precision. The positions and orientations of the coils are floated within their known precision
and their resultant field predicted by the Biot-Savart law is fitted to Hall probe measurements. Slices

of the magnetic field map are shown in Figure 4.10.

Figure 4.9: A rendering of the ATLAS magnet system (left) and a photograph of the barrel toroidal magnet
cryostats. Note the 8-fold symmetry of the magnet geometry.

The endcap cryostats containing the endcap toroids will shift position after initial placement due
to magnetostatic forces. Position sensors were installed onto the surface of the endcap cryostats dur-
ing the first long shutdown of the LHC. A shift in position of approximately 2 mm was observed,
which is larger than the position uncertainties after initial commissioning. This information was

used in an updated fit for the magnetic field. My qualification task for the ATLAS experiment was
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to evaluate the change in muon reconstruction performance as a result of updating the map from
the Run I configuration to the improved Run II configuration. Updating the map results in a shift
to the muon momentum scale and improvement in the momentum resolution of standalone (com-
bined) muons by 0.8% (0.3%) in the forward region [77].

B|@2z=000m |B|@2z=10.00m 1B/ @¢=0.38r

10000 -5000 0 5000 1

1B, - Byl/IB | (%) 1B, - Bl/B] (%)

il
10000 -5000

Figure 4.10: Transverse (left, center) and longitudinal (right) slices of magnetic field map and the corresponding
difference between Run | and Run |l detector conditions

The key characteristic of the magnets is bending power, defined as the bending component of
the field integrated from the center of the detector radially outward to infinity: | By dr. Bending
strength in the barrel ranges between 1.5 and 5.5 T- m (|| < 1.4) and between 1 and 7.5 Tm in the
endcap regions (1.6 < |n| < 2.7). The intermediate transition region suffers from reduced bending

power and can be seen in Figure 4.11.

4.6 TRIGGER AND DATA ACQUISITION

The LHC delivers proton bunches collisions to ATLAS at a rate of 40 MHz. The equivalent data

rate would be on the order of 100 PB/s if the detector data was readout at every bunch crossing,
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Bending Strength B [T~ m]

Figure 4.11: Bending strength during Run | (left) and difference in Run Il conditions (right)

which is 8 orders of magnitude higher than can be processed and stored. Most of this data is unin-
teresting, as the most interesting hard scattering processes are very rare. ATLAS employs a two step
trigger flow consisting of a hardware-based level 1 (L1) trigger and software-based high-level trigger
(HLT) coupled to a data acquisition (DAQ) pipeline to capture only interesting collision events. An
overview of the ATLAS trigger and DAQ stream is shown in Figure 4.12.
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Figure 4.12: Schematic diagram of the ATLAS trigger and DAQ flow in Run |l

The Lt trigger decision is formed based on limited information from calorimeters and muon trig-

ger chambers, each of which are processed independently by dedicated trigger processors built on
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custom hardware located in the ATLAS cavern [78]. Calorimeter triggers are fired based on a coarse-
grained thresholding algorithm of cell deposits and muon triggers are fired based on coincidences of
hits in multiple layers of MS trigger chambers consistent with muons produced near the IP. An OR
of these trigger items defines an L1 Accept (L1 A) signal that is sent to a collection of hardware-based
readout drivers (ROD) that process detector data to the central readout system. An L1A decision is
processed in under 2.5 s and are fired at 100 kHz, reducing the data rate to 160 GB/s. The Lt trig-
ger also defines regions of interest (ROI) that seed the HLT. Event fragments are transmitted via fiber
optic cables to a CPU farm of 40,000 cores housed in the USA1s service hall. Software algorithms
analyze event fragments to form HLT decisions based on more fully reconstructed muons, electrons,
photons, and jets in ~ 200 ps. The HLT reduces the event rate down to 1.5 kHz/1.5 GB/s. Events
that pass the HLT are written to tape and sent off to a tiered global computing system for offline

reconstruction.
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Part II1

Modeling and Reconstruction
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Monte Carlo Simulation

There are many physical processes at play in high-energy pp collisions. Most, in fact, are not char-
acterized by a high momentum transfer scale q%> ~ s. Part of this is due to the choice of colliding
hadrons instead of fundamental particles like electrons, where quarks and gluons are confined at

an energy of O(1 GeV). The universal factorization of low-energy processes internal to the proton
and the high-energy scattering interactions of its constituent partons is essential for the tenability of
theoretical calculations. Additional complexity arises from the transition of QCD from an asymp-

totically free to a confining interaction as ¢ evolves downward toward Agcp as final state particles
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propagate away from the interaction point. Finally, myriad particles propagate through the detector
volume and undergo random material interactions, creating discernible hits that are digitized and
passed through a reconstruction algorithm. The processes that govern pp collisions and the stable

particles that ultimately pass through a detector are drawn in Figure s.1.

. Hard Scattering and
Parton Showering

— Hadronization
— Hadron decay
EM Radiation

— Underlying Event

Figure 5.1: Cartoon of a pp collision event [7]

Constructing an analytical model to predict multi-dimensional probability distributions for data
coming from such an experiment is impossible. For instance, a probability distribution function
for the number of jets produced in an event would minimally require the integration over millions
of detector channels whose hits are reconstructed to form jet objects. Collider experiments instead
heavily rely on the method of Monte Carlo (MC) simulation, whereby events are probabilistically

generated according to distributions that can be sampled step-by-step and fed forward through the
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simulation chain. In this way, the theoretical model can be handled more like data. The successful
implementation of MC methods in particle physics relies on the low cost of generating random
events made possible by modern computer technology. This chapter will summarize the principles
underlying MC simulation techniques and highlight specific aspects that are relevant to the most
precise predictions for the ¢ process. For a more detailed overview of MC methods in collider

physics, see references [79, 80].

5.1 HARD SCATTERING INTERACTIONS

The probability that a hard scattering interaction occurs between individual quarks or gluons
within colliding protons is determined by the magnitude of its associated cross section. This can
be calculated inclusively and differentially as a function of some final state kinematics. The general

expression for a2 — N scattering cross section of initial state particles ab is given by

2

Oab—sN 2/ A0 | > Mn(®n; ir)
VN n=0

1 dBp; 1
here d®y = g 2m)* (S
whee doy = 1] GpseE 2, 2m) 0 (%)

final states j

Here, the matrix element (i.e. scattering amplitude) M 5, v is written as a perturbative expansion,
where M, oc " and « is a generic coupling constant & < 1. The matrix element is approximated
by the fixed order calculation achieved by truncating the summation. The fixed order calculation
must be renormalized through the introduction of a non-physical scale g, which is normally fixed
to some energy scale relevant to the process at hand (e.g. prp = My forqg — Z — ete™).

While the amplitude M calculated to all orders in perturbation theory should not depend on pig,
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the fixed-order calculation may retain a dependence. Theoretical uncertainties on the fixed order
calculation are estimated by varying g from some nominal value. The inclusive cross section for
the process ab — X can be obtained through a summation over all possible final states.

The integration in Equation 5.1 is not trivial, as the 3N -dimensional integral is impossible to
perform analytically for most processes of interest at the LHC. It is here that we encounter the first
use of MC techniques. The form of Equation 5.1 can be identified with I[f] = [|, d"z f(x).
This expression is the definition of the average over V' and can be estimated with the sample mean

+ S N | f(@;), with N points randomly sampled over V. By the central limit theorem, this

fn

estimator has variance inversely proportional to /V:

Var(fy) = lerifi :

This method is powerful as it does not sufter the curse of dimensionality, as the accuracy of the esti-
mation can be made arbitrarily precise by increasing the sample size.

The sample size required to reach a fixed error E[gny] < Ep can be decreased by effectively
decreasing the numerator Var( f) through the method of importance sampling. Instead of sampling
N points {x;} € V uniformly, a coordinate transformation can be made by mappingx — y(x)
with Jacobian ‘ oy ‘ = g(x). The integral of interest can now be written as I[f] = [,,, d"zh(z),
where h(x) = f(x)/g(x). If the coordinate map is chosen such that Var(h) < Var(f), then the
MC approximation converges more rapidly with additional samples. The method of importance

sampling can be thought of as simply smoothing out the function f over its domain so that denser

regions of  are dispersed into less dense regions.
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In practice, one would like to generate events sampled from the phase space V' according to prob-
ability f () rather than only calculate cross sections as above. The simplest method for doing so is
dubbed the “hit-or-miss” method and proceeds as follows:

1. Pick a constant value fiq, > maxgey f(x)

2. Picka point « in V and a (pseudo-)random number R € [0, 1]

3. f Rfmax < f(), accept the event, otherwise reject it. Repeat from 2 until the desired

sample size is obtained

This process may have a low generation efficiency and therefore slower generation speed, so in-
stead one can save all events and an associated weight given by f(x).

After nearly 15 years of LHC operation and decades of development in aspects of theoretical
computation, there exist several general-purpose MC event generators that can automatically gen-
erate Feynman diagrams and compute integrals for arbitrary processes up to next-to-leading order

(NLO) or even NNLO precision. Commonly used generators will be discussed in Section s.4.

5.2 SOFT QCD FACTORIZATION

The above discussion of partonic cross sections 65— x can be extended to cross sections of proton

collisions 0, x of interest at the LHC using the Factorization Theorem:

Opp—X = Z / dzqdxy fola; /ﬁ%«“) folxp; pr) a'gb%X (TaPa, ToPy; /ﬁ%a ,“%) (5.2)
a,b

Here, a and b label the scattering partons of protons a and b, the Bjorken-z parameters x,, deter-
mine the fraction of the proton momentum p, ; is carried by the respective parton, and f(; u%) is

the set of universal parton distribution functions (PDF) [81]. The factorization scale pf is a large
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momentum transfer scale that characterizes the hard scattering interaction. It can be interpreted as
the momentum scale that separates the hard scattering process, which is accounted for by the par-
tonic cross section G4p—s x, and the low-energy dynamics of the proton, accounted for in the PDFs.
Like the unphysical jug, there is no dependence on i when Equation s.2 is performed to all orders
in perturbation theory. Uncertainties on fixed-order calculations are obtained by varying p1r from

its nominally chosen value. Equation s.2 is pictorially represented in Figure s.2.

Figure 5.2: Diagram depicting the factorization theorem

The parton distribution functions absorb divergent logarithms that result in non-perturbative
QCD processes. Their forms at various Q? are provided by hadron collider and deep inelastic scat-
tering (DIS) experiments such as ZUES and Hi at the HER A ep collider [82]. Measurements from
HERA have probed f(; Q?) across many orders of magnitude in the (z, Q?) plane, as shown in
Figure 5.3.

The interpolation between and extrapolation beyond measurements in the (z, Q%) plane follow
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Figure 5.3: Regions in the (x, QQ) kinematic plane probed by HERA, fixed target experiments, and hadron
collider experiments [8]

from the Dokshitzer—Gribov-Lipatov—Altarelli-Parisi (DGLAP) evolution equations [83, 84, 85]:

Q2i filz, Q%) e Z/l dz | Paias (2)  Pug (%) fi(2,Q%) (5.3)
i =72/ -
S\ ; Py (2) Pu(2) ) \ @)

The splitting functions Py, (%) represent the probability of a parton a splitting into parton b with



momentum fraction 2. They are given at leading order in Equations 5.4 - 5.6 [86]:

9(2)
P 2

qu(z)—CF[lJr(lJr )]q%;y—ysiq(lz) (5-4)

q(2)
Pyy(2) =Tr[* + (1 - 2)*] = ngq(l —2) (5-5)

9(2)
z 1—2

Pae) =20a | {25 + 15 s -9) = ggﬁ}gu_) (59

Global determination of parton distribution functions using the DGLAP equations are provided
by the CTEQ and NNPDF collaborations [87, 88]. Representative examples of PDFs at low and
high Q? provided by CTEQ are shown in Figure 5.4. One can see that at low Q? the valence quarks
w and d contribute most dominantly in hard scattering interactions (where the difference in u/d
PDFs is due to the uud quark content of the proton). At higher @2, the contribution of gluons

to hard scattering interactions at moderate = becomes very large and the sea (anti-)quarks become
important. It should be noted that extrapolations of PDFs to high Q2 and low z using Equation

5.3 typically incur large systematic uncertainties. This is a limiting factor for some LHC searches for

heavy resonances, for example, but not for the present measurement described in this thesis.
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Figure 5.4: Parton distribution functions provided by CTEQat () = 2 GeV (left) and () = 100 GeV (right) [9]

5.3 PARTON SHOWERING AND HADRONIZATION

A fixed-order matrix element calculation for a process pp — X at the nt" order can include a mix
of corrections with [ internal loops and £ additional external field lines, with n = [ + k. Represen-
tative Feynman diagrams corresponding to these types of corrections are shown in Figure 5.5. The
k real emissions (i.e. legs) can be accounted for most precisely in the matrix element calculation but
can also be accounted for in the parton showering step, whereby the matrix element calculation is
modified by a semi-classical Monte Carlo algorithm. Parton showering includes photons and gluons
and is responsible for evolving the event from the hard scattering energy scale @ ~ 100 GeV to

Q) ~ Agcp at which hadronization occurs.'

"Parton showering is an alternative method to resummation, which is an all-orders approach in which
the largest logarithms across all perturbative orders are summed. The precision of these calculations is char-
acterized by the number of leading logarithms that are included. The splitting functions of Equations 5.4 -
5.6 demonstrate the soft and collinear divergences of QED and QCD radiation that must be regularized. In
other words, the splitting functions cannot be integrated over the full phase soft and collinear phase space.
From a theoretical point of view, this is justified by the finite granularity of a particle experiment’s space and
momentum resolution.
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Figure 5.5: Representative Feynman subdiagrams for pp — ¢ at LO and additional corrections from internal
loops or real final state emission

The implementation of a parton shower relies on the Sudakov form factor:

to gt
Ai(tﬂatl) = €exp _271' § / / dzpjl (5-7)
~ Jt

It represents the probability that a parton 7 of virtuality g evolves to ¢; without fragmentation, at
which point a parton j with momentum fraction z is emitted. The stochastic parton showering
algorithm is sketched in the following steps:

1. Sample pseudo-random number r; from [o,1] and calculate ¢; where A;(to,t1) = 7y

2. Sample pseudo-random number 1, from [o,1] and calculate z where

/OZ dy pji(y) //Oldypji(y) =7,

3. Spliti — j with virtuality ¢; and momentum fraction z. Repeat until all partons have

virtuality t; ~ 1 GeV

The Sudakov factor accounts for large logarithms characteristic of QCD divergences, so the par-
ton shower (PS) is reliable for predictions of collinear radiation. It is ill-suited for hard and wide-
angle emissions, which should be included in the matrix element (ME) calculation. Matching and

merging schemes are defined in order to combine the predictions of matrix element and parton
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showers (ME+PS) without double-counting M x_; amplitudes. Specifically, matching is a proce-
dure to combine ME and PS calculations for Mg?i_o amplitudes, while merging is a procedure to
combine multi-leg NLO ME and PS calculations for Mg@&-la amplitudes.

After the parton shower has evolved the event to near Agcp, color-charged particles are trans-
formed into color singlet hadrons. Hadronization algorithms are not supported by the same theo-
retical underpinnings as parton showers because of the non-perturbativity of QCD in this regime.

Figure 5.6 illustrates the two classes of phenomenological models for hadronization:

* The cluster model, where the central objects are clusters of quarks. This is motivated by

considering a hadron as a cluster of bound quarks (e.g. 7 as ud)

* The Lund string model, where the central objects are strings that connect bound states of
quarks. This is motivated by virtual gluon flux tubes of constant energy density that form

between quarks.

Figure 5.6: lllustrations of the cluster (left) and string (right) hadronization models [10]



5.4 MONTE CARLO ALGORITHMS

There are several general purpose ME generators available. The relevant ME generators for the analy-
sis presented in this thesis are PowHEG-Box and MGs_aMCeNLO .

PowHEG-Box is a parton-level ME generator that computes amplitudes to NLO precision (up
to one loop) [89]. It uses the PowHEG method, in which the hardest emission in the parton shower
is replaced with its own NLO accurate emission, allowing the PowHEG-Box output to be easily
inferfaced into pr-ordered parton shower algorithms [90, 91]. POWHEG generators have the advan-
tage of producing events with very low rates of negative event weights (few percent for PowHEG-
Box, but can by as large as 30% in generators such as SHERPA ).

MGs_aMCe@NLO is another NLO ME generator that uses the MADLooP module of MAD-
GRAPH to automatically compute diagrams up to 1 loop accuracy [92]. It relies on the MC@NLO
method to perform NLO+PS matching [93]. This has recently been extended to allow ME+PS
multi-leg merging for events with one real emission at NLO (FxFx merging) [94]. The FxFx multi-
leg merging has been recently made possible for t¢W production [95]. Spin correlations among
heavy resonances (e.g. ¢t) are handled by MADSPIN [96].

Events generated by PowHEG-Box and MGs_aMC@NLO can subsequently be showered by
PyTHI1A and HERWIG , which are themselves more general purpose ME and PS algorithms [97, 98].
PyTHIA features momentum-ordered parton showers and uses the string hadronization model,
while HERW1G features angular-ordered parton showers including color-coherence effects and uses

the cluster hadronization model. Both algorithms can be interfaced with the EvTGEN generator

that simulates the decays of heavy flavor hadrons, which can undergo C'P violating decays, taking
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into account angular and time-dependent correlations through the full decay chain [99].
Last but not least is the SHERPA generator, capable of LO/NLO ME+PS matching and merging
[100]. It relies on interfaces with one-loop providers such as OrENLoors for NLO ME calculations

[101]. Parton showering is performed using the Catani-Seymour dipole factorization scheme [102].

Matching for NLO QCD matrix elements uses the MC@NLO method.

5.5 SIMULATING THE ATLAS DETECTOR

After a set of Monte Carlo events has been generated, showered, and hadronized, stable particles
must be passed into a simulation of the ATLAS detector. The ATLAS experiment is simulated in
detail using GEANT4 (GEometry And Tracking), a software framework written in C++ capable

of simulating material interactions of particles with simulated volumes [103]. The interactions that
are supported within GEANT 4 are specified by a set of physics lists that can be provided by the user.
Standard material interactions like ionization and showering are included by default.

The most accurate simulation of the ATLAS detector using GEANT4 is referred to as FullSim.
Its major drawback is its computational cost. ATLAS has developed a fast simulation algorithm
(AFII) that achieves an order of magnitude reduction in computing time, as shown in Figure 5.7
[104]. This is achieved in part by replacing the calorimeter showering step (involving ©(100) ma-
terial interactions per shower) with pre-defined shower shape templates. This simplification is re-
liable for most purposes except for the study of jet substructure variables, but FullSim samples are
preferred for most processes except those that contribute least to a particular measurement’s phase
space. After particles are propagated through the simulated ATLAS detector, the simulated detector

hits are digitized and passed into ATLAS reconstruction.
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Figure 5.7: Comparison of CPU time for a set of tt events using FullSim and AFII

The ATLAS model within GEANTY4 is limited in its detail and must be corrected to more faith-
tully reproduce reconstruction and tagging efficiencies of various physics objects. This is typically
achieved through the derivation of scale factors (SF) applied to reconstructed MC events, defined by

the double ratio:
X total
Ndata/Ndata _ Cdata

SF = =
Nije/Njget  emc

(5-8)

Where X refers to any reconstruction algorithm (e.g. triggers, object reconstruction and identifi-
cation, isolation, and tagging algorithms). Specific examples of this calibration procedure will be
discussed in Chapter 6.

The last part of the pp interaction not yet mentioned is the remnants of the inelastically scattered
protons that do not participate in the hard scattering interactions. These low-momentum beam
remnants are referred to as the underlying event, which may be deposited in the detector volume
and contribute to backgrounds in object reconstruction. The underlying event is accounted for
by overlaying events similar to those collected with a very loose trigger. These constitute a sample
of baseline inelastic scattering events that are minimally biased towards higher /s by the trigger.

Specific generator tunes are defined in order to produce events that agree with minimum bias data
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[105]. Itis also possible for multiple hard scattering interactions to occur between the partons of
a single pair of colliding hadrons, called multiple-parton interactions. The effect of such events is

relevant for predicting diject production cross sections, for example [106].
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ATLAS Reconstruction

The measurement of ¢t production relies on the reconstruction of light leptons (electrons and
muons) that define the measurement channels. It also relies on jet clustering and heavy flavor tag-
ging to identify b-jets produced in top quark decays. Measurements from the tracker, calorimeters,
and muon spectrometers must be combined to reconstruct these physics objects. This chapter will
give an overview of the reconstruction and calibration of physics objects, focusing on aspects that

are most relevant for the W measurement.
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6.1 TRACKING AND VERTEXING

Tracking algorithms in ATLAS fit hits measured in the ID to reconstruct the trajectories of charged
particles as they are deflected in a magnetic field. Trajectories are defined by a set of perigee parame-
ters (do, 20, ¢, 8, q/pr) shown in Figure 6.1. Impact parameters dy and 2o determine the distance
of closest approach of the particle trajectory to a given vertex position, while ¢ and 6 determine the
direction of the trajectory at the position of closest approach. Note that these parameters depend
on a specific reference point (the beamspot or reconstructed collision vertices are common choices).
The charge and momentum of a particle can also be reconstructed if the magnetic field strength is

known via the Lorentz force law.

track

Figure 6.1: lllustration of a particle trajectory and its defining perigee parameters

A key feature of tracking algorithms is the ability to efficiently find the correct combination of
O(1000) hits across multiple detector systems. ATLAS tracking involves two sequential algorithms:
the primary inside-out track reconstruction followed by outside-in tracking (back-tracking) [107,

108]. While inside-out tracking can efficiently find track candidates, it is sensitive to ambiguities in
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assigning hit clusters to track candidates. Outside-in tracking helps resolve these ambiguities and
recover missed tracks. Outside-in tracking is also useful for reconstructing tracks from secondary
vertices and photon conversions (y — e e™) that can occur within the tracking volume.

The inside-out sequence begins by forming track seeds from sets of 3 hit clusters within the sil-
icon layers. Track seeds are extended outward layer-by-layer using a combinatorial Kalman filter
[109]. Search roads are defined that extend from track candidates to reduce the number of hits that
must be considered for track extension into the outer layers. Ambiguities between multiple possible
hit extensions are resolved with fit quality requirements (e.g. x%). The tracks are extended into the
TRT region if compatible hits are found and refitted. After the inside-out sequence has produced a
set of candidate tracks, the back-tracking sequence is run. It is seeded by sets of 3 clusters in the TRT
layers in regions of interest defined by hits in the electromagnetic calorimeter. The same iterative
track extension procedure is used as in the inside-out approach. Performance measurements of track
reconstruction in early Run II are given in References [110, 111].

Tracks are extrapolated towards the beamline to form vertices characterized by their position, the
number of tracks associated to it, and the ) | p% of all associated tracks. The primary vertices (PV)
are vertices found near the overlapping region between the incoming proton beams (the beamspot).
PV are reconstructed as those that have at least two high-quality tracks associated to it [112]. The
number of primary vertices increases with instantaneous luminosity of the LHC. The number of
reconstructed PV per bunch crossing y is shown in Figure 6.2 during the Run II data taking period.

The hard scattering interaction is associated to the PV with the highest Y p2..
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Figure 6.2: Average number of primary vertices per bunch crossing recorded by ATLAS during Run I|

6.2 ELECTRONS AND PHOTONS

Electrons and photons are indistinguishable in the EM calorimeter and are therefore reconstructed
using similar strategies. The identification of an EM shower as an electron or photon is determined
by the presence of a track pointing to it with similar momentum. Since photon reconstruction tech-
niques are also used for electrons and the ttW measurement does not consider photons, this section
will focus on electron reconstruction and calibration.

The combination of tracking and calorimetry for electron reconstruction is depicted in Fig-
ure 6.3. Electrons are well reconstructed in the region 1| < 2.47, ensuring its narrow shower is
fully contained within the LAr calorimeter, excluding the 1.37 < |n| < 1.52 where coverage
transitions from the barrel to the end-cap calorimeter (the so-called LAr crack region). Hits in the
silicon and SCT layers are used for momentum calibration, while TRT hits can be used to identify
electrons by the x-ray transition radiation that is characteristic of low mass particles. These are com-

bined with TopoClusters [113] of calorimeter cells into a likelihood-based identification algorithm
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that is defined at Loose and Tight working points with different levels of electron identification ef-
ficiency and misidentification rates [114]. Electrons are required to have tracks reconstructed with
|20 sin f| < 0.5 mm and |dp|/0g, < 5 toimprove rejection of electrons from photon conversions
and secondary decays (collectively referred to as non-prompt production).

Electrons are required to be isolated from other activity in the detector to further increase rejec-
tion of non-prompt electrons. The quantities of interest are the sum of pr (E7) of tracks (calorime-
ter cells) observed within an isolation cone of width AR centered on the identified electron. Track-
based isolation can support very narrow isolation cones, while calorimeter cones can be only as nar-
row as AR = 0.2 due to the granularity of the LAr calorimeter. Multiple working points are pro-
vided that offer a trade-off between electron efficiency and background rejection, including a Loose
selection with fixed cuts on the isolation criteria (FCLoose) [11].

Electron charge is determined by the track curvature direction in the ID. Charge can be misiden-
tified if an electron undergoes material interactions and produce secondary electrons and photons
that are mis-reconstructed as the original electron. In the high-p7 regime, charge misidentification
can also occur as the track sagitta (and curvature direction) is poorly resolved by the intrinsic track-
ing resolution. Electron charge misidentification is suppressed using a boosted decision tree (BDT)
trained on electron kinematics, impact parameters, and SCT hits from the electron and neighboring
tracks. [11].

Software-based photon, single-lepton, and di-lepton high level triggers (HLT) are available within
the ATLAS trigger menu. Electron pr thresholds are set depending on the run conditions of the
data-taking period (typically . Both photon and electron triggers are seeded by hits in the LAr

calorimeter that define regions of interest (ROI) to perform approximate but fast cluster recon-
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struction and isolation [115]. If the HLT is fired, an offline precision step is performed to refine the
HLT trigger decision.

Allidentification, isolation, and trigger efficiency calibrations are performed using the tag-and-
probe method [116], in which an unbiased sample of electrons is obtained using the characteristic
ee decays of the Z and .J /) resonances. A strict selection criteria is applied to a well-reconstructed
electron (the tag electron) and a second electron (the probe) is used for calibration in events consis-
tent with one of the aforementioned resonant decays. If the electrons are well-separated within the
detector volume, the probe electron identification, isolation, and trigger efficiencies are unbiased by

the requirements placed on the tag electron.

. hadronic calorimeter
third layer ,~
ApxAp=0.05x0.0245

second layer
Aqx Ap=0.025x0.0245

first layer (strips)
AnxAg=0.0031x0.098

presampler

TRT (73 layers)

beam axis pixels

insertable B-layer

Figure 6.3: Overview of detection techniques involved in electron identification and reconstruction [11]
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6.3 MuoNs

Muons penetrate the calorimeters with minimal energy loss and can be reconstructed in the ID and
MS independently. Track information in these subsystems (with additional information from the
calorimeters to correct for multiple scattering and energy loss) are used to fully reconstruct muons.
Muons in the MS are reconstructed by building up local track segments in each of its three station
layers into full track candidates [117]. Muons can be further reconstructed in several types (summa-
rized in Figure 6.4):

* Combined (CB) muons are obtained with a global refit of ID and MS track candidates ac-
counting for deflection and energy loss in the calorimeters. These are the highest quality

muons.

* Segment-tagged (ST) muons are those with complete ID tracks but and matched to at least

one track segment in the MS.

* Calo-tagged (CT) muons consist of a complete ID track matched to a calorimeter deposit

consistent with a minimum ionizing particle.

* Extrapolated (ME) muons consist of a sole M track fit loosely constrained by the beamspot
position. These are typical of muonsin 2.5 < |n| < 2.7 where the MS extends beyond the

ID coverage.

Different muon types are used to define muon reconstruction working points with varying de-
grees of efficiency and background rejection. Medium quality muons used in the ¢ measurement
only use CB and ME muons. Additional quality requirements are imposed on the compatibility
between the ¢/p and pr reconstructed in the ID and MS for CB muons. Isolation for muons is
performed in a similar way to electrons, where an FCLoose isolation requirement is defined.

Single-lepton and di-lepton HLT can also be defined for muons that are seeded by L1 triggers

on deposits in the MS. These triggers are insensitive to identification and isolation working points
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and so need not be calibrated separately for each. The tag-and-probe method is used to calibrate
identification, isolation, and trigger efficiencies. Muons (and electrons) are affected by weak mode
alignment imperfections in the ID and MS, resulting in a charge-dependent sagitta bias that must be

corrected and calibrated [118].

Combined Muon /

Muon Spectrometer

Standalone Muon

(Calo-Tagged Muon)

Figure 6.4: Overview of detection techniques involved in muon identification and reconstruction [12]

6.4 JETS

Energetic quarks and gluons fragment and hadronize to form highly collimated particle ejections
called jets. They are reconstructed by their energy deposition in the electronic and hadronic calorime-
ters in |1)| < 4.9 into topological clusters (TopoClusters). The reconstruction of jets in the calorime-
ters into topological clusters is similar in principle to the reconstruction of electromagnetic showers
in the LAr calorimeter, but is complicated by large and irregular shower shapes of hadronic showers
and higher levels of detector noise. TopoClusters can be combined with tracking information of

charged hadrons in the region |7)| < 2.5 using the particle flow algorithm [119].
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The particle flow reconstruction algorithm attempts to match tracks to individual TopoClusters
based on pointing direction and compatibility of track momentum and cluster energy. Steps to
merge split calorimeter clusters, TopoClusters matched to a track are removed, and remnant cell
deposits consistent with upward energy fluctuations of the shower are also removed and associated
to the track. After the associations between the collection of TopoClusters and tracks are made, they
are passed into the anti-kr clustering algorithm with radius parameter 0.4 [120] implemented in
FastJet [121].

Collinear Safety: collinear splitting shouldn’t Infrared Safety: soft emissions shouldn’t
change jet change jet

Figure 6.5: Sketch of IR and collinear unsafe effects

The anti-k7 algorithm is one of a family of three sequential clustering algorithms of a collection
of objects (e.g. particles, tracks, TopoClusters). These have the important features of collinear and
infrared (IR) safety, meaning that the clustering output should be insensitive to radiation. These
effects are sketched in Figure 6.5. The Clustering relies on the definition of a distance measure be-
tween objects d;; and between objects and the beam d; 3. The algorithm proceeds in the following
steps:

1. Calculate {d;; } for all objects in the event

2. Beginning with the smallest d;;:
if d;; < d;p: replace objects %, j with i + j (where the sum is addition of 4-momentum)

else: 4 is a clustered jet, remove it from the collection.

3. Repeat from step 2 until all clustered objects are removed
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The distance measure can be defined with the choice of R and p:

AR?
dz] = min (k%{)z, k‘%{;) RQ’U (61)
dip = k7', ARij = (yi—y;)" + (¢ — ¢;)° (6.2)

There are three main choices for p: p = 1 (kr), p = 0 (Cambridge/Aachen), and £ = —1 (anti-kr).
These three choices progressively yield more conically shaped clusters and increased robustness to
soft QCD features due to the increased importance of hard radiation. The typical choice for R is
0.4, which in the anti-k7 algorithm can be considered as the jet width parameter. Figure 6.6 shows a
comparison of jets clustered with the different algorithms.

p, 1GeV] . [k R —| p, [GeV] [__Cam/Aachen, R=1_| p, 16V [ antik,R=1 |

Clusters low-pr objects first,
djj dominated by low-pr constituent

Clusters high-pT objects first,

No preferred pr ordering djj dominated by high-pr constituent

Figure 6.6: Examples of sequentially clustered jets among three commonly used algorithms

Particle flow jets are calibrated in the momentum range 20 < pr < 1500 GeV, where the
primary attributes of interest are the absolute jet energy scale (JES) and the jet energy resolution
(JER). In the first step, jets are corrected for pile-up contamination using the jet ghost-area subtrac-
tion method [122, 123]. A numerical inversion based on Monte Carlo simulation of di-jet events
corrects the JES to match the jet response at particle level [124]. Remaining fluctuations in the

JES and JER are corrected using the global sequential correction process [125]. In it, a sequence
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of multiplicative corrections are applied to jets that are each a function of the jet p7 and another jet
structure variable (e.g. amount of energy deposited into the hadronic/electromagnetic calorimeter
layers) binned in 7 of the jet. Finally, an in-situ calibration step is performed to correct for residual
mis-matches in the JES to data using Z+jet, y+jet, and multi-jet events [126].

A total of 65 systematic uncertainties are defined for the reconstruction and calibration proce-
dure, each of which is handled in a likelihood fit by a nuisance parameter (NP). These set of NP are
reduced to a set of 24 based on a reduction scheme that carefully treats the correlations of the largest
eigencomponents while simplifying subdominant eigencomponents with approximate correlation
schemes [124]. Uncertainties are derived separately for light jet and heavy flavor jets and uncertain-
ties are derived based on the differences in response for quark and gluon-initiated jets.

Jets originating from b-quarks or c-quarks (i.e. heavy flavor jets) are identified by the presence of a
secondary vertex in a jet that is characteristic of heavy B and D hadrons’ time of flight. Track-based
information of jets reconstructed within the ID coverage of || < 2.5 are tagged using b/c-tagging
algorithms [127]. Multiple approaches are used: the IP3D algorithm [128] identify tracks with large
impact parameters relative to the PV using a 3D likelihood estimation, the SV algorithm [129]
attempts to reconstruct all secondary vertices of a jet, and the JetFitter algorithm [130] attempts to
reconstruct the full decay chain of the b- to c-hadron decay chain.

These low-level inputs are fed into a deep feed-forward neural network called DL1 [128]. The
DL algorithm is augmented with additional input from the RNNIP algorithm [131], an impact
parameter-based Recurrent Neural Network (RNN) that accounts for inter-track correlations where
the IP3D algorithm does not. The augmented algorithm is referred to as DL1r and is the latest and

most powerful b-tagging algorithm used by ATLAS. Figure 6.7 shows the typical signature of a b-jet.
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Heavy flavor tagging efficiencies are calibrated to data using the characteristic ¢ — Wb topology
of fully-leptonic ¢t events in which the leptonic decays are opposite flavor (one electron and one
muon) [127]. Multiple working points with fixed b-jet efficiencies (60%, 70%, 77%, and 85%) with
decreasing c-jet and light jet rejection factors are available. A pseudo-continuous calibration of these
working points is performed to allow a mixture of these working points to be used while taking into

account the pattern of correlations between the exclusive fixed efficiency working points.

—3 tracks b jet
—————— b hadron \
------ impact

parameter

=& secondary
! vertex

\ 7 \rlmary vertex

Figure 6.7: Diagram showing the characteristic secondary vertex associated to a b-hadron decay within a jet

A Jet Vertex Tagger (JVT) algorithm [132] has been developed by ATLAS to help reject jets origi-
nating from pile-up vertices in the same bunch crossing. It is based on the fraction of a jets track pr
that are associated with each PV and similar variables that additional take into account the total jet
pr with pileup subtraction and the dependence on total number of tracks in the event. Signal jet
efficiencies of 9o% are achieved with a pileup fake rate of 2.2%. Separate calibrations are performed
for b-jets, as the presence of a secondary vertex requires special treatment when assigning jet vertex

fractions and the like.
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6.5 B

Neutrinos are produced in leptonic decays of the top quark and W boson. They carry away some
fraction of the events total energy as they exit the ATLAS detector without interaction. While the
total momentum of the hard scattering interaction along the beam axis is unknown due to the pro-
ton PDF, the total transverse momentum is constrained to zero. The missing transverse energy can

be reconstructed as the negative sum of all visible p7:

o — Z PTj — Z DT,j (6.3)

J € objects JE soft

where hard objects are fully calibrated reconstructed objects (jets, leptons, photons) and the soft
term captures low-momentum tracks associated to the hard-scatter PV that are not reconstructed
as part of an object [133]. An overlap removal procedure is defined to remove double-counted
tracks in the hard term. The vector quantity E}miss can also be written like (EX™, ¢) since it is
constrained in the transverse direction. The E35S scale is calibrated in Z — puju decays, where value
of B2 projected along the precisely reconstructed p7Z axis has a zero expectation value for unbi-
ased E%‘iss reconstruction. A systematic underestimate of the soft term is expected (and corrected
for) since neutral particles, charged particles with || > 2.5, and charged particles with p < 500
MeV or poor quality are not reconstructed. The EI5S resolution is measured in W — ev or tt
events (where true EF%5 > (0)andin Z — pu events (where true ER5 = 0) [133]. Resolu-
tion decreases gradually as a function of (y) but is driven primarily by jet resolution, leading to the
general dependence of E%liss on Hr =) Erof J(E%ﬁss) < Hr.

For production processes like semi-leptonic and fully-leptonic ¢¢ production, E%ﬁss can be as-
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signed unambiguously to up to 2 neutrinos using M; and My mass constraints in a kinematic
likelihood (KL) fit [134]. The measurement of t¢WW cannot utilize a KL fit because the decay kine-

matics under-constrain the assignment of E‘Tniss to 2 or 3 neutrinos in the final state.
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Part IV

Measurements
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Phenomenology of ttWW Production

The only Feynman diagram that enters into t¢W production in pp collisions at leading order (LO)
in QCD corresponding to O(a2a) is shown in Figure 7.1. Since the only available initial state for
ttW (t#W ~) at LO is ud (dii) and the valence quark content of the proton is uud, the ratio of
W to W~ production is roughly 2:1. In light of the multi-lepton excesses that have been discussed
in Chapter 2, many studies of t¢WW phenomenology and modeling have been published over the

last few years. This chapter will give an overview of NLO effects [135, 136, 137, 15, 138, 139], off-

shell effects [140, 141], calculations at NLO+NNLL QCD [17], EFT interpretations [16], and
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charge asymmetries [13] and will present the modeling of t¢W with MC samples used within the
differential measurement in view of these theoretical studies. Proceedings that summarize some

aspects of this body of work can be found in [142, 143, 14].

+
q t . W ;

Figure 7.1: Leading order Feynman diagrams for W= production at the LHC [13]

7.1 BEYOND LEADING ORDER

Contributions beyond LO in QCD can be summarized as follows:

abeew = oo+ Joch + domw (7.1)
~—— S~~~
O(aza) O(ada) O(a?), O(asad)

These contributions to ¢£WW production entering in at various orders in «s and ¢ are summarized
in Figure 7.2. Working through these terms systematically, we begin by noting the LO QCD term
described above. The mixed LO term O(asa?) does not contribute since no diagrams can be drawn
for it. A representative LO EW diagram at O(a?) is shown in Figure 7.3, where the gluon is re-
placed by v/Z. There is no interference between the non-vanishing LO diagrams since the ¢ is a
color octet (singlet) in the LO QCD (EW) production.

The most dominant NLO contribution comes at O(a3a), depicted in Figure 7.3. Terms at

O(a2a?) affect ttW production only through the production of an additional heavy boson [137],
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which is not only a very small effect but is a separable physical process. It is therefore generally ne-

glected. Terms at O(asa®) had initially been thought to be negligibly small [136], but later work

indicated that this may not be the case due to internal tW — tW scattering [15]; this subject is

elaborated below. Finally, terms at O(a*) have been shown to be small, as expected by the 1/av

suppression relative to O(a?), primarily coming from qg’ — t#W+~ [15]. The O(a*) terms are

therefore generally neglected.

Figure 7.2: Summary of contributions considered for calculations of ttW+ inclusive cross section [14]
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~+

Z/y

|

q/ W:I:

Figure 7.3: Representative Feynman diagrams for ttw production at O(ag) (left) and O(ag’a) (right) [15].
NLO terms are connected to LO terms from which they receive a factor of aig (QCD line) or & (EW line).

Table 7.1: Inclusive cross sections for t1W * at /s = 13 TeV [136]

Process Vs oo oochiew  Koep Opwl%] Scale[%] PDF[%] asl%]

tZ 13 841.3(1.6) 839.3(1.6) 139 —0.2 +9.6% —11.3% +2.8% —2.8% +2.8% —2.8%
W 13 412.0(0.32) 397.6(0.32) 149  —35 +127% —11.4% +2.0% —2.0% +2.6% —2.6%
W 13 208.6(0.16) 203.2(0.16) 151  —2.6 +13.3% —11.7% +2.1% —2.1% +2.9% —2.9%
HW™ + W 13 620.6(0.36) 600.8(0.36) 1.50  —3.2 +12.9% —115% +2.0% —2.0% +2.7% —2.7%
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The ttW inclusive cross sections reported in the LHC Higgs Cross Section Working Group’s Yel-
low Report 4 (YR4) are given in Table 7.1. Their calculations indicate that NLO QCD corrections
increase the inclusive cross section by 50% over the LO QCD calculation, while the EW corrections
lead to more subtle effect of a 3.2% reduction. However, the calculation performed here only in-
cluds O(a?) terms in the EW correction term. It has been shown more recently [15] that O(asa?)
terms can increase the t£W cross section up to 10% inclusively and 20% difterentially, for instance
as in the Nj, distribution. Both effects are shown in Figures 7.4-7.5, driven primarily by internal
tW scattering. This calculation is performed within MGs_aMC@NLO computed to NLO QCD
+ EW corrections and with a variable scale choice of ug = pp = Hr /2 using the NLO PDF4LHC
PDF set. The top quarks are decayed to bW with branching fraction 100% and all W bosons are
decayed inclusively to all possible leptonic and hadronic final states using the MADSPIN framework
matched to PS. The authors select events where the top quark decays leptonically to muons and the
W bosons decays leptonically to electrons. This is simply to keep track of the decay products of the
tt system and the associated TV boson. Finally, they consider events in which no selection is applied
and in events with 2 leptons of the same charge (2£.5.5) or 3 leptons (3¢). Additional selections are
imposed to mirror event selections of typical multi-lepton measurements.

Besides inducing large inclusive and differential effects, O(csa®) terms can make ¢£W sensitive
probe for some EFT operators affecting the ¢£.Z coupling [16]. A more complete illustration of the
tW scattering diagrams is shown in Figure 7.6 to clarify this fact. A dedicated effort within ATLAS
to measure this contribution in the t{WW +1jet final state is ongoing and is not specifically targeted by

the full differential measurement that is the subject of this thesis.
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Figure 7.4: Effect of tW — tW scattering diagrams inclusively in lepton channels with varying thresholds on
Nb-jets [15]
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Figure 7.5: Effect of tWW — tW scattering diagramsin ]Vjets [15]. The uncertainty band in the lower panels
correspond to scale uncertainties.

Figure 7.6: Feynman diagram involving ¢t W scattering entering in EW corrections [16]
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While the addition of NLO QCD and large NLO EW effects helps address the apparent the-
oretical underestimation of the inclusive t£W cross section, a NNLO QCD calculation is sorely
needed. To demonstrate this fact, the NLO QCD calculation with soft resummation at NNLL
was performed in [17]. In it, the authors calculate the inclusive cross section for t¢ + X, with
X = W%, Z HaNLO QCD, +NLL, and NNLL in both the soft-collinear effective theory
(SCET) and explicitly in QCD. Multiple nominal scale choices (1tr and i) are considered as a
function of Q = (p; + pg + px)? in and varied in [110/2, 2410] to evaluate the theoretical uncer-
tainty associated to neglecting higher order terms.

The comparison for the three processes is shown in Figure 7.7. In both ¢t¢H and ¢t Z, the nomi-
nal cross section predicted among the different scale choices converges when including effects up to
NLO+NNLL and the envelope of scale variations decreases. This indicates that additional terms at
NNLO can safely be neglected for a precision theory prediction on the inclusive cross section. On
the other hand, ttW shows persistent sensitivity to nominal scale choice as well as scale variation
up to NLO+NNLL. This indicates that contributions at NNLO in QCD can be large. This can
be understood as the effects of gg-initiated diagrams being pushed to NNLO, while gg-initiated
production of t¢Z and tt H occurs at tree level. In the present absence of a full calculation at this

precision, the inclusive cross section must be obtained through experimental measurement.
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7.2 OFF-SHELL EFFECTS

Most calculations of t¢W calculations employ the narrow width approximation (NWA) where the

W boson and top quarks are produced on mass shell. Concretely, the following approximation is

used for Briet-Wigner propagators of the heavy resonances:

1

—
<p2 _ m2)2 + mQI‘Q mID
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The NWA simplifies calculations and allows production cross sections and branching fractions to
factorize, in this case after the production of an on-shell W boson and top quarks. The first off-
shell calculation was performed in [140] and most recently calculated by the same authors in [141].
Their calculation includes non-resonant W production in the full pp — ¢/ ~(*vbb phase space
using the HELAc-NLO framework at NLO QCD accuracy at O(a3a®) and O(asa®). Example

diagrams are shown in Figure 7.8.

Figure 7.8: Representative Feynman diagrams for non-resonant pp — £© vl~ 0~ ubb production

The authors compare their calculation to a fixed-order NLO QCD+PS calculation and derive
a simple correction term to approximate non-resonant and interference effects included in the oft-
shell calculation. The magnitude of these effects at the inclusive level are small but become relevant
at the differential level, as can be seen in Figure 7.9. It is clear that these effects are subdominant to

the EW corrections and spin polarization effects discussed in the following section.
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Figure 7.9: Comparison of Hp = Zz p7 and My of the same-sign lepton pair in 2055 events

7.3 CHARGE ASYMMETRIES

An interesting feature of ttW worth mentioning is its utility for studying the ¢ lepton charge asym-
metry, which were studied in measurements of forward-backward asymmetry (Arp) in ¢ events
produced at pp experiments at the Tevatron [144, 145]. The effect enters at NLO QCD in gg-
initiated production but not in gluon fusion, which is completely symmetric. The lepton charge

asymmetry is defined by the quantity:

o N> 0) - N <0)

©” N(AL > 0)+ N(A! <0) (73)

where A}, = || — |1] [13]. However, a nonzero A’ arises only in g7 — £, which constitutes 85%
of t events at the Tevatron and only 15% at the LHC. BSM physics that affects AZ are therefore
challenging to see over the dominant s-channel gg — ¢ production.

The characteristics of t¢W discussed above make it a useful platform for measuring A% at the
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LHC. The first key benefit is that gg-initiated production is eliminated through NNLO in QCD.
A second benefit is that the emission of a W boson polarizes the initial state quark line, leading to
polarized production of #f that are carried to their leptonic decay products. The measurement of A,
in t¢W has a dedicated measurement effort within ATLAS and so is also excluded from the scope of
this thesis.

While A? will be neglected in the present measurement, a similar charge asymmetry variable

dubbed the relative charge asymmetry Ag can be defined by

N

Since Ag is only sensitive to the relative rates of ttW=*, it is insensitive to some systematic uncer-
tainties that are correlated between t#W ™ and ttW ~. AZ can be measured inclusively and also
differentially in any observable. The results of a recently published measurement [18] of o ((#W ™),
o (ttW ™), and their ratio by the CMS collaboration are summarized in Figure 7.10. The persistent
ttW -like excess with the full Run II dataset and experimental indication that the excess is more
charge-symmetric further motivates the differential measurement of A%, a key result of the the

work of this thesis.

T = 868 +40 (stat) T2 (syst) fb Oy = 592752 (scale) 13 (PDF) fb
Tgw+ = 553130 (stat) "3 (syst) b Oy = 384733 (scale) *§(PDF) fb
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7
4

Figure 7.10: Summary of CMS measurements and corresponding theoretical predictions [18].
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7.4 tt SPIN CORRELATIONS

The theorists who performed the calculation detailed in Section 7.1 also studied multiple spin-
correlation effects in t¢W production, considering effects of higher Bjérken x values probed by
ttW™ than ttW~ (PDF effect), forward-backward asymmetry in the top pairs, the V' — A structure
of the W boson couplings, and the polarization of the ¢ polarization that results from the W cou-
pling, as described in Section 7.3. Figure 7.11 shows that the effect of ¢ polarization is dominant in
terms of the 7 of the leptons from the top quarks. The impact on inclusive production event rates as
a function of 7 is shown in Figure 7.12, where the production of central (forward) leptons from ¢
(t) increases by 15% relative to the prediction without spin effects. This results in an increase in the
acceptance of ttWW ™ into the event selection (via || < 2.5) and manifests in the differential cross

section of Nje in Figure 7.13. While the differential measurement does not intend to measure n(f),

the opposing effects of ttW+ and ttW — acceptance will be discernible in the Ag measurements.
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Figure 7.11: Comparison of multiple spin correlation effects relative to the PDF effect [15].
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Figure 7.13: Effect of tt polarization on Njets after event selection [15].

7.5 MOoNTE CARLO MODELING

It has been observed that calculations of ttW +1j@QN LO +2jQLO using multi-jet merging can
increase the inclusive cross section by up to 10% [139], where the FxFx scheme implemented in
MGs5_aMC@NLO was compared to fixed-order NLO QCD+PS. At the time of this writing, an
FxFx sample centrally produced in ATLAS is not available but may ultimately be used within the
analysis strategy. However, our nominal signal sample is generated at the same precision in the ma-

trix element calculation implemented in SHERPA 2.2.10 with multi-jet merging performed using
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the MEPS@NLO algorithm and a CKKW merging scale of 30 GeV [100]. This sample uses the
NNPDF 3.0 NNLO PDF set. There are dedicated samples for the NLO QCD component and the
EW corrections described in Section 7.1.

In addition to the SHERPA sample, we generate (W at fixed-order NLO QCD sample using
MGs_aMC@NLO with a separate sample for the EW corrections, both showered with PyTH1A 8.
Finally, we also study events generated with PowHnEG-Box at NLO in QCD and showered using
either PyTHIA 8 or HERWIG 7. The MGs_aMC@NLO sample is used as an alternate MC sample
to define the primary theoretical uncertainty of both the matrix element and parton shower. It will
be used until the FxFx sample becomes available. A list of signal MC samples considered within the
analysis is given in Table 7.2. There is similar agreement of the NLO QCD cross section among the
alternate samples, while that of the nominal SHERPA sample is higher by about so [fb]. This is due

to the higher precision of its matrix element calculation using multi-jet merging.

Generator Parton Shower ogcp 0w 0gop+ew [fD] mg)—c;m
SHERPA 2.2.10 SHERPA 2.2.10  §97 42 639 1.07
MGs_aMCeNLO PyTHIA 8 548 57 605 1.10
PowHEG-Box PyTHIA 8 558 49 607 1.09
PowHEG-Box HerwiG 7 558 49 607 1.09

Table 7.2: Summary of various tHW samples considered and inclusive cross section prediction.

The modeling of differential t¢WW production is compared among all available samples in Fig-
ures 7.14-7.15. Observables are defined at the particle-level in an inclusive event selection (to be
described in detail in Chapter 10). The observables shown are those that will be unfolded in the fi-
nal measurement. The effects of EW corrections are consistent with what has been observed in the
literature, where dimensionful variables and jet multiplicities see an increase in cross section predom-

inantly in the tails up to 20%.
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Figure 7.14: Modeling comparisons between available MC signal samples (1)
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Figure 7.15: Modeling comparisons between available MC signal samples (2)
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Background Modeling

The top quarks and W boson produced in t£W events are extremely short-lived and we can there-
fore only detect their decay products. Since [Viy| > |Viq, |Vis| the top quark decays essentially
only to Wb, so ttW* — WTW ~W=bb. The signatures of t{W production are then driven
primarily by the W boson branching fractions but also the 7 branching fractions. Taking combi-
nations of all possible decays of the three W bosons yields the channel composition as a function
of the number of light leptons £ observed in the event (including leptonic 7 decays). Branching

fractions and channel composition are shown in Table 8.1. The zero and one-lepton channels are
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completely drowned in backgrounds including multi-jet and ¢¢ production. The two lepton chan-
nel with opposite sign (2¢0.5) is similarly dominated by di-leptonic ¢¢ production. The only usable
channels are two leptons with same sign 2¢.5.S and three lepton 3¢ channels, which constitute only
5.5% of ttW events. In addition to this basic selection, we require the detection of 1 or 2 jets, one of
which must be b-tagged.

With the basic event selection defined, we turn to the subject of background contamination in
these channels. Backgrounds are composed of both promptly produced leptons (e.g. t¢H and ttZ2)
and from non-prompt leptons produced primarily in heavy flavor decays from semi-leptonic ¢
production. This chapter will outline the dominant backgrounds and the methods by which they

are modeled and estimated.

Table 8.1: Branching fraction of ¥ boson (left) and resulting channel composition

W Decay Mode Branching Fraction ;lght Leptons COH;PO“UOH
W — lv 21.6% €ro 44-8f
W — 7v (hadronic) 7.39% One 41.3%
. Two (Opposite sign) 8.4 %
W —1v — v 4.01 % : ;
7l 67.4% Two (Same sign) 4.2%
“ 74 Three 1.3%

8.1 ProMPT BACKGROUNDS

The most dominant backgrounds where leptons are produced through the decay of heavy reso-
nances at the primary vertex (prompt production) are ttH, ttZ /v*,and VV (V. = W, Z) pro-
duction. Other prompt backgrounds have much lower rates and are less significant. These include

ttWW , tZ,tW Z,tHgb, tt(t/t), tttt, VV'V ,V H, and others. Details of the MC samples used to

model these processes are given in Table 8.2.
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As per the discussion of previous ¢ H measurements in multi-lepton final states, it has an overlap-
ping final state phase space with ¢£1V in the multi-lepton final states. Backgrounds from t¢H pro-
duction occur mostly in the H — W W™ modes with small additional acceptance of H — ZZ*
and H — 777 decays with one or both 7 decaying to leptons. The ¢tZH background process
are modeled with PowHEG-Box at NLO using the NNPDF2.0NLO PDF set and interfaced with
PyTHIA 8 with hgampparameter set to 3/4 X (my + mg + mp) = 325 GeV. The hgampparameter
limits the p of the first additional emission of the PS, which in turn limits the recoil of the t# sys-
tem. Theoretical uncertainties are derived by varying the f1r /15 scale choice in from [0.5/10, 240]
in the ME and PS calculations. Additional uncertainties on the ME and PS calculations are ob-
tained by a comparison to samples produced with MGs_aMC@NLO +PyTHIA 8 and POWHEG
+HERWIG 7.

The ttZ/~* process leads to a £/ ¢~ final state with the characteristic falling production in g
with large resonance at m . The dominant contribution from t¢Z/~* is in the 3¢ region, where
Z/v* — €14~ and one of the top quarks decays leptonically. It is also possible to accept such
events into the 2SS region if one lepton falls out of the 3¢ selection acceptance. This can occur if
the opposite-sign lepton is soft (low pr) or is erroneously reconstructed as another physics object
(e.g. jets). Similarly, the 3¢ regions may accept fully leptonic ¢£Z/~* decays where one lepton fails
to be reconstructed. With a cross section of 840 fb computed at NLO in QCD [50] and a phase
space highly overlapping with that of ttW, t¢Z/~* is a significant background. This is why it has
been been measured simultaneously with ¢ in previous measurements by ATLAS [54]. The
ttZ /v* process is modeled using MGs_aMC@NLO interfaced with PyTH1A 8 for PS separately for

1 < my < 5GeVandmy > 5 GeV. Uncertainties on the A14 shower tune affecting ISR/FSR
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are derived using alternate samples with the VAR3cvariation [146]. An uncertainty on the t£Z/~*
PS is obtained by comparison with a MGs_aMCe@NLO +HErRw1G 7 sample. Renormalization and
factorization scale uncertainties are derived in the typical way, as is done for tH.

Similar to the t£Z/~* process are the rare top quark decays. The production of ¢ can involve
virtual photons * as either ISR or FSR which decay into £1¢~. Such photon (or equivalently the
070~ photon decay products) are characterized by m(+*) and p(7*). The rare top decays are
modeled by three different samples and a dedicated phase space overlap removal procedure is used
to maximize the kinematic modeling precision. The first sample is described above in the t¢Z/~*
NLO sample, which covers 1 < m(y*) < 5 GeV in which the photon is produced as ISR but
not radiation from the top quark decay products (FSR). A second 8-body decay sample of pp —
ffbf folt e~ is produced at LO accuracy in MGs_aMC@NLO through s-channel top quark
propagators. It covers both ISR and FSR virtual photon production but also has a mass cutoft at
m(y*) > 1 GeV. The last sample is of lower quality and is used to cover remaining regions of phase
space. Itisa POWHEG +PyTHIA 8 NLO ¢ sample including FSR photons simulated at leading log
accuracy with the PyTHia QED parton shower algorithm, populating the region pr(7*) > 0and
2me s, < m(y*) <10 GeV.

The production of two massive vector bosons W*Zand ZZ (collectively referred to by V'V')
also contributes significantly to the t¢WW phase space in unsurprising ways due to the possible com-
binations of leptonic and hadronic decays of the W and Z bosons. It is modeled using SHERPA
2.2.2 +1j@NLO. Theoretical uncertainties are also evaluated by varying j1z and i p. Itis known
that V'V modeling is poor at high Njets, so a data-driven correction is derived in a V'V -enriched

validation region. It proceeds by fitting non-closure factors to a 3-parameter analytical function as-
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suming no strong dependence on the flavor of additional jets. Systematic uncertainties are derived
by varying the best-fit parameters within their fit uncertainties. Since these uncertainties are sub-
dominant, they are multiplied by a factor 3 to be conservative with no negative effect to the final

analysis sensitivity.

8.2 NON-PROMPT AND FAKE BACKGROUNDS

The primary source of non-prompt lepton production for the ¢£1¥ measurement is semi-leptonic
tt with a single lepton produced from the secondary decay of b-hadron from the t — Wb decay,
with additional contributions from single-top, V +jets , and V' production. An illustration of HF
fake lepton production is shown in Figure 8.1. Heavy flavor fakes are split into electron and muon
channels (HFe and HF 1) based on the flavor of the same-sign lepton of lower pr (subleading), as
this is more likely to have come from the non-prompt production. An additional type of fake lep-
ton backgrounds from these processes are internal and material conversions, which are separated
based on the position of the () — 0~ conversion vertex (CV) and the invariant mass of the two
tracks used to reconstruct the leptons, Mj,.¢-. Internal conversions are those with a presumed virtual
photon with a CV position R < 20 mm and Mj,, calculated at the PV of less than 100 MeV. Ma-
terial conversions occur when an electron undergoes material interaction to produce a photon that
converts to a lepton pair. They are defined as events in which a CV occurs with R > 20 mm and
M4 calculated at the CV of less than 100 MeV. Conversion events generally come from trident

* 5 ety* = etete), asshownin Figure 8.2. Heavy flavor and conversion fakes are

events (e
estimated using a semi data-driven background estimation technique, where shape information of

differential production is taken from MC and the normalization is fitted to data in control regions.
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Table 8.2: Overview of used MC samples for different processes, including ME and PS generators

Process Generator Parton Shower PDF Tune
(alternative) (alternative)
tHw SHERPA -2.2.10 SHERPA -2.2.10 NNPDF 3.0 NNLO SHERPA default
(MGs_aMCeNLO ) (PyTHIA -8)
ttH PowHEG-BOX PyTHIA 8 NNPDF 3.0 NLO/ A14
NNPDF 2.3 LO
ttZ MGs_aMCe@NLO PyTHIA 8 NNPDF 3.0 NNLO A14
tty MGs_aMCeNLO PyTHIA -8 NNPDF2.3LO  Aig
Rare top MGs_aMCeNLO DPytHIA -8 NNPDF 2.3 LO A1y
tt PowHEG-Box PyTHIA 8 NNPDF2.3LO  Aig
(PowHEG-Box) (HErw1G )
(MGs_aMCeNLO ) (PyTHI1A -8)
(aMC@NLO) (HErWIG )
Single-top PowHEG-Box PyTHIA 8 NNPDF 2.3 LO A1y
(s-/t-channels)
tw PowHEG-Box PyTHIA 8 NNPDF 2.3 LO A1y
HWW MGs_aMCe@NLO PyTHIA -8 NNPDF 2.3 LO A1y
tz MGs_aMCeNLO PytHIA-8 CTEQG6L1 Perugia2o12
tWZz MGs_aMCeNLO PytHIA -8 NNPDF 2.3 LO A1y
tWH MGs_aMCe@NLO PyTHIA -8 NNPDF 2.3 LO A1y
tHqb MGs_aMCeNLO PytHIA -8 NNPDF 2.3 LO A1y
tt(t/t) MGs_aMC@NLO PyrHIA -8 NNPDF2.3LO  Ai4
tttt MGs_aMCeNLO PyTHIA -8 NNPDF 2.3 LO A1y
7% SHERPA -2.2.2 SHERPA -2.2.2  NNPDF 3.0 NNLO SHERPA default
VvV SHERPA -2.2.2 SHERPA -2.2.2  NNPDF 3.0 NNLO SHERPA default
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The choice of performing a semi-data-driven non-prompt background estimation rather than a fully
data-driven estimation will be discussed in Chapter 9.

The tt events are generated using POowHEG-Box at NLO in QCD interfaced with PyTH1A 8
for PS with up JF = 4 /m?op + p%’ top calculated before radiation. The hgampparameter is set to
1.5 XMyop. Alternative tt samples showered in HERWIG 7.1.3 are used to estimate PS uncertain-
ties. Single top-quark production in s— and ¢t— channels and tW production are simulated using
PowHEG-Box and PyTHIA 8 with the same MC settings as the t¢ samples. Since these single-top
contributions are small, no alternate PS algorithm is used to derive uncertainties. These MC settings
are chosen based on recommendations provided centrally within the ATLAS Collaboration [147].
A correction factor of 1.3 is applied to the tt+> 1b component that is underestimated in MC. This
mis-modeling of ¢ is consistently demonstrated in the t¢H (bb) [148] and ¢ttt [149] measurements
performed by ATLAS.

Additional fake lepton backgrounds come from electron charge misidentification, as described
in Section 6.2, where electron material conversions produce conversion electrons that are mis-
reconstructed (QMisID) as an electron with the incorrect charge. This may occur in trident events
(see Figure 8.2) in which TopoClusters from conversion electrons are associated to the prompt elec-
tron instead of being reconstructed as separate electrons. The constraint from the TopoClusters
may lead to a track fit with incorrect curvature. While the ¢¢WW analysis uses the ECIDS MVA tool
to reject most of the QMisID contamination, what remains is estimated using a data-driven proce-
dure thatuses Z — e*e™ events to determine QMisID rates as a function of electron p and 7,
since the hard bremsstrahlung depends on the electron pr and the 77-dependent detector material

profile. Excess events with same-sign electron pairs within the mz window are assumed to originate



from Z — eTe™ QMisID events, where the rate of electron QMisID is determined by a maximum-
likelihood estimate of a Poisson likelihood function dependent on the QMisID rate, which range
from 1077 to 1072 in the t{IW phase space. See Appendix H of the tW internal note [20] for addi-

tional information.
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Figure 8.1: A cartoon depicting heavy flavor fake lepton production through the decay of a b—meson recon-
structed as a secondary vertex [19]
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Figure 8.2: A depiction of a trident event

In the end, the classification of these production modes into specific background components



relies on a truth classification scheme used specifically for the ATLAS ttH and ttW multi-lepton

analyses:

1. Prompt. This definition is used to define the non-prompt backgrounds including conver-
sions, HF fakes. The category contains isolated muon or electron, muons with no truth
origin defined, and electrons produced from photon conversion but the type of their parent

particle is an isolated electron of the same charge.

2. QMisID. This definition includes electrons with reconstructed charge opposite of to that of

its truth-matched electron charge

3. Material Conversions. Leptons with an assigned origin of a photon conversion but whose

parent particle is not an isolated lepton.

4. Internal Conversions. Leptons whose parent type is a generating particle with non-defined

origin

5. Heavy flavor. Leptons failing the above criteria.



Analysis Strategy

The greatest sensitivity to the HWw process comes in multi-lepton channels 2SS and 3/, in which
the largest backgrounds come from prompt lepton production in t¢H, t¢Z/~v*,and V'V and from
non-prompt and fake lepton production from HF decays and charge misidentification. The t¢W
measurement strategy is required to robustly estimate various background processes over a range of
possible values for o (t¢W), since it is expected that the inclusive t£WV signal strength will be 20%-
70% higher than the NLO QCD prediction. The key choice for the measurement is how to handle

the fake lepton backgrounds.
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A fully data-driven method typically used within ATLAS for measuring non-prompt lepton
backgrounds is called the Matrix Method (MM) [150], and was attempted in the 8o fb~! t# H
multilepton measurement [53]. The principle of the MM technique relies on defining Control
Regions (CRs) orthogonal to the SR in which the total rate of non-prompt lepton production is
measured. The SR and CR need to be similar enough that the composition of non-prompt lepton
sources (e.g. HF fakes, conversions) is similar and an inclusive non-prompt lepton rate measurement
in the CR can be reliably applied to the SR. On the other hand, the CR must be different enough
from the SR that the contamination of the signal process is low in the CR and the non-prompt lep-
ton measurement has low correlation with the signal strength.

A Tight and Loose lepton isolation criterion must be defined in each region. The Prompt Lepton
Improved Veto (PLIV) algorithm is a powerful machine learning based tool for identifying non-
prompt leptons and supports VeryTight, Tight, and Loose working points. For the purpose of the
MM, the working points used are T" (VeryTight) and L (Loose). The number of events with one

tight (loose) lepton N7' (N) can then be written as

N' = N§ + Ng

NT = NE + NL = egNE + epNE

where €p/p = N}; P /N 1% /p are the fraction of events with real/fake leptons passing the loose se-
lection that also pass the tight selection. Equation 9.1 can be rearranged into a matrix equation and
inverted, such that Ng can be calculated after €z are measured in the CR. The full implementa-
tion of the MM in the ttWW measurement is given in Appendix F of the t¢W internal note [20].

The MM is considered for ttW but was ultimately not used due to the difficulty in constructing
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quality CR with low /W contamination without explicitly using the PLIV tool for the CR defini-
tion. The background estimation strategy adopted for the t¢WW measurement is the semi data-driven
Template Fit (TF) method, which relies on MC for modeling the shape of background distributions
while fitting normalizations to data. In exchange, the TF method can use the PLIV tool in the defi-
nition of signal and control regions, allowing much better separation of the background and signal
processes. Prompt and non-prompt backgrounds can be estimated simultaneously with the ttW
signal strength measurement using the TF method as well, a desirable feature under the expectation
that f¢,7y will be pulled from unity.

This chapter will describe the definition of signal regions and control regions beyond the basic
20SS and 3/ lepton definitions, the description and implementation of the PLIV algorithm, system-

atic uncertainties, and the statistical formalism used to perform the measurement.

9.1 PromMrT LEPTON IMPROVED VETO

The PLIV is a multivariate tagger designed by the Isolation and Fake Forum of the ATLAS Col-
laboration to identify non-prompt leptons. It is a Boosted Decision Tree (BDT) that is trained on
variables constructed from lepton and jet tracks. It is a powerful tool for rejecting fake leptons be-
yond the isolation cone method in situations where high-p secondary leptons are produced within
a track jet but outside of a narrow isolation cone, as illustrated in Figure 9.1. If instead all tracks
within the larger jet radius are considered, more information can be used to determine the nature
of candidate leptons. The PLIV is trained for muons, barrel electrons (|7.| < 1.37), and endcap
electrons (|7e| > 1.52) to maximize the performances in each case.

Three variables are defined that characterize the lepton and the track jet that is matched to the

I1§



lepton:

* The ratio of the lepton track p to the track jet p
* The AR between the lepton and the track jet central axis
* Thelepton’s momentum in the plane transverse to the track jet central axis (electrons only)

* Number of tracks within the track jet matched to the lepton (electrons only)

Four additional variables are defined that evaluate the isolation of the lepton to calorimeter clusters:

* The sum of electron cluster Et divided by the electron track pr (electrons only)

* Calorimeter cluster E associated to the muon divided by the E't expected by a Minimum

lonizing Particle (MIP) (muons only)
* Sum of track pr in a cone of AR < 0.3 around the lepton track divided by lepton track pr

* Sum of calorimeter cluster Er ina cone of AR < 0.3 around the lepton track divided by
lepton track pr

Finally, two variables sensitive to the Secondary Vertex (SV) are used:

* The score of a RNN trained to identify secondary vertices (the same used in the DL1r b-
tagging algorithm)

* The longitudinal distance between Primary Vertex (PV) and SV reconstructed using tracks
with pt > 500 MeV divided by its uncertainty

The lepton pr is also passed into the MVA with these variables during training and evaluation.

The PLIV output score evaluated for leptons in the ¢ phase space are shown in Figure 9.2.
The VeryTight, Tight, and Loose working points are defined based on p-dependent cuts on the
PLIV score to achieve a smooth efficiency as a function of lepton pr [151]. These three working
points are inclusive, in the sense that events passing the Loose WP will also pass Tight and Very-
Tight. The innovation of the ttW TF measurement strategy is to define exclusive working points

akin to pseudo-continuous b-tagging available within ATLAS. These exclusive working points can
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Figure 9.1: Example of non-prompt leptons that would not be identified using the isolation cone method (left)
but could be identified if track jets are considered, as in PLIV (right)

then be used to define orthogonal signal and control regions enriched in the ¢£1V signal and non-
prompt backgrounds, respectively. The t¢W analysis defines the Tight (T) exclusive working point
as leptons passing the Very Tight PLIV WP and Medium (M) exclusive WP as leptons passing Tight
but failing Very Tight (i.e. TightNotVeryTight). The definition of the exclusive working points as a
function of pt and PLIV is shown in Figure 9.3. The calibration of these analysis-specific working

points will be discussed in Section 9.3.
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Figure 9.2: PLIV output score for electrons (left) and muons (right) in the t¢WW phase space [20]
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Figure 9.3: Exclusive PLIV working point definitions [20]. The pr-dependent PLIV cuts are shown

derived calibrated and uncalibrated lepton pr, such that the _ptb1in suffix is ultimately used with
properly calibrated lepton pr.

9.2 SIGNAL AND CONTROL REGION DEFINITIONS

Events in data recorded during the years 201 5-2018 while detector subsystems were in good con-
ditions are considered for this analysis. Events are required to have been selected by the lowest p-
threshold un-prescaled dilepton High Level Trigger (HLT) given in Table 9.1. Electrons used to fire
the HLT are required to pass the very loose or loose likelihood identification requirement without
arequirement on dg. The addition of single lepton triggers does not increase the expected ttW
significance against the background-only hypothesis because of the similar acceptance of t¢W and
non-prompt leptons. Single lepton triggers are therefore not considered.

Aloose inclusive (Linc) preselection is used to define an initial set of leptons and jets which are
used to define the 2¢SS and 3¢ analysis channels. Electrons passing pr > 10 GeV with || < 2.47
and 1.37 < |n| < 1.52are considered. Electron candidates are further required to pass the

LooseLH electron identification working point and the FCLoose isolation working point. Elec-
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Table 9.1: List of lowest p-threshold, un-prescaled dilepton triggers used for the Run 2 data taking periods.
The strings Ih(v)loose refer to electron identification requirements, nodO refers to the absence of do require-
ment, and L1I2EM10VH refers to the number of EM and hadronic calorimeter cells with energy above thresh-
oldinthe L1 trigger algorithm that seeds the HLT.

Dilepton triggers (2015)

Ll HLT_mul8_mu8nol1l prurT > 18and 8 GeV
ee HLT_2e12_lhloose_L12EM10VH praur > 12 GeV (both)
ef, e HLT_el7_lhloose_mul4 pruLr > 17 (e)and 14 (1) GeV
Dilepton triggers (2016)
L HLT_mu22_mu8nol1l prurT > 22and 8 GeV
ee HLT_2el17_1lhvloose_nod0® praLr > 17GeV (both)

eft, e HLT_el7_lhloose_nod0_mul4  prprr > 17 (e)and 14 (1) GeV
Dilepton triggers (2017 and 2018)
Ll HLT_mu22_mu8nol1l prurT > 22and 8 GeV
ee HLT_2e24_lhvloose_nod® praLr > 24 GeV (both)
eft, pie HLT_el7_lhloose_nod0_mul4  prprr > 17 (e)and 14 (1) GeV

tron tracks are required to have |dy| /o4, < 5and |z¢sin@| < 0.5 mm with respect to the PV to be
consistent with being produced by the hard scattering interaction. Muons with pt > 10 GeV and
In| < 2.5 are considered. Candidate muons are required to pass the Loose identification working
point, FCLoose isolation, and have |dy| /o4, < 3and zpsinf < 0.5 mm with respect to the PV.
Preselection jets are reconstructed with the Particle Flow algorithm from jet tracks and TopoClus-
ters clustered with the anti-kT algorithm with R = 0.4. Jets are required to have pt > 25 GeV and
In| < 2.5 while also passing the Tight working point of the JVT. Jets are considered in the overlap
removal procedure before the JVT requirement is imposed. Finally, jets are b-tagged with the DL1r
algorithm using pseudo-continuous b-tagging information.

An overlap removal (OR) procedure is performed to remove physics objects that are erroneously
reconstructed from the same detector signatures. The OR procedure is chosen to maximize the

reconstruction efficiency of leptons and b-tagged jets. A b-jet aware sequential OR procedure com-
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monly used by ATLAS Supersymmetry searches is chosen [152], and proceeds as follows (using the
70% b-tagging working point)':

1. e/p: if amuon and electron overlap with AR < 0.01, the muon is removed if it is Calo-
tagged (i.e. does not use any information from the MS) and the electron is removed other-

wise

2. Jet/e: if an electron and jet overlap with AR < 0.02, the jet is removed if it is not b-tagged

orif pr > 200 GeV. The electron is not removed in any case.

3. Jet/p: if the muon is ghost-matched* to a jet within AR < 0.4, the jet is removed if it is not
b-tagged and has less than 3 tracks with pr > 500 MeV. This condition is not frequently
triggered.

4. Jet/l: if ajet overlaps with a lepton within AR = 0.04 + 10 GeV /pr jep up to a maximum
of 0.4, the lepton is removed. This variable OR cone removes low-pT leptons more often as

these are more likely to be reconstructed from jet tracks.

After the OR procedure is complete, the remaining leptons and jets are used to classify the event
into the 2/SS and 3¢ channels and are subject to the tighter M and T requirements. For electrons,
the TightLH identification WP is imposed along with additional cuts to reject internal and external
conversions. The electron ambiguity resolver is applied to reduce the mis-reconstruction of photons
as electrons by approximately 11% [153]. Electrons are also required not to fall into the following
categories:

* External conversion candidate: a Conversion Vertex (CV) is found with R > 20 mm and

My < 100 MeV calculated at the CV

¢ Internal conversion candidate: not an external conversion candidate and R < 20 mm and
My < 100 MeV calculated at the PV

"Checks of the OR dependence on the b-tagging WP found the dependence to be ineffectual for the
overall analysis sensitivity

*The ghost-association method matches tracks to calorimeter clusters by setting the track momentum to
zero (a ghost) and clustered with calorimeter clusters [122]. In doing so, the pr of calorimeter clusters that
form jets are unaffected and the resulting clustering determine’s the track’s association to clustered jets.
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Table 9.2: Loose inclusive (Linc), Loose exclusive (L), Medium inclusive (Minc), Medium exclusive (M), and Tight
(T) light lepton definitions.

e 7
Linc L Minc M T Linc L Minc M T
FCLoose isolation Yes Yes
PLIV No PLIV<Oand Tight Tight-not- VeryTight | No PLIV<Oand Tight Tight-not- VeryTight
not-Tight VeryTight not-Tight VeryTight
Identification Loose Tight Loose Medium
ECIDS No Yes N/A
Conversion rejection | No Yes N/A
do|/ca, <5 <3
2z sin 0] < 0.5 mm

Electrons are additionally required to pass rejection by the Electron Charge Identification Selector
(ECIDS) to reduce Charge Misidentification (QMisID) backgrounds. Medium and Tight muons
are only required to additionally pass the Medium identification working point. Finally, leptons
classified as M, Minc, and T are required to pass the Tight, TightNotVeryTight, and VeryTight
PLIV WP. The various definitions of leptons are summarized in Table 9.2.

In both the 2¢SS and 3¢ channels, SS leptons are required to have pt > 20 GeV and pass the
Tight lepton definition. Events in the 2SS (3¢) channel are required to have Njets > 2(1) and
Np_jets = 1. Finally, cuts on the invariant mass of the leptons are imposed to remove backgrounds
coming from conversions and ¢£.Z/~v* production. In 2¢SS events, mg > 12 GeV for same flavor
lepton pairs. In 3¢ events, myy > 12 GeV for Same-flavor opposite-sign (SFOS) lepton pairs, |y —
mz| > 10 GeV for SFOS lepton pairs, and [mg, — mz| > 10 GeV. The Signal Region (SR)
definitions are summarized in Table 9.3. The 3¢ channels are further split based on the number of
SFOS pairs to further separate ttW from t¢tZ/~v* and V'V backgrounds. The expected yields in

the SR are shown in Figure 9.4, where uncertainties are obtained after a fit to the Asimov dataset?

3The pseudodata obtained from the total yields of signal and background predictions is referred to as the
Asimov dataset following ??. The name references Isaac Asimov’s “Franchise,” in which a single individual
who best represents the population is chosen to cast political election ballots. By analogy, the Asimov dataset
best represents the possible observed data given the SM hypothesis.
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Table 9.3: Definition of the 2¢SS and 3¢ SRs, which are both further split by their total charge (i.e. positive or
negative). The leptons in the 3/ region are ordered such that lepton 0 has an opposite charge with respect to
leptons 1 and 2 (i.e. the same-sign pair).

20SS (++ and ——) 3¢(+and —)
Nieptons = 2 (both passing Tight) = 3 (passing Loose, Tight and Tight)
S Qu ) +1
Lepton pr pr > 20 GeV pr,os > 10GeV
pr.ss > 20 GeV
-]Vjets Z 2 Z 1
Np—jets 1@60% or at least 2Q77% 1@60% or at least 2Q77%
Inv. mass cuts | my > 12 GeV for SF pairs myee > 12 GeV for SFOS pairs
|mee — my| > 10 GeV for SFOS pairs
|m3g — mz| > 10 GeV

without systematic uncertainties.
The CR used in the t¢1W measurement are summarized in Figure 9.5. In total, 10 CR are defined

as follows and illustrated in Figure 9.5:

* Heavy Flavor (HF) CR: Six CR are defined in the 2/SS channel where at least one of the
leptons fails the Very Tight PLIV selection (e.i. TM, MT, MM). These regions are split by
the flavor of the subleading lepton and binned in the subleading lepton’s pr. The transverse
mass Mt of the dilepton—E%liss system is required to be less than 250 GeV#, which helps
isolate ¢ events in which the only source of Er_,l?iss isasingle W — (v decay, which has an
upper bond of M7 (¢, v) < Myy. They otherwise use the same object selections as the SR,

including veto of conversion candidates.

e VV and ttZ CR: Two CR are defined in the 3¢ channel where there is at least one SFOS
lepton pair with [myy — mz| < 10 GeV (ensuring orthogonality with the 3¢ SR). Leptons
of the same charge are accepted passing the Minc definition. The V'V CR includes events
with 2 or 3 jets and exactly 1 b-jet (using the hybrid b-jet definition) and is primarily enriched
in the W+Z background. A second CR targeting ttZ includes events with > 4 jets and
> 1b-tagged jet. These regions are binned in Np_jets.

+The transverse mass is defined as M+ = \/ 2E71 1 E7 2(1 — cos A¢) for massless particles with mo-
menta pp 2
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¢ Conversion CR: Two CR are defined in the 3¢ channel where the conversion veto criteria of
the SR are inverted. Events are required to have no b-tagged jets to reduce the contribution of

HF fakes. Events are not binned in any particular variable i.e. are counted in a single bin.

Normalization factors are applied to the tz +light, V'V +HF, external conversion, internal
conversion, HF 1, and HFe backgrounds and are freely floated in a fit to data. In this way, these
semi-data-driven backgrounds estimations can be performed in the CR and extrapolated to the SR.
Additional Validation Region (VR) are defined using a LooseNotTight selection on leptons for
deriving corrections to V'V backgrounds and non-closure uncertainties, which are summarized in

Figure 9.6.
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9.3 ProMPT LEPTON IMPROVED VETO CALIBRATION

The exclusive PLIV working point is used uniquely by the ¢¢W analysis within ATLAS and spe-
cial care it taken for the separate calibration for electrons and muons. In fact, Tight and Medium
leptons used in the SR and CR use a cut on the ECIDS discriminant that is optimized for the ttW
measurement [20], so both Tight and Medium electrons must be calibrated especially. The calibra-
tion is performed using the standard Tag and Probe (TaP) method with Z — ee/ it decays, where
the tag lepton fires a single lepton trigger and passes a tight identification requirement. The probe
lepton forms a dilepton invariant mass consistent with a Z decay and the PLIV(+ECIDS) efficiency
is measured with respect to a baseline Loose (LooseLH) identification and FCLoose isolation for
(it (ee) events. Calibration Scale Factor (SF) are derived and applied to Monte Carlo (MC) events

binned in lepton pr and 7:

PLIV(+ECIDS) /NLoose PLIV(+ECIDS)
SEF = data data __ “data ( 9 2)
\PLIV(+ECIDS) /NLeose (PLIV(+ECIDS) :
MC MC MC

Systematic uncertainties associated to these calibrations are derived for electrons and muons sep-
arately. In both cases, the leading systematic uncertainty is the so-called “Jet Modeling” uncertainty
which is obtained by using the SHERPA 2.2.1 Z — ¢ MC sample instead of the nominal PowHEG
+PyTHIA 8 sample. This captures the possible differences in the modeling of jet shapes between MC
setups, but it is conservative as it also captures possible differences in Matrix Element (ME) preci-
sion and other aspects of the simulation. Another leading systematic uncertainty for electrons is the
effect of differing pileup conditions across run years, since electron 't measurement is sensitive to

differences in calorimeter activity. The variances in (1) can be seen in Figure 6.2. The pileup uncer-
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tainty is evaluated for electrons by taking the difference in calibration SF for 0 < (p) < 23 and
23 < (u) < 80 for2o15-2016dataand 0 < (u) < 30,30 < () < 40,and 40 < () < 80 for
2017-2018 data. This uncertainty is most dominant in the forward regions of the detector.
Uncertainties on PLIV(+ECIDS) calibrations for the VeryTight and TightNotVeryTight work-
ing points are shown in Figure 9.7 for muons and Figures 9.8 for electrons. Total uncertainties for
muons are large in the region |7, < 0.1and 2.5 < |n,| < 2.7 driven by the probe ID uncertainty
due to missing MS coverage at 1) ~ 0 where the two halves of the MS meet and ID coverage extend-
ing only to || < 2.5. Inall other 1 bins the Jet Modeling uncertainty is largest. The Jet Modeling
uncertainty as the largest impact for low-(high-)pT muons in the VeryTight (TightNotVeryTight)
WP. Statistical uncertainties from data are more significant in TightNotVeryTight muons because
real Z — ppu events have well-isolated muons. Electron uncertainties are primarily driven by the
Jet Modeling and Pileup uncertainties, with additional subdominant contribution from statisti-
cal uncertainties in data for TightNotVeryTight electrons. There is a distinct valley shape to the
Jet Modeling uncertainty is likely due to different p dependence of PLIV and ECIDS difterences

between the considered MC samples.
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Figure 9.7: Systematic uncertainties for VeryTight (left) and TightNotVeryTight (right) muon PLIV working
points as a function of p and 1 [20]
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VALIDATION

Efficiency scale factors and their systematic uncertainties are derived for electrons and muons using
Z — Ul events inclusive in jet multiplicity. This topology is quite different from that of t{W,
where jet and b-jet multiplicities are higher. While it is common to apply isolation scale factors
derivedin Z — ¢{ Tag and Probe procedures broadly among ATLAS analyses, dedicated valida-
tion studies are necessary due to the complexity of the PLIV algorithm, our novel use of pseudo-
continuous isolation working points, and the central importance of this algorithm to the analysis
strategy. To this end, a dedicated PLIV validation region is defined that is composed predominantly
of dileptonic ¢¢ and a ~10% contribution from single top (¢tW) production. This region has a very
similar topology to ttW; validation of the PLIV calibrations for electrons and muons in this region
supports the applicability of these calibrations to the t¢W signal and control regions.

The ¢t validation region is defined as similarly as possible to the analysis channels, with the same
selections used for trigger, lepton isolation, electron QMisID and photon conversion suppression.
The selection also requires Njets > 2and Np_jers > 1, where the hybrid b-jet definition is used
and exactly 2 leptons of opposite charge and opposite flavor with pt > 20 GeV. This selection will
be referred to as the “baseline” selection. It removes sources of same-flavor leptons (i.e. Z+jets) and
yields a region 90% enriched in di-leptonic ¢ with a 10% contribution of tW production [154].

The procedure for validating the PLIV scale factors proceeds as follows and an example proce-
dure is shown for Njets in Figure 9.9:

1. For each observable of interest (lepton p and 1) and those to be unfolded), produce data/MC
comparisons with all selections and available calibrations in the baseline selection. This
is done separately for events with a leading muon (.e) and events with a leading electron

(ept). The pre-PLIV modeling is generally very good at this stage, shown for e events in
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Figure 9.9: An example of PLIV reweighting procedure in Hr in the ey channel. The baseline se-
lection is shown on the left. The MC templates are scaled bin-by-bin to match data (center). The
PLIV VeryTight selection and associated uncertainties are applied to the leading lepton.

Figure 9.10 and for ey events in Figure 9.15.

2. Re-weight the MC yields bin-by-bin to exactly agree with data independently for each ob-
servable. In this way, all mis-modeling and associated systematic uncertainties not associated

to PLIV are corrected.

3. Apply the PLIV(+ECIDS) selections with corresponding calibrations to the leading lepton.
This is checked for the VeryTight and TightNotVeryTight working points. Any mismodel-
ing of the data at this stage should be completely covered by the associated PLIV uncertain-

ties.

This is a valid check for the PLIV calibrations only if there are no upstream selections that must
be calibrated simultaneously with the PLIV tool, since the PLIV is explicitly factorized from oth-
ers by the reweighing procedure. The most similar upstream selection to the PLIV is the FCLoose
isolation, but has been shown to have very little correlation to the PLIV [20]. This is unsurprising
since only isolation cones are used in both FCLoose isolation and PLIV, while several additional
track-based variables are used to train the PLIV.

The final validation of the PLIV calibrations for electrons and muons in the VeryTight and
TightNotVeryTight working points are shown for muons in Figures 9.11-9.12 and for electrons in

Figures 9.16-9.17. The corrected MC is in good agreement with the data and residual mis-modeling
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of the data is covered by systematic uncertainties in all cases. The dominant uncertainties applied to
the ¢ component for muons are shown in Figures 9.13-9.14 and for electrons in Figures 9.18-9.19.

For muons, the relative scale and shape of each systematic is in good agreement with what is ex-
pected from the T+P framework’. In particular, the impact of the Jet Modeling systematic is largest
with up to 0.6% (6.6%) impact on the overall normalization in the Very Tight (TightNotVeryTight)
working point, with the greatest impact in the low-(high-)pT region. The systematic uncertainty
due to limited statistics reaches 4% in the TightNotVeryTight WP in the highest muon pr bin,
which is also consistent with what is seen in Z () T+P.

For electrons, The relative scale and shape of each systematic is in good agreement with what is ex-
pected from the T+P framework®. In particular, the impact of the Jet Modeling systematic is largest
with up to 1.5% (4.7%) impact on the overall normalization in the Very Tight (TightNotVeryTight)
working point, both exhibiting a minimum in uncertainty around prt of 40 GeV. The impact of the
pileup uncertainty is subleading and is largest at low-(high-)p for the VeryTight (TightNotVery-
Tight) WP; it is increasing (flat) in || for the TightNotVeryTight (TightNotVeryTight) WP.

The conclusion of this validation study is that the calibrations derived using the Z — £¢ T+P
methods can be reliably applied to the t¢W phase space. The uncertainties of the exclusive PLIV
working points are also validated and are demonstrated to cover differences between data and MC
well. A consideration for the t¢W fit is how to correlate these uncertainties. A systematic variation

affecting the acceptance of events on the boundary between VeryTight and TightNotVeryTight

sNote that the uncertainties shown in the ¢£ VR are relative uncertainties, whereas the muon T+P uncer-
tainties are provided as absolute uncertainties, resulting in a smaller relative uncertainty when nominal scale
factors are much greater than unity

®Note that the uncertainties shown in the t£ VR are relative uncertainties, whereas the electron T+P
uncertainties are provided as absolute uncertainties, resulting in a smaller relative uncertainty when nominal
scale factors are much greater than unity
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should drive an anti-correlation in this uncertainty. However, events on the boundary of the Tight-
NotVeryTight and LooseNotTight region would only impact leptons in the TightNotVeryTight
region. Due to the non-trivial correlation scheme of these uncertainties, the most conservative as-
sumption that uncertainties are uncorrelated in TightNotVeryTight and VeryTight is taken. The
correlation of uncertainties applied to the two regions can then be determined by fits to data, which

will be discussed in Chapter 11.
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Figure 9.11: Data/MC comparisonsin e tt VR after baseline reweighting and application of TightNotVery-
Tight PLIV selection and scale factors. The muon p distributions are shown in multiple binnings, which are
the signal region binning, control region binning, muon VeryTight (Tight exclusive) working point calibration
binning, and muon VeryTight (Tight exclusive) working point calibration binning.

134



ATLAS Internal -- Data  14496.0
Vs =13TeV, 139 b [ tt 142721
1t 2I0SOF (] tw 590.3
Lead u Medium Total 14862.4

Pre-Fit 72 Uncertainty

ATLAS Internal -- Data  14496.0
Vs =13TeV, 139 fb” [ tt 142738
1t 2I0SOF (] tw 589.4
Lead u Medium Total 14863.2

Pre-Fit 72 Uncertainty

> LA R RS RS R R R R RAR
8 1800~ ATLAS Internal -&- Data  14496.0
I Vs =13TeV, 139 b [ tt 14348.8
1600 tf 210SOF O w 597.5

S Lead u Medium Total 14946.3

@ Pre-Fit 72 Uncertainty

H 504 27 b k] Z // 2
& 7 - £ .
o E| o o
5 6 7 8 0900 200 300 400 500 600 700 800 900 1000
Neis Nojeis H; [GeV]
2 R B e T T = e
(0] r ATLAS Internal -#- Data  14496.0 = ATLAS Internal -- Data  14496.0
Q 50001 ys=13Tev, 139 b [ i 142546 2 s=13TeV, 139 fb" [ i 14288.1
P t{21080F [ W 5936 2 {{21080F [ W 5912
5 Lead u Medium Total 14848.2 Lead u Medium Total 14879.3
@ 4000[~ pre.Fit 7 Uncertainty Pre-Fit 7 Uncertainty

° °
3 3
o o
3 % ,,/éj s
T Z| T
o 0 ]
o 40 60 80 100 120 140 160
Leading Jet P, [GeV] Leading Lepton Inl
> e e R S > L e e o O Mmamanay
0] ATLAS Internal - Data 14496.0 0] L ATLAS Internal -#- Data 14496.0 -
< Vs =13TeV, 139 o [ 143265 120001~ 5= 13 TeV, 139 fo' [ 144659
2 1t 210SOF O tw 592.5 3 [ t2i0s0F tw 597.0 -
5 Lead u Medium Total 14919.0 510000; Lead u Medium Total 15062.8 _]
I Pre-Fit 72 Uncertainty I r Pre-Fit 72 Uncertainty ]
8000 ~, —:
6000 .
4000~ —:
2000 —:
5 ; i
< ° ndf =053, 2prob =0.9
33 33 E* / A
: N _
g £ okt / .
] o 9 E
80 100 08 50 100 150 200 250

Leading Lepton P, [GeV] Leading Lepton P, [GeV]

Figure 9.12: Data/MC comparisonsin e tt VR after baseline reweighting and application of TightNotVery-
Tight PLIV selection and scale factors. The muon p distributions are shown in multiple binnings, which are the
signal region binning, control region binning, muon TightNotVeryTight (Tight exclusive) working point calibra-
tion binning, and muon TightNotVeryTight (Medium exclusive) working point calibration binning.

135



12

10,

210,

2 F T T 3 9 T T T T 3 9 T T T T 3
g 100 3 g 100 3 g 100 4
5 [ Sherpa vs. Powheg, tf —+10(+06%) ] & Probe Quality, tt —+10(+01%) ] N Statistical, —+10(+01%) 7
S gofLeadu Tight —-10(06%) 1 S gof Lead uTight —-to(01% % ol Leadu Tignt — o1 ]
2 % - Original —Modified 1 H - Original —Modified 1 H - Original —Modified 4
2 eof- B £ 4 £ 4
40 - 40| - 40 4
20 - 20 - 20 -
— u 4 4 4 — — L .|
g4 £ i E
2g 1. ERNF Sl Wil 4;;;::4;x::1;44:;:4;;;::4;;;::455;:;: i
e iy bR
02 Ry /m'“;:Z??’Z????”f??”’f5??2‘25??2"%”’23??2725?”“%3”’2;;::';;; i
50 100 150
Leadmg Leplon P, [Ge\l]
T 2 2
§70000] §70000]
Sherpa vs. Powheg, tt —+10(+0.6%) K Probe Quality, ff —+10(+0.1%) K Statistical, ff —+10(+0.1%)
Lead i Tight — -10(-06 %) ;6 Lead i Tight — -10(-01%) ;G"U“" Lead i Tight — -10(-0.1%)
-- Original —Modified -- Original —Modified £50000 -- Original —Modified
H
"40000
30000
20000
10000

7z 2
Leading Lepton !

7z
Leading Lepton !

R

Leadlng Lepton Inl

Figure 9.13: Jet modeling, probe ID, and statistical uncertainties in e tt VR as a function of pr (top) and
(bottom) for VeryTight PLIV calibration. Binning is the same as the calibration binning.

25

2 T T T 53 T T T T P T T T T
§18000 E 516000
816000/ Sherpa vs. Powheg, ti —+10(+66%) E"Probe Qualty, ff —+10(+05%) 8160001 statistcal, i —+10(+123%)
;1 4000 Lead 1 Medium — -10(-6.6%) Lead i Medium — -10(-05%) ;uouc Lead p Medium —-10(-23%)
-- Original —Modified -+ Original —Modified -+ Original —Modified
£12000 £12000
Z40000] Z10000|
8000
6000
4000
20005
- 5! ; ; ; ; ; ; ; - ; ; ; ;
£ - : £
Sl 2 s 2l
= (§ “|§ .
32 32 il
@l SE L = @l 3
1ol E E|
50 00 50 200 0 200 250 50 00 750 200 250
Leading Lepton p, [GeV] Leading Lepton p, [GeV] Leading Lepton p, [GeV]
2 5000 T T T 3 P T T T T P T T T T
H 5000: 1 5 4500 = § 4500 E
5 [ Sherpa vs. Powheg, fi —+10(+66%) ] & 4000F-Probe Quality, —+10(+0.5%) ® 4000F-Statistical, tf —+10(+24%)
o #000F" Lead  Medium —-10(66%) © a500[-Lead u Medium —-10(05%) 2 a500E. Lead i Medium —-to(24%
2 -- Original —Modified ] 2 -- Original —Modified 2 -- Original —Modified
5 3000 E § a000- € 3000E-
2 30001 ] 2 2
£ 2500 2500 =
2000/~ - 20005~ 2000~ =
1 1500 1500 E
1000~ 3 1000~ E 1000~ E
= ] 500 E 5005~ =
- E I I I 1 n I I I I I I
& S S
£ 3 E ,,xr % x;;;xm;;x/;;xr;;;' i
32 ””’ ”‘” ””22 ;xm;xm;xw;;xf;x' R ’
@l SE mw/
~10E E ! :
05 5 o o5 T 5 o 05 i 5

z 5
Leading Lepton !

z 5
Leading Lepton !

Leadlng Lepton Inl

Figure 9.14: Jet modeling, probe ID, and statistical uncertainties in e tt VR as a function of pr (top) and n
(bottom) for TightNotVeryTight PLIV calibration. Binning is the same as the calibration binning. Jet modeling

systematic is labeled as "Sherpa vs. Powheg.



3

x10° x1
2 AR AR AR Eaaas s B R e e e e BT A s o A AR
3 ATLAS Internal - Data 332983.0 _] S 300 ATLAS Internal - Data 332983.0 — [0} £ ATLAS Internal - Data 332983.0 J
w Vs =13TeV, 139 b [l tt 314305.0 w Vs =13TeV, 139 b [l tt 3143050 - K40000 'S =13TeV, 139 1" [ tt 314305.0
tt 210SOF (] tW 152249 tt 210SOF (] tw 152249 1 2 E tt210SOF (] tW 152249 7
200l Lead e Total 3295299 250 | 6ag e Total 3295209 |  53s000f Lead e Total 329529.9
Pre-Fit 7 Uncertainty 1 Pre-Fit 77 Uncertainty ] o E Pre-Fit 7 Uncertainty El
] 3 30000F E
3 105 3 ‘;Q?/H&f:ia‘z,‘s/‘a %2prob = 0.00 A 3 408.7/8 »2prob = 0.00
4 E . 1 @ E E ]
S e s el SO & e
] E] ] N S
B 0.95F 4 8 osesp 3 S o09s5F El
e 1
0% 3 4 5 6 7 8 09 15 2 25 3 35 4 900 200 300 400 500 600 700 800 900 1000
Nois Ny jots H, [GeV]
10° 10°
3 o T B B o R g1407””‘””‘””‘mwmwm‘mwmi o A o B B
& 120~ ATLAS  Intemal - Data 3329830 ] & [ ATLAS  Intemal -« Data 3329830 | 0000~ ATLAS Intemal 4 Data 3329830
< b Vs=13TeV, 139 b [l ff 314305.0 - [ [ Vs=13TeV, 139 b [l tt 314305.0 ] < F s=13TeV, 139" [l tt 314305.0 -
2 0oL f210SOF O W 152249 tf 200SOF O W 152249 1  Z35000[- T 200SOF O W 152249
& - Leade Total 329529.9 - L Leade Total 329529.9 - r Leade Total 329529.9 1
o [ Pre-Fit 7 Uncertainty ] 100~ pre-Fit 7 Uncertainty ] 30000 Pre-Fit 7 Uncertainty 4
8o 7 F ] £ E
L ] 80— — 250001 =
B 1 o0 E E
r Py b 1
C 200 E E
3 3 ¥2/ndf = 186.9/10 '»2prob = 0.00 3 16.6/8 »2prob = 0.00
£ £ oo < £ 10sF e
= e = Z = —e— —a———
o E o // o E v
s - s s
B 0.95F 3 8 B 0.95F El
097060 80 100 120 140 160 25 3 35 4 %% 0.5 1 15 2 25
Leading Jet p_ [GeV] min Leading Lepton Il
x10° x10° x10°
> R R e BN s A SRR AN > o
© 160~ ATLAS  Internal -¢- Data 332983.0 0] [ ATLAS  Intemal o Data 332983.0 G 160~ ATLAS  Internal - Data 332983.0
{ F (s=13Tev, 139 10" [ tt 3143050 { & [ (s=13Tev, 139 1" [ i 314305.0 8 F (s=13Tev, 139 10" [ i 3143050
% 140F f{21080F O Woo152249 4 3 i 200SOF O W 15224.9 % 140F {{2108OF O W 15224.9
5 [ Leade Total 3295299 { § [ Leade Total 329529.9 5 [ Leade Total 329529.9 A
I 120~ Pre-Fit 7/ Uncertainty | & 120 pre-Fit 77 Uncertainty I 120~ Pre-Fit 77 Uncertainty ]
100 3 100 3
. o . L .
ks 42Indf =305.9/8 »prob = 0. ks /T =59.7 /2 47prob = 0.00 3
£ 1.05F—o— o £ 1.05F 4 £10s E
< Tt e < =
5 1 oo 5 1 5 1 e
8 095 —e— 8 095F 4 8 oosk . El
%% 20 &0 80 100 120 140 %80 30 40 50 60 70 80 90 100 09 50 100 150 200 250

Leading Lepton P, [GeV]

Leading Lepton P, [GeV]

Leading Lepton P, [GeV]

Figure 9.15: Data/MC comparisonsin e tt VR after baseline selection before reweighting. The electron p
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9.4 SYSTEMATIC UNCERTAINTIES

The t¢WW measurement uses many physics objects and is therefore sensitive to many instrumen-
tal uncertainties. Such instrumental uncertainties are derived centrally within the ATLAS physics
performance groups and provided for all physics analyses. There are also a set of theoretical uncer-
tainties defined to capture the limited precision of MC generators and theoretical calculations on
inclusive cross sections. Finally, an additional set of uncertainties are defined for analysis specific

features relating to tt modeling and the use of pseudo-continuous PLIV.

INSTRUMENTAL UNCERTAINTIES

Experimental systematic uncertainties are related to the trigger efficiency; lepton reconstruction,
identification, and isolation efficiency; the absolute scale and resolution of lepton momentum/energy;
and many uncertainties related to the Jet Energy Scale (JES) and Jet Energy Resolution (JER) as well
as b-tagging and JV'T. Systematics are implemented either as alternate event weights (scale factors) or
as copies of the MC dataset with smeared object energy and momentum, which are used for JES and
JER.

Several uncertainties for leptons are considered. These relate to reconstruction, identification,
and isolation efficiencies measured using the TaP method, track to vertex association (for muons),
and pr/E'r scale and resolution uncertainties. An uncertainty is also considered for the sagitta bias
correction, which corrects for so-called weak alignment modes in ID and MS that induces a charge-
dependent bias on the reconstructed muon pr [118]. These uncertainties are derived centrally in
the muon and electron performance groups [155, 156]. These uncertainties and the PLIV uncer-

tainties derived specifically within the /1% measurement are shown in Table 9.4.
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The “FullJER” reduction scheme is used for JES and JER uncertainties and reduces the com-
plexity of the systematics model from roughly 100 (34) JES (JER) components to 30 (14) compo-
nents with only small reduction in the precision of correlations across different regions of jet phase
space [157]. This is the most complete of the reduction schemes and is robust if the nuisance param-
eters associated to these components are pulled in fits to data. The JER is corrected by smearing MC
when it has better resolution than data, but in cases where data has better resolution than MC an
uncertainty is applied to bridge the difference, which may be pulled in fits to data. There are also un-
certainties applied to E%liss scale and resolution of soft activity in the detector that is not clustered
into jets or reconstructed as leptons. These uncertainties are summarized in Table 9.5. An overall
uncertainty of 1.7% is taken on the luminosity measurement during 2015-2018 data-taking periods

using the van der Meer method [158].
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Table 9.4: Summary of instrumental uncertainties related to electron and muon reconstruction.

Instrumental Systematic Uncertainties for Leptons

Source Description # NPs Application
Trigger

Efficiencies e Trigger Efficiency 2 Event Weight

(e Trigger Efficiency I Event Weight
Muons

Efficiencies Reconstruction and ID 2 Event Weight
Reconstruction and ID (low pr) 2 Event Weight
Track To Vertex Association 2 Event Weight
FCLoose Isolation 2 Event weight
PLIV VeryTight 10 Event weight
PLIV TightNotVeryTight 10 Event weight

pr Scale Combined pr Scale I pr Corr.

pt Resolution ID Resolution I pr Corr.
MS Resolution I pr Corr.
MS Charge-dependent Sagitta Bias 1 pr Corr.

Electrons

Efficiencies Reconstruction I Event Weight
Identification I Event Weight
FCLoose Isolation I Event Weight
PLIV VeryTight 7 Event weight
PLIV TightNotVeryTight 7 Event weight

Bt Scale B Scale I Energy Corr.

Et Resolution Bt Resolution I Energy Corr.
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Table 9.5: Summary of instrumental uncertainties related to jet and E%HSS reconstruction.

Instrumental Systematic Uncertainties for Jets and E'

Source Description # NDPs Application
Jets

Efficiency Jet Vertex Tagger I Event Weight

JES Global Sequential Calibration IS pr Corr.
7 Inter-calibration 6 pr Corr.
High-pr Jets I pr Corr.
Pileup Dependence 4 pr Corr.
Non-closure I pr Corr.
b-jet response I pr Corr.
q/g response and composition 2 pr Corr.

JER FullJER Reduction Scheme 12 pr Corr.
Data vs. Fullsim I pr Corr.
Data vs. AFII I pr Corr.

Ess (only used in Control Regions)

Soft Track Terms  Resolution 2 pr Corr.

Scale I pr Corr.

Table 9.6: Summary of instrumental uncertainties related to b-tagging and pileup.

Instrumental Systematic Uncertainties for b-tagging and Pileup

Source Description # NPs Application
Pseudo-continuous b-tagging

Efficiency DLir b-tagger eff. of true b-jets 18 Event Weight
DLir b-tagger eff. of true c-jets 18 Event Weight
DL1r b-tagger eff. of true light 18 Event Weight
flavor jets

Pile-up reweighting
Pileup Pileup reweighting I Event Weight
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AN ASIDE: JES FLAVOR UNCERTAINTIES

During the analysis development it was observed that the JES flavor response and composition un-
certainties were among the most dominant at the differential level for Njets. These uncertainties
pertain to the difference in jet shapes and detector response for jets initiated by light quarks or by
gluons” due to differences in radiation patterns during shower evolution. The total flavor-related

JES uncertainty is defined by

ARgs = Afy x (Ry— Ry)® fy x ARy (9:3)
~—
Flavor composition Flavor response

where f; &= A f is the fraction of jets that are produced by gluons (gluon composition), R, and R,
are the responses for light quarks and gluons, and AR, is an uncertainty in the gluon response de-
fined by the difference between PyTHIA 8 and HERW1G 7 which is derived centrally by the Jet/ E3Riss
group.

Jet calibration tools that provide this uncertainty are agnostic to the gluon composition for a
particular analysis by default and assume uniform s0%= 50% gluon composition. This maximally
conservative assumption lead to large uncertainties. The magnitude of JES flavor composition and
response uncertainties for the largest prompt backgrounds ttH,ttZ,and V'V are shown in Figure
9.20. The normalization component of these uncertainties is small while the shape impact is signifi-
cant at the level of up to 10% in the case of ttH and V'V

JES flavor uncertainties can be reduced by deriving precise gluon composition maps in (pr, |1])-

The binning is made fine enough to resolve the structure of gluon composition as a function of

7Referring to the difference between gluon- and light quark-initiated jets a “flavor” uncertainty is some-
thing of a misnomer, but is the standard naming scheme within ATLAS.
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Figure 9.20: JES flavor uncertainties for ttH,ttZ,and V'V backgrounds in SRs

jet kinematics, but not so fine as to increase sensitivity to MC statistics. The former assumption is

confirmed after checking the bin-to-bin differences among all derived maps. The MC statistical un-

certainties were also seen to be negligible. Two uncertainties are derived on these gluon composition:

the simultaneous variation of 11g and i, and a generator uncertainty defined as the difference

between the nominal MC sample and an alternate sample. The samples used to define the nomi-

nal and generator uncertainties are listed in Table 9.7. The total uncertainties used for the flavor

composition uncertainty is defined as the bin-by-bin sum in quadrature of the two composition

uncertainties.

Nominal

Uncertainty

ttH
ttw
ttz
tt
Vv

PowHEG +PYTHIA 8
SHERPA 2.2.10
SHERPA 2.2.11

PowHEG +PYTHIA -8

SHERPA 2.2.1

PowHEG +HERWIG & g/ i

MGs_aMC@NLO +PyYTHIA 8 B g/ pr
MGs_aMC@NLO +PyTHIA 8 D pgr/pr

PowHEG + HERWIG 7 ® g/ jir
POWHEG +PYTHIA 8 @ i/ pir

Table 9.7: Samples used to define the nominal and generator uncertainties
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Gluon fraction maps should be derived for specific analysis channels, using truth information
to determine the originating parton of all jets in the event. Maps are derived for the 2/8S and 3¢
channels separately, as they differ by a margin far larger than their combined uncertainties. The se-
lections chosen for the derivation are a slightly relaxed version of the SR definition, where no conver-
sion or PLIV(+ECIDS) cuts are made and the Nje threshold is lowered to > 1 and no b-jet cut is
imposed for both 2¢SS and 3¢ channels. The final set of gluon composition maps and uncertainties
that are used to derive the flavor uncertainties are given in Figures 9.21 - 9.25.

A check was performed to see if binning in jet multiplicity would reduce the difference between
the two channels, since the 3¢ channel is expected to have 2 fewer quark jets in the ¢¢WW final state
and up to 2 fewer quark jets for background processes. It was found that the differences between
channels persisted and was more significant than the differences in Nj¢ bins. The variation of the
Np.jer threshold was shown to have a negligible effect on the gluon maps. The difference between
MC campaigns corresponding to different years of data taking also showed a negligible differences
among all samples.

The general features of the gluon compositions are similar across processes. In HW,VV  andtt
production, the 2SS channel involvesa V' — qq") which must alternative decay to £¢ or £v to be
accepted by the 3¢ selection. At leading order, jets in the 3¢ channel can only come from gluon radi-
ation in t¢W and V'V production. As a result, a greater fraction of jets in 3¢ events are produced by
soft QCD processes (ISR/FSR) in the PS algorithm, leading to an enhancement of the gluon frac-
tion, particularly in the low-p central phase space where differences in 2/SS and 3¢ reach 20%-30%.
Due to the greater representation of PS jets in the 3¢ channel, alternate showering algorithm uncer-

tainties are larger by a factor of 2 or more. These features are not exhibited by t¢Z and t¢H, which
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have can have 2 or more g-initiated jets at tree level even if accepted into the 3¢ channel.

To evaluate the effect of the derived gluon fraction maps, a simple fit implementation is used
that contains a subset of systematic uncertainties. The fit is performed before and after the JES fla-
vor uncertainties are revised with the new maps. Composition uncertainties decrease by an order
of magnitude, while the response uncertainties have only minor reductions. This is as expected, be-
cause the absolute gluon fractions enter into the response uncertainty but do not differ extremely
from so/50, while the new maps uncertainties enter into the composition uncertainty and are signif-

icantly reduced from the agnostic 50% default uncertainty.
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Figure 9.21: Gluon fraction maps for tt W production in 2¢SS (top) and 3¢ (bottom) channels, showing nominal
fractions (left) with scale uncertainties (center) and generator uncertainties (right)
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Figure 9.22: Gluon fraction maps for tt H production in 2¢SS (top) and 3¢ (bottom) channels, showing nominal
fractions (left) with scale uncertainties (center) and generator uncertainties (right)
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Figure 9.23: Gluon fraction maps for t£Z production in 2¢SS (top) and 3¢ (bottom) channels, showing nominal
fractions (left) with scale uncertainties (center) and generator uncertainties (right)
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Figure 9.24: Gluon fraction maps for tfproduction in 2¢5S (top) and 3¢ (bottom) channels, showing nominal
fractions (left) with scale uncertainties (center) and generator uncertainties (right)
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Figure 9.25: Gluon fraction maps for V'V production in 2¢SS (top) and 3£ (bottom) channels, showing nominal
fractions (left) with scale uncertainties (center) and generator uncertainties (right)
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THEORETICAL UNCERTAINTIES

Several theoretical uncertainties are applied to the MC predictions for the many processes consid-
ered in this analysis. Flat uncertainties are applied to several prompt processes that reflect the limited
precision to which cross sections are known. Alternate generator and parton shower algorithms are
used to define additional modeling uncertainties. Finally, scale uncertainties that simultaneously
vary the pup and fuf scales from 1/2x to 2x the nominal value are applied. These uncertainties are
summarized in Table 9.8.

The ¢t H cross section uncertainty is set in line with the inclusive cross section of o (ttH) =
445.7 £ 51.3 fb calculated at NLO QCD [50] while other cross section uncertainties are set to con-
servative values in line with other ATLAS measurements. Cross section uncertainties are not applied
to V'V +HF and ¢t Z +light because dedicated Normalization Factors (NF) for these components
are floated in the fits to data. In addition to PS and scale uncertainties, an uncertainty varying the
A14 tune of the ttZ sample is considered. Uncertainties on the PDF set used for t¢W are consid-
ered as well. The value of the strong coupling constant used in the PDF is varied from ovg = 0.117
toa = 0.119 (nominally oy = 0.118) and the PDF set itself is changed to the CT14nnlo and
MMHT2014nnlo68cl PDF sets defining 2 two-sided uncertainties. This procedure is consistent

with the recommendations of the ATLAS Physics Modeling Group based on [159].

ANALYSIS-SPECIFIC UNCERTAINTIES

There are a handful of additional uncertainties specific to the ttw analysis strategy and pertain to

the modeling of fake leptons:



Table 9.8: Summary of theoretical uncertainties for the MC predictions of different processes, including overall
uncertainties to the inclusive cross section, alternative generator and/or parton shower algorithm, and scale

variations.
Theoretical Uncertainties
Process ‘ o [%] ‘ Generator Parton Shower ‘ LR/ IF
ttH +11% MGs_aMCeNLO POWHEG Event weight
+PyYTHIA 8 +HERWIG 7
tts =+ 50% — MGs_aMCe@NLO | Event weight
(+ {c, b} only) - + HERWIG 7
ttW QCD — MGs_aMCe@NLO + PyTHIA 8 Event weight
ttW EW - MGs_aMC@NLO + PyTHIA 8 Event weight
tt — — Powheg —
+ Herwig 7.1.3
V'V +light + 2% — — Event weight
VV +{c, b} - — — Event weight
VH + 50% — — —
VvV + 30% — — —
it T so% - - -
tttt + 30% — — —
HWW + 50% - — -
tz + 5% — — —
tWZz + 50% . = —
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* T-to-M Extrapolation. While the PLIV working points are calibrated, these calibrations
only apply to promptly produced leptons. The efficiencies of non-prompt leptons in the
VeryTight and TightNotVeryTight regions showed a difference of up to 20% for electrons
while similar efficiencies are seen for muons. No shape dependence is observed as a func-
tion of lepton pr. A conservative 20% extrapolation on the total normalization is applied
between leptons in the two working points. This uncertainty is sub-dominant for inclusive

and differential t¢W measurements.

* Conversion Extrapolation. Validation regions are defined that are enriched in internal con-
versions, material conversions in the barrel region, and material conversions in the end-cap
regions. After fits to data in the CR, a 50% (10%) non-closure is observed for internal (mate-
rial) conversions. Flat uncertainties with these values are applied for extrapolation of conver-

sion estimates in the CR to the SR.

* PLIV Input Variables. Two variables used in the PLIV training show a non-closure between
best-fit MC estimate and data in validation regions. Uncertainties only affecting the shape of
MC templates of non-prompt leptons are applied for the relative calorimeter cluster energy
Euster/ Eexp for muons and the lepton track pr fraction pr, lep /DT, tracket for electrons and
are applied to all regions. All other variables show good agreement with data in validation

regions.

* tt +HF. An uncertainty of 0% is applied to the prediction of ¢t in association with at least

one additional c- or b-quark jet (identified using truth information).

* V'V Njets Reweighting. As mentioned in Section 8.1, a data-driven correction to the
V'V yields is derived as a function of Njets by fitting non-closures in the Njets distribution
of a V'V validation region to a 3-parameter analytical function. The best fit values for these
parameters are varied in the parameters’ eigenspace to derive uncorrelated uncertainties on
the reweighting procedure. These uncertainties are subdominant, so a conservative factor 3 is

applied without affecting the analysis sensitivity.
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9.5 PROFILE LIKELIHOOD FORMALISM

Every 25 nanoseconds, the LHC samples probability distribution functions whose domain is a
high-dimensional phase space over possible final state particle kinematics. Since collisions are in-
dependent®, the data is a sample of repeated identical measurements of a population distribution
determined by the the Standard Model. A production cross section can be inferred through an event
counting experiment. Principles of statistical inference in HEP experiments are covered in detail by
Cowan [160] and practically by Cranmer [161].

The ttW measurement (and many others performed by ATLAS) relies on the profile likelihood
formalism, in which a likelihood function is defined to represent the probability of having measured
a given dataset as a function of parameters that modify the theoretical hypothesis. These parameters
include those that the analyzer would like to measure, called Parameter of Interest (POI), and those
that affect the prediction but are not of interest, called Nuisance Parameter (NP). For an inclusive
measurement of a signal process with predicted yields S;, background yields B;, and observed data

n; (with ¢ indexing bins), the profile likelibood is defined as

L(n|p,0) = [] P (il [1S:(6) + Bi(6)] %) x G (i[1,6:) x [ G (6;169,26;) (9.4)

1€ bins JE syst

where p is the signal strength POI and 6; is the total uncertainty on the MC estimate in bin ¢. There

are several basic components of Equation 9.4, the first being the use of the Poisson and Gaussian

8 Back-to-back bunch crossings can become correlated due to effects like out-of-time pileup, but most
interesting processes are so rare that the time between events passing all analysis selections is large enough to
remove any correlations due to detector conditions.
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probability distributions:

\te=A
P(n|A) = %
| (9:5)
1 1(x — )2
Gielo) = o (5 )

The predictions S; and B; themselves depend on the NP @ and ~y. Instrumental uncertainties typ-
ically take nominal value 0? = 0and Af; = 1 and the continuous dependence S(6;)? is deter-
mined by interpolating and extrapolating between .S ((9?) and S(09 + A0;). The likelihood defined
for the tWW measurement uses linear interpolation (see Figure 6 of [161] for examples). The NP can
also take the form of freely floating normalization factors applied to background yields, which are
not constrained in the likelihood. The S and B predictions are generated from MC samples with
nonzero statistical uncertainty. The possible variation of the true yields within the total MC statisti-
cal uncertainty is handled by the 7; parameters applied for each bin, a simplified implementation of
the Barlow-Beeston method [162].

The best-fit values of 11, 8, and - are obtained simultaneously using the Maximum Likelibood
Estimate (MLE), where L is implemented in ROOFIT [163] and maximized using MINUIT [164],
all interfaced using the high-level wrapper TREXFITTER [165]. The deviations of the best fit val-
ues of NPs are referred to as pulls. The covariance of the likelihood parameters is estimated by the
HESsSE algorithm, which calculates the Hessian matrix:

SNl _32 log L(n|a)

o T aazaaj (96)

o}

o=

9The same procedure is used to determine B(6;)



There are two primary ways to quantify the contribution of individual systematic uncertainties
to the total uncertainty on ji. The first is referred to as the grouped impact method, in which the
tull fit including all uncertainties is performed to obtain the total uncertainty on /i, yorl. For each
group of uncertainties (e.g. all JER systematics) the corresponding NP are fixed to the best fit value
and the fit is performed again to obtain 0pia- The uncertainty of that group of uncertainties is
estimated by ojgr = 4 /U?Oml — agmial. This is an approximate method, as the uncertainties in the
modified fit are from conditional maximum likelihood estimates rather than the fully unconditional
estimate and in each fit, the common parameters may not converge to exactly the same value. If a
particular group of systematics has a very small contribution to 0, the Gaussian approximation
may fail as the quantity under the radical may be negative.

The second method by which uncertainties are evaluated is called nuisance parameter ranking
and allows a more fine-grained splitting of uncertainties but perturbs the fit more severely than
the grouped impact method. For each NP, a pre-fit (post-fit) mean and uncertainty are given by
99+A_9+ 0, -+AAAG+)I°. A conditional MLE /i is obtained by fixing 0; = 0; + Af, and the pre-fit

i AG; TAG; ) 7 5
(post-fit) impact of NP 6; are calculated as Apq = ﬁi — ft. Nuisance parameters can then be
ranked by their impact on . This method involves performing 2 or 4 likelihood minimizations for
each nuisance parameter, which is very computationally expensive. For large uncertainties, fixing the
corresponding NP to its variations may result in the fit converging to a different local minimum and
so can be unreliable for fits with many POI. The t¢tW differential measurement will therefore only

use the grouped impact method to evaluate systematic uncertainties.

'°Since free-floating normalization factors are not constrained in the likelihood function, there is only a
post-fit uncertainty estimate
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Differential Cross Section Measurements

The goal of any measurement is to extract truth-level cross sections computed by theorists, while
the analyzed data comes from the convolution of the physics of interest and detector effects. The
data at the detector-level includes efficiency, acceptance, and resolution effects. An inclusive cross
section can be extract simply from the signal strength fit to data, as systematic uncertainties can
account for signal efficiency and acceptance effects among analysis regions. Additional detector
resolution effects of an observable O must be modeled when measuring the differential production

cross section do/dO. The procedure for deconvolving detector effects from data to obtain do/dO
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at the truth-level is called unfolding. Figure 10.1 gives a pictorial representation of the unfolding
procedure for t. An unfolded do /dO can be directly compared with measurements obtained from
other experiments (e.g. CMS) and with theoretical predictions.

Chapter 9 argued that the data-driven Matrix Method for fake lepton estimation is ill-suited
for the t¢W measurement because it is difficult to construct a CR depleted in t£WV events (25%
contamination is achieved in the analysis development). The MM is also a multi-step procedure
in which 1) the fake rates are estimated in a CR with fixed t¢W yield and 2) the rates are applied
to the SR. If the t¢W signal strength is pulled away from the nominal value, the fake rate must be
recalculated. The template fit method therefore relieves two ailments: ¢£J¥ contamination in the
CRs are reduced by using the PLIV directly in their definition and the fake background and t¢W

normalizations can be fit to data simultaneously.
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Figure 10.1: Example of the unfolding principle: da/thg is known to NLO+NNLL, but its true form is con-
volved with detector effects to produce measureable data. The inversion of the gray arrows is called unfolding.

Unfolding falls into the class of inverse problems generally framed as solving a Fredholm equation
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of the first kind [166],

d
Ndata('rDet) = /R (xTruen xDet) % (xTrue) . Lint derue Continuous

Mbins

d
Nidﬁlta = Z R;; <d?)> - Line  Discrete/Binned
=1 J

(10.1)

where the response kernel R (2 Tiye, Tper) OF response matrix R;j models the efficiency, acceptance,
and resolution effects of the detector and data selection. Reviews of unfolding methods used in
HEP can be found in [166, 167, 168] and are mostly binned methods, but parametric unfolding
methods have been used historically and new unfolding procedures based on machine learning
techniques are an active area of development (e.g. OMNIFOLD [169]). Common binned unfold-
ing methods include singular value decomposition [170], bin-by-bin correction (e.g. [171, 172, 173,
174]), a simple method ignoring bin migrations mostly used during Run I, and Jterative Bayesian
Unfolding (IBU) due to D’Agastini [175], which is the most commonly used method by ATLAS in
RunII (e.g. [176, 177, 178]). The IBU method will be discussed in Section 10.3.

Differential cross sections are typically unfolded to the parton-level of fundamental particles or
the particle-level of quasi-stable colorless particles after parton showering and hadronization but typ-
ically before QED radiation. A fiducial region of the full phase space is defined in which the differ-
ential measurement is reported, which will be discussed in Section 10.1 for the ¢ measurement.

With the nomenclature defined, the response matrix in a binned unfolding procedure is defined in
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terms of event counts NV in truth-level bin j and detector-level bin ¢ predicted by MC:

1 .
NiDet == 7zﬁjMZ’j le-:ld

Q=
\‘j,_z
A Nil?et N Fid NiDet N Fid NjDet N Fid
L N]Det N Fid ’ Qi = NiDet ’ €& = Njfid

where the «; is the acceptance, €; is the efficiency, and M;; is the migration matrix, which together
constitute the full response matrix. The acceptance is defined as the fraction of events accepted in
the detector-level selection that also pass the fiducial selection, which is typically larger than 80%.
The efficiency is similarly defined as the fraction of events in the fiducial region that also pass the
detector-level selection, which is typically poorer than acceptance since the forward folding of detec-
tor effects is lossy. The migration matrix determines how events migrate between bins which pass
both levels of selection.

The response matrix ;; can simply be inverted in Equation 10.1 to unfold bins to the truth level.
However, this induces strong anti-correlations between neighboring bins, resulting in extremely
large and unphysical oscillations in the unfolded distribution seeded by statistical fluctuations in the
data. Put another way, matrix inversion erroneously interprets statistical fluctuations as physics in
an attempt to extract high-frequency structure from the data. In reality, the high-frequency struc-
ture of the data is completely destroyed by the smearing effects of detection and reconstruction. To
combat these effects, regularization constraints are imposed to prevent the unfolding procedure
from capturing high-frequency structure to yield physically meaningful distributions at the particle-

level based on medium- to high-frequency information that is at least partially preserved by the de-
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tector smearing. Care must be taken when imposing regularization to optimize the tradeoff between
bias and sensitivity to statistical fluctuations.

This chapter will describe the unfolding procedure used in the t¢W differential measurement.
Section 10.1 describes the fiducial volume definition while Section 10.2 covers the choice of un-
folded observables and their binning. The remaining sections give a detailed description of the un-

folding method used in the analysis.

10.1 FipuciaL VoLUME DEFINITION

As described in Chapter s, there are many steps in the forward simulation chain from the hard scat-
tering process to predictions of event rates. The choice of where to define the truth-level determines
how many of these effects are unfolded. Two common choices are the particle-level and parton-level,
which are sketched in Figure 10.2. Unfolding to the particle-level removes only detector effects (and
sometimes QED radiation) to the level of stable hadrons clustered into jets, hard visible objects, and
E%ﬁss. Unfolding further to the parton-level removes the effects of hadronization, showering, QCD
radiation, and sometimes also parton decays. The ¢¢W differential measurement unfolds only to the
particle-level due to the difficulty in correctly assigning charged leptons and E%liss tothe Wand ¢
partons. The Recursive Jigsaw reconstruction method [179] was studied to help resolve association
ambiguities but was not pursued after studies demonstrated poor association accuracy.

Inclusive fiducial cross sections are sometimes reported, but total inclusive cross sections extrap-
olated to the full phase space of a given process are more common. Extrapolation is done under the
minimal assumption that branching fractions do not change and uncertainties of the acceptance of

the given process into the analysis regions are taken into account. The picture is more complicated
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Figure 10.2: Diagram of parton- and particle-level events [21]
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Figure 10.3: Sketch of fiducial truth-level region in relation to the detector-level

for differential measurements, where an observable O may have very different structure in differ-
ent regions of the truth-level phase space. Concretely, €; decreases and M;; becomes increasingly
off-diagonal as the fiducial volume increases, enhancing unphysical anti-correlations in the unfolded
data that must be smoothed with stronger regularization constraints. Unfolding to a fuller phase
space necessarily incurs more bias. Phrased conceptually, the data can only constrain events in the
truth-level phase space that are similar to those in the data. If the fiducial volume is too large, the
unfolding extrapolation becomes less reliant on constraints from the data and more reliant on the
intuition of the analyzer. A sketch of these definitions are shown in Figure 10.3.

The strategy for the fiducial volume definition therefore follows two principles:
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1. Define the fiducial selection in alignment with the detector-level event selection

2. Make the fiducial selection as simple as possible for easy comparison to theoretical predic-

tions and measurements by other experiments

There are four main analysis channels (in order of decreasing Hw yield): 208S++, 30+, 2(SS--,
and 3/-. Therefore, four fiducial phase spaces must be constructed into which these channels are
unfolded. Selections in the fiducial phase space that do not significantly change the modeling of
the response matrix and unfolding performance are removed for simplicity. Specific studies are per-
formed on the particle-level overlap removal procedure and jet pr threshold.

The fiducial phase space into which events are unfolded is defined by the particle-level selection:

* Object pre-selection

— Select all anti-kr jets with pr > 25 GeV and || < 4.5
— Select all muons with pr > 10 GeV and || < 2.5

— Selectall electrons with pyr > 10 GeV and |n| < 2.47, veto electrons in the LAr
calorimeter crack region 1.37 < |n| < 1.52

* Opverlap removal of objects passing pre-selection

— Reject jet against electrons: when dR(e, j) < 0.2, keep jet if and only if it has a B-
hadron and pr < 200 GeV

— Reject leptons against jets: when dR (¢, j) < Min[0.4,0.04 4 10 GeV /pr({)]

e 2SS selection:

— Event contains at least 2 central jets with and at least 1 central jet containing a B-

hadron

— Event contains exactly 2 leptons of the same charge, leptons are required to have pp >
20 GeV

— Veto events if M ZSEF < 12GeV

e 3/ selection:
— Event contains at least 1 central jet and at least 1 central jet containing a B-hadron

— Event contains exactly 3 leptons with total charge -1e, where the same-sign leptons

are required to have pt > 20 GeV
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— Veto events if M O5 < 12 GeV, [ M5FOS — My| < 10 GeV, or [ My — Mz| < 10
GeV

Central jets are those within || < 2.5 and the value for M is taken as 91.2 GeV. The regions
are further split by requiring the total charge to be positive or negative. The possibility to include
jets with pr > 20 GeV was considered to increase the acceptance of events where jets had bor-
derline p that migrated within the &= 5 GeV resolution of PFlow jets with pr = 25 GeV. This
resulted in large oft-diagonal migrations in the migration matrix that became especially large in high
multiplicity events as shown in Figure 1o.4. As a result of this and the added complexity of defining
different binning between the particle-level and detector-level jet pr, this selection was not kept and

the nominal jet threshold of pr GeV is used.

S 29[TTTITTTITTIITITTIIITTITIITTTITT 100;0 g ; 10003
= 28 = — ! =
D o7 z . 5
8 ¥ 90 . | 90
x A 80 & 3 80
o 23 N - f
2 22] <@ 7 :
pz 22(;7 —| =70 s N : 70
5 L l € 4 !
2 19 . T 8 |
3 1?* .. -l —je0 o~ 3 —60
T — — 3 I
o 16 1 deq b , |
e B - —Js0 .. 50
£ 14 n ¢ | |
< 130 — —40 + ° : : —40
a 12 n 5, 3
11 | 3 |
10 ] 30 —130
9l | | | [ SRR e R R
e -1 20 . | —20
& 7 N
S — 10 8. | —10
3 l 3 ;
2;.\\HHHHHHHHHHHH,0 B S P S—— ] o
O™ QI TLOWO MO0 O 1= QD HLOWO N0 O 5 7 5 5 7 5
Ao 2 A O R P NANAN AN NN 2SS4 s 21SS- 3l
Detector-Level Njets x Region Detector-Level N.

jets

Figure 10.4: Differences of migration matrices for jet multiplicities defined with a pT threshold of 20 GeV (left)
and 25 GeV (right). Large off-diagonal migrations are observed in the 20 GeV case.

The overlap removal differs from the detector-level OR in two ways. The first step of the OR
procedure which rejects electrons against muons (and vice-versa) is skipped because it is sensitive to
whether or not the muon is reconstructed as a Calo-tagged muon and only happens when AR(e, p1) <

0.1. It is required due to the ambiguity in the reconstruction, which is not a consideration at the
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particle-level. The rejection of jets against muons at the detector-level occurs when the muon is

ghost-matched to the jet, it is not b-tagged, and and the jet has fewer than 3 tracks having pt > 500

MeV. Most jets in t¢WW production have more than 3 tracks and this rejection is infrequently trig-

gered. Checks were done comparing the particle-level OR with and without this step, where at the

particle-level jets are rejected against muons if the jet has no B-hadrons and ARW- < 0.2'. The

efficiency and acceptance corrections of the OR without jet-muon rejection were found to be 0.0%

and -0.5% relative to the OR procedure using this step. The efficiency, acceptance, and migration

matrices for Njets and Np_jess are additionally shown in Figure 10.5, also demonstrating minimal

differences. We therefore skip this step entirely in the final particle-level OR procedure.
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Figure 10.5: Differences of migration matrices, acceptance and efficiency corrections in Njets and Nbfjets of

no-jet-rejection OR relative to the jet-rejection OR procedure at particle level.

An inclusive efficiency and acceptance correction can be calculated for each pair of fiducial re-

gion and channel. It is possible to perform the unfolding independently for each of these pairs. In

this case, these corrections will be further from unity because there are nonzero cross-channel migra-
tions from the fiducial regions. To model these explicitly, the unfolding can be done simultaneously

with a roughly block-diagonal response matrix. Figure 10.7 shows the (un-)normalized migration

"'This is more aggressive than what is done at the reconstruction-level because the jet truth particle multi-
plicity was not available for this study
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matrices. There are migrations from the 3¢ fiducial regions into the 2/SS detector channels at the
10% level, which consist of events where the OS lepton has low-pr and fails to be reconstructed or
does not pass the lepton pre-selection/OR. Figure 10.6 shows the particle-level OS lepton pr in
the 3¢ fiducial region separated by whether the event was reconstructed properly as a 3¢ event or
incorrectly as a 2(SS event. Events in the 3¢ fiducial region where one of the SS leptons fails recon-
struction would be seen as 2/OS events and are thus not captured in the signal regions. There are
migrations from the 2/SS fiducial regions to the 3¢ detector channels at the permille level, where

a fake lepton is found of opposite sign. There is a negligible number of events that migrate from
fiducial regions to detector channels of opposite charge, demonstrating that W+ and ttW — are
very well isolated in the charge-separated detector channels. The migrations of particle-level events
in the 3¢ fiducial regions into the 3¢ detector-level regions based on the number of SFOS leptons are

modeled via a full non-square response matrix.
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Figure 10.6: Normalized particle-level p in 3£ events that are reconstructed as 3¢ events (black) and 2/SS
events (red).

Figure 10.8 shows the efficiency and acceptance corrections in the case of independent and si-
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multaneous unfolding. The efficiency correction for the 3¢+(3¢-) fiducial region decreases from
0.322 t0 0.287 (0.324 to 0.291) when failing to account for cross-channel migrations, constituting
2 10.9% (10.2%) relative decrease. This reflects the migration rate of 3¢ fiducial events into 2SS
detector channels of 10%. The efficiency correction in the 2¢SS channel is the same in the simulta-
neous unfolding case since the fraction of events in the 2¢SS fiducial region that migrate to the 3¢
detector channel is very small. The acceptance correction for the 20SS+(2/SS-) detector channel
decreases from 0.949 t0 0.926 (0.949 to 0.925) when failing to account for cross-channel migrations,
constituting a 2.4% (2.5%) relative decrease. This reflects the migration rate of 2/SS detector events
from 3/ fiducial regions. The acceptance correction for the 3¢+-(3¢-) detector channel decreases
from 0.917 t0 0.905 (0.923 t0 0.909) when failing to account for cross-channel migrations, consti-
tuting a 1.3% (1.5%) relative decrease. This reflects the migration rate of 3¢ detector channel events
from 2¢SS fiducial regions. There is a greater improvement in the acceptance correction in the 2SS
detector channels since the main effect is the migration of events into these from 3¢ fiducial regions.
It is important to check that the unfolding performance is not negatively impacted by systematic
uncertainties that may be larger when cross-channel migrations are explicitly modelled for simulta-
neous unfolding. Such effects could warrant unfolding each channel independently. This is checked
by comparing the unfolded Nijers distribution in the two cases when unfolding Asimov pseudo-data
from an alternate MC setup (MGs_aMCe@NLO ). A response matrix from this alternate setup is
provided to the fit of Njets as a systematic uncertainty. The unfolded result is very similar between

the simultaneous and independent fits and simultaneous unfolding is selected as the nominal strat-

egy.
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10.2 OBSERVABLES FOR DIFFERENTIAL MEASUREMENTS

A set of about 40 observables were originally considered for unfolding. In addition to the 1o ob-

servables discussed in Chapter 7, the list included kinematics (p and 7)) for all leptons in the event,
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kinematics of the leading two jets, kinematics of the leading b-tagged jet, and maximum |n] of all
leptons. Observables formed from multiple objects included |An)|, |A¢|, and My between all lep-
ton combinations, AR between the leading two jets, minimum A R among all leptons and jets,
E%‘iss, and visible Hr (defined as the scalar p1 sum of all leptons and b-jets). Finally, a set of three
related observables were defined: the most forward jet (including 7| < 4.5), the maximum di-jet
invariant mass formed with the most forward jet, and the | An| between the jets that form the maxi-
mum M;;. This list is skimmed to the minimum number observables that capture the most salient
features of ttW production and its modeling. The final selection of 10 observables will retain sen-
sitivity to EW corrections, importance of multi-jet merging in modeling additional jet production,
and physics of the tW™ (¢ ™) system via SS leptons.

A bin optimization procedure is adopted for observables that take continuous values i.e. all ex-
cluding N(pjjers- The same binning is chosen at the particle-level and detector-level for simplicity
and to ensure that the unfolded result is not under-constrained, as would be the case if Ng?ﬁg <
lelfs without additionally imposed constraints. The binning procedure requires that the statistical
uncertainty of the expected signal-plus-background yields in each bin are below a specified maxi-
mum and that the fraction of events on the diagonal element of the migration matrix is at least 60%
of the total number of events in that particle-level bin. The maximum statistical uncertainty across
the bins is set to 10%, 12%, 15%, and 16% in the 2SS + -+, 20SS—, 3¢+, and 3/¢- regions and are
optimized independently. These values are tuned by hand and affect observables that have low oft-
diagonal bin migrations for which the maximum statistical uncertainty effectively controls the num-

ber of final bins. Since the aforementioned regions have decreasing expected event yields, a variable

maximum ensures a similar number of bins between regions. After the algorithm is run, the final

170



binning is then rounded by hand so that the 2¢SS and 3/ regions use the same binning between the
charge-split regions.

The optimization procedure begins by calculating a histogram for each observable over a range
that covers the full phase space with 200 bins of uniform width. A second step is performed where
the observable is re-binned uniformly with 200 bins in the cumulative distribution of expected
events, yielding bins that capture a roughly equal fraction of the phase space. This adaptive binning
step allows a fine binning to be used in dense regions of phase space and coarse binning in under-
populated regions. This reduces possible sensitivity to limited MC statistics in sparsely populated
regions of phase space. These bins are sequentially merged from left to right (in increasing value of
the observable) until the merged bin satisfies the bin criteria detailed above. Figure 10.9 illustrates
the steps of the procedure for a single observable. The final set of observables and their bin defini-
tions are given in Table ro.1.

The choice of endpoints is the only relevant choice for Njets and INp_jets, as their discrete values
naturally fix the bin width. t¢W¥ production involves 2 light jets and 2 b-jets in 2¢SS events and
only 2 b-jets in 3¢. This motivates the lower bound of 2 and 1 jets for 2/SS and 3/, respectively, as
jet reconstruction inefficiencies lead to these bins being populated by ttW events. Similarly, the
lower bound of Ny_jets is set to 1. The upper bounds of Njets in 2¢SS and 3/ is as large as possible
and is limited by the S/ B ratio, which becomes dominated by ¢¢Z and t¢H at high multiplicities.
The Np_jets = 3 bin can be unfolded in 2¢SS channels, but this bin in 3¢ is dominated by tttt
production and so is merged with the Ny _jets = 2 bin.

Figures 10.10-10.19 show the migration matrices, acceptance, and efficiencies for each unfolded

observable. For most observables there is a ramping up of efficiency that reaches a plateau in the
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Figure 10.9: lllustration of binning optimisation procedure for p j, in the 2SS + + channel. Top row from
left to right: initial fine binning for t¢ WV at detector level, migration matrix with fine binning, ¢ 1V distribution
with adaptive binning, migration matrix with adaptive binning. Bottom row from left to right: statistical uncer-
tainty on S+B for the merged binning, diagonal fraction of migration matrix with merged binning, S+B distribu-
tion with merged binning, migration matrix with merged binning. Bin merging for this variable is dominated by

detector resolution.

phase space where downward migrations have little effect on the event being accepted into a detector-
level signal region. Migration matrices are mostly diagonal with slight asymmetries in the downward
direction due to asymmetric losses in detection and reconstruction. Angular variables and leptonic
variables generally have more diagonal migrations than momentum and jet variables due to the pre-
cision of their reconstruction. The efficiencies in 3¢ fiducial regions is up to 5% higher than 2/SS
regions partially because of the construction of the extended response matrix. This is also due in

part to the higher reconstruction efficiency of leptons than jets and 3¢ t¢W production involves
fewer jets. The acceptance difterences across 3¢ channels split by the number of SFOS leptons is due
to the veto on SFOS leptons within 10 GeV of M, such that fewer t¢W events are accepted with

increasing numbers of SFOS pairs.
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Table 10.1: Binning for final set of observables to be unfolded

Observable ‘ Region ‘ Binning

3¢
My, [GeV] | 20SS
3¢

15,80, 130, 190, 250, 380, 600]

12,70, 100, 130, 180, 250, 600]
15,90, 120, 155, 215, 300, 600]

Niess 2SS | [2,3,455,6,7,8]
3¢ [1,2,3,4,5,6]
Nijers 20SS [1,2,3, 4]
RY4 [1, 2, 3]
Hl;p [GeV] 2088 [40, 70, 85, 100, 115, 130, 150, 180, 220]
3¢ [40, 115, 145, 170, 200, 245, 325]
HJ;t [GeV] 20SS [so, 135, 185, 245, 305, 375, 500]
3/ [so, 110, 165, 225, 300, 400]
| ATy ss | 2058 [0.0,0.2,0.4,0.65, 0.9, 1.2, 1.6, 2.0]
3/ [0.0,0.25,0.5,0.8, 1.1, 1.5, 2.0]
|Agyssios|/m | 2058 [0.0,0.1]
3/ [0.0,0.2,0.4,0.55,0.7,0.85, 1.0]
Mssgss [GeV] | 2055 [0, 44, 65, 85, 105, 125, 145, 180, 220]
RY4 [0, 50,75, 100, 125, 160, 200]
AR(Ly,bo) 20SS [0.0,0.9, 1.4, 1.8, 2.2, 2.55, 2.85, 3.1, 4.0]
30 [0.0, 1.1, 1.75, 2.3, 2.7, 3.0, 4.0]
M, ;, [GeV] | 2£SS [12, 90, 120, 165, 225, 300, 400, 600]
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Figure 10.18: Components of response matrix for /A R. There is a roughly uniform pedestal of migrations
away from the diagonal resulting from pr-reordering that may occur after reconstruction, changing which
leptons and b-jets are used to construct A R(b).
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10.3 PROFILE LIKELIHOOD UNFOLDING

The method of IBU conceptually relies on Bayes’ theorem, which provides a mathematical formal-
ism for updating a probability distribution in light of new data. The algorithm iteratively updates a
prior MC estimate for a given observable in light of measured data via

Det Mz] an— 1

1
Un:f D; o (IO.Z)
I 2 |Die S AL Ut

where U}" is the j  truth-level bin of the unfolded distribution after 7 iterations, D is the ob-
served data after background subtraction in the i™ detector-level bin, «; is the acceptance of the ith
detector-level bin, and M;; is the migration matrix giving the fraction of events in the j th trych-level
bin that migrate into the it detector-level bin. The fraction in the summation can be understood as
the probability that a detector-level event in bin ¢ migrated from particle-level bin j. The U jQ predic-
tions are given by the initial MC estimate. The U" distribution converges to the distribution given
by matrix inversion in the limit 7 — oco. The algorithm is stopped after a fixed number of iterations
(n = 5 is typical), which constitutes the regularization constraint.

A crucial feature of IBU is that it is a two-step procedure. The background composition must
be estimated and subtracted from the data to compute D; as a first step and iterative unfolding is
performed as a second step. As argued in Chapter 9, the t¢WV signal strength and background esti-
mation must be performed simultaneously. Extending the measurement strategy to unfold ¢tV
simultaneously with background estimation requires the use of profile likelibood-based unfolding
(PLU). An additional benefit is that the inclusive and differential measurements can be performed

within the same statistical framework.
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The PLU procedure works by applying normalization factors j1; to each of the observable’s
particle-level bins. Each of the truth bins is folded to the detector-level, yielding a set Ny, detector-
level sub-sample templates. The j1; are freely floated in a fit to data and applied to the truth tem-
plate to obtain the unfolded result. This method yields large anti-correlations among NFs of neigh-
bouring bins, which is the manifestation of the typical issue of unregularized unfolding. Unregu-
larized PLU is mathematically equivalent to matrix inversion. Regularization is imposed with a set
of Tikhonov parameters 7; in the likelihood function defined for the fit. The first of two options

currently available in TREXFITTER imposes constraints on the individual truth bin NFs:

Nbins
=

L0, i) = L(6) x [ [ Gaus (1|1, 1/75) (10.3)
j=1

The second imposes a constraint based on the discrete second derivative of the NFs:

Npins—1
L0, i) = L(9) x Gaus (51 — 25 + pj4110, 1/7)
Jj=2
Npins—1 (10'4)
= L(g) X Gaus (Aﬂj — A/Lj_;,_l ’ 0, I/Tj)
Jj=2

The second form of regularization is the more natural choice because it enforces smoothness in the
unfolded distribution by imposing a linearity constraint on the ; NFs. In other words, as 7; in-
creases, the allowed difference in slope of the p1; NFs around bin j is constrained. It is therefore
unbiased against zeroth and first order differences between data and the prior for the signal distribu-
tion, i.e. normalization and linear shape effects. In the limit of infinitely large 7, the first regularisa-
tion method fixes the unfolded distribution to the prior distribution, whereas the second method

is equivalent to a linear parametric unfolding. A choice of regularization with moderate strength
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will facilitate unfolding sensitive to some higher order shape effects in data while remaining robust
against random statistical fluctuations. Second derivative constraints are preferred due to decreased
risk of strong bias [160]. This is critical for the t/1¥ measurement because it is known to have large
normalization differences in data vs. MC. We adopt the second derivative regularization for all un-
folded observables. Another important feature of Tikhanov regularization is that 7; can be chosen
differently bin-by-bin, whereas only a single choice of Njcerarions can be tuned for IBU. This is impor-
tant for the simultaneous unfolding of multiple fiducial regions in t¢W, since regularization should
not smooth the boundary between regions.

Systematic uncertainties are included in the form of alternate response matrices. These are used
to fold the particle-level template to the detector-level. The differences between this forward-folded
template and that obtained via the nominal response matrix is taken as a systematic uncertainty
at the detector-level. Response matrices can be provided for one-sided or two-sided uncertainties,
as well as other options already available in standard profile-likelihood fits. Uncertainties of MC
predictions at the particle-level are not included as systematic uncertainties because MC is only
needed to model the detector response. Uncertainties on the particle-level prediction should only

be considered when comparing predictions to unfolded data.

10.3.1 REGULARIZATION OPTIMIZATION

After fixing the fiducial selection and binning for all observables, a regularization optimization pro-
cedure is performed based on statistical bootstrapping. The optimization procedure is performed
on each of the 4 regions independently because each has different statistical properties and signal-

to-background ratio. For each observable and detector-level channel, 2000 pseudo-data samples are
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generated in the signal region from signal plus background smeared with Poisson statistics. Each

pseudo-experiment is unfolded in a stat-only fit and a set of metrics are calculated. For each scanned

value of 7, the median over the pseudo-experiments and mean over unfolded bins is calculated for

each metric and plotted. The largest value of 7 that does not increase the X2/ Nyins relative to the

true particle-level distribution is selected in order to maximally reduce the impact of statistical fluc-

tuations without inducing a strong bias. Considered metrics are as follows:

2 — AajiVijfl Axj, where V is the covariance matrix of the truth bin NFs and Az; is
the difference between the unfolded template and particle-level template in bin 4. It is cal-
culated by taking the particle-level template to be either the prior (SHERPA 2.2.10) or truth
(MGs_aMCe@NLO ) and by taking V' from TR ExFitter or calculating it from the toys.

Global correlation coefficient, which measures the diagonality of the covariance matrix calcu-

(),

Average relative uncertainty over all bins calculated with toys and with TR ExFitter covari-

lated with toys:

ance matrix; standard deviation of relative uncertainties over all bins calculated with toys.

Average absolute bias of unfolded distribution against prior and truth particle-level distribu-
tion calculated over all bins. The median over toys is taken either before or after the absolute
value. In the case that the absolute value is taken before the median, it includes statistical ef-
fects, whereas statistical effects are marginalized when the median is taken before the absolute

value and reproduces the results of an Asimov fit.

Rate of unfolded results having at least one negative unfolded bin. Ideally this would be as

low as possible.

The MGs_aMC@NLO ¢tW sample is used to generate the pseudo-data, either by considering

the detector-level distribution of this sample directly (AltReco) or by folding the particle-level dis-

tribution with the response matrix from SHERPA 2.2.10 (AltTruth). The AltReco setup implicitly

includes a bias from the different response matrix of the generators, which will be separately sup-

plied to the unfolding fit as a systematic uncertainty. The AltTruth setup accounts only for the bias
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induced by choosing a particle-level template from one MC over another, which is not accounted
for by the inclusion of the response matrix of an alternate MC. The bias estimate for the choice of
7 is conservative enough if the assumption that the true t¢W particle-level distribution in data does
not have significantly larger second-order differences to the nominal MC prediction than the alter-
nate MC prediction. If this assumption is not correct, then the bias term is underestimated.

Figures 10.20 and 10.21 show the regularization scans for Njets and Ny jers, respectively. In all re-
gions, the value of 7 at which the X2 begins to increase is similar between the AltTruth and AltReco
configurations. We proceed with the regularization scans of the remaining variables in only the Alt-
Truth configurations for simplicity. The choice of optimal regularization strength 7for each of the
regions is listed in Table 10.2.

Table 10.2: Optimized regularization parameter 7 for each observable and region

Observable | 20SS++ | 3+ | 2(SS-- | 3(-

Niess 3.0 1.0 | 1.5 1.0
Nbjers 4.0 0.0 | 0.5 0.0
Hl;'t 2.0 I.s | I.s 1.0
qufp 2.0 2.0 | 1.6 2.0
M ypss 3.5 1.0 | 2.5 1.5
My, 2.0 0.6 |20 0.9
M;,j, 3.0 2.0 | 2.0 1.0
| Anpgss | 2.0 3.0 | 2.5 2.2
|Apyess| /7 | 2.0 0.7 | 1.3 0.6
AR(¢b) 3.0 3.0 | 1.5 1.5

In the AltTruth configuration, the x? becomes underestimated from TR ExFitter due to over-
estimation of uncertainties when 7 > 0, which will be discussed in detail in Section 10.3.3. The
TRExFitter x? calculated relative to the true distribution exhibits a local minimum at a large value

of T in some regions because the competing effects of uncertainty underestimation and bias turns
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over. However, since the second derivative regularisation is unbiased to first and second order, the
x? remains small at high 7. The global correlation coefficient is minimized at low 7. At 7, the aver-
age bin uncertainties and rate of having at least 1 negative unfolded bin are close to their minimal
values, suggesting that the unfolding is as robust as possible to statistical fluctuations while inducing

minimal bias.
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Figure 10.20: Regularisation scans for N in the (from left to right) 20SS + +, 20SS-, 3¢+, and 3/- regions
in AltTruth (top) and AltReco (bottom) fit configurations

To demonstrate the effect of the chosen regularization, a single stat-only toy unfolding fit of Nje
is performed on Poisson-smeared pseudo-data generated in the AltTruth setup. The pre-fit plots

and unfolded distributions are shown in Figure 10.22. One can see that imposing the regularization

182



nBJets
altTruth-552tpos

nBJets
altTruth{13-pos

Relative Unc. /Bias (Aggregate Over Bins

0 1

7 ; 1 :
+ Regularization Parameter

B : 1 :
+ Regularization Parameter

1 1 :
+ Regularization Parameter

nBJets
altReco-SS2Heg

nBJets
altRecq13-pos

Unfolded Rin (%)

Ative

Nee

(Aggregate Over Bins

& o6
2
S
8
&
g
B
2
=
&
@
El
Rl
3
&

I I 1

1 3 1 1 4 7 1 1 :
7 Regularization Parameter 7 Regularization Parameter

1 B 1 1 : 1 : 1 1 :
7 Regularization Parameter 7 Regularization Parameter

Figure 10.21: Regularisation scans for Npjets in the (from left to right) 2SS + +, 20SS-, 3¢+, and 3/-
regions in AltTruth (top) and AltTruth (bottom) fit configurations

corrects four unfolded bins that have negative bin content, generally smooths the unfolded distri-
bution, and reduces the total uncertainty. In this particular example, there appears to be a trend in
the 20SS++ by luck, and it is seen in the unfolded distribution. Since the uncertainty is stat-only, the
difference between the unfolded distribution and the prediction from aMCNLO/MG should be

mostly covered by the uncertainty band, which it is.
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10.3.2 STRESS TESTS AND NON-CLOSURE

We perform stress tests to ensure the robustness of the fit. It is expected that the second derivative
regularization is unbiased up to first order shape differences between data and MC. We verify this
by unfolding pseudo-data in Nje obtained by applying 1) a +40% normalization into the 2/SS and
3¢ channels separately and 2) a = 20% slope into the particle-level templates obtained from SHERPA

2.2.10. The unfolded results for these stress tests are shown in Figure 10.23. Exact closure is ob-
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tained in all unfolded bins, confirming the model’s robustness to normalization and linear shape
effects. The closure in stress tests are also confirmed in other observables with different migration
patterns.

Closure checks are performed using the alternate MC sample (MGs_aMC@NLO ) in the Alt-
Truth setup, which are shown in Figure 10.24 and tabulated in Tables 10.3 and 10.4. The non-
closure in the AltTruth fit is due entirely to regularization. Non-closure uncertainties are derived for
each observable in a statistics-only fit in the signal region with fixed backgrounds. They are quoted
separately from other uncertainties and can be added in quadrature for the total uncertainty. This
fit setup produces a more conservative estimate of the non-closure uncertainty because small pulls in
nuisance parameters and background normalization factors can absorb the difference between the
nominal and alternate signal samples. The non-closure is not included in the likelihood fit so that

the unfolded result can be reported with and without non-closure uncertainties applied*.

*Another reason to separate non-closure uncertainties is that its interpretation as a Gaussian uncertainty
in the fit is questionable
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Table 10.3: Tabulated unfolding result with non-closure against the aMC@NLO sample (fifth column), which
can be taken as non-closure uncertainties

]Vjets
. do /dX [fb]
Channel | Bin Data |SHERPA 2.2.10 {Data| IMGs_aMC@NLO - Data|
[2,3) | 1.29 +0.31 0.11 0.01
[3,4) | 2.821+0.34 0.28 0.02
[4,5) | 3.07 £ 0.35 0.32 0.03
2055+ + [5,6) | 1.79 +0.25 0.15 0.00
[6,7) | 0.83 £0.16 0.04 0.01
[7,8) | 0.51 +0.18 0.00 0.01
[1,2) | 0.28 £ 0.16 0.02 0.00
[2,3) | 0.87 +0.20 0.06 0.01
30+ [3,4) | 0.62 +0.19 0.05 0.01
[4,5) | 0.31 £0.13 0.02 0.01
[5,6) | 0.22 +0.15 0.01 0.01
[2,3) | 0.57 £ 0.26 0.02 0.00
[3,4) | 1.40 +0.31 0.07 0.02
[4,5) | 1.59 + 0.32 0.09 0.01
2055~ [5,6) | 0.96 +0.24 0.03 0.01
[6,7) | 0.46 = 0.15 0.00 0.02
[7,8) | 0.27 £ 0.16 0.01 0.01
[1,2) | 0.14 £ 0.12 0.01 0.00
[2,3) | 0.47 £ 0.16 0.03 0.00
30- [3,4) | 0.32+0.14 0.02 0.01
[4,5) | 0.17 £ 0.10 0.01 0.00
[5,6) | 0.12+0.13 0.00 0.00




Table 10.4: Tabulated unfolding result with non-closure against the aMC@NLO sample (fifth column), which
can be taken as non-closure uncertainties

Nbfjets
. do/dX [fb]
Chanpel | Bin Data |SHERPA 2.2.10 {Data] IMGs_aMC@NLO - Data|
[1,2) | 3.24 £ 0.90 0.44 0.00
20SS ++ | [2,3) | 6.93 +0.70 0.45 0.01
[3,4) | 0.14 + 0.07 0.00 0.00
[1,2) | 0.74 +0.44 0.09 0.00
30+ [2,3) | 1.3 £ 0.35 0.08 0.00
[3,4) | 0.03 £ 0.04 0.00 0.00
[1,2) | 1.59 £ 0.77 0.14 0.00
2055~ [2,3) | 3.59 + 0.62 0.07 0.00
[3,4) | 0.07 £0.13 0.00 0.00
[1,2) | 0.39 £ 0.38 0.04 0.00
30- [2,3) | 0.82+0.30 0.03 0.00
[3,4) | 0.01 £0.03 0.00 0.00
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10.3.3 STATISTICAL PROPERTIES

The uncertainty estimation from TREXFITTER is provided by the HEsSE algorithm based on
the Hessian matrix error estimation under the Gaussian hypothesis. Considering Equations 9.6
and 10.4, the uncertainty returned by HESSE is given by:
2
S—1

1 2 2
Yoia; = D, log L(n|a) — 3 75 (Hj—1 — 2405 + prj41) (10:5)

o=

The effect of the regularization is to overestimate the uncertainties of the unfolded bins. The sever-
ity of the overestimation can be evaluated using toy pseudo-experiments where the best-fit value of
each fit POl is aggregated and fit with a Gaussian to extract the mean and uncertainty. The proce-
dure and results for a statistics-only Asimov fit with 20k toys are shown in Figure 10.25. One can see
that the mean values agree in the regularized case, but the uncertainties are overestimated by up to
10% relative to the true uncertainty. This reduced to the level of approximately 5% when the domi-
nant uncertainties are included in the fit. This is considered to be within the range of tolerability for

the measurement such that an effort to correct for this effect is not pursued.

n 1002000
a=0412000
2019716
| 5 T T T T T T T T T T T T T T T T 1T T T T 713
| B

o mean
* sigma

ey
P T

g &
—_ .
g
~
RAAARRAAYERA LERS
1 |

| R
1 x f % 1.5]
e e 34 s R N B 4 5

W Bin 001 mu W Bin 012_mu

¥

8

TR TSR
st bon oo o8

- 1852719 oo 3865128
goor
Se0 Bin 18

Pagudoegoramgis
g

8

g

‘ 1

0 / \ oo

" L P

Lo ] s Ea I T B R B

W Bin 007 mu W_Bn 018 mu

) |

a—
3 §E8
s
&
bin 4 [T TR
bin 2
bin 3
bin 4
bin 5
bin 6
bin7
bin8[
bing[
bin10
bin 11|
bin 12
bin 13
bin 14|
bin15[
bin 16[_
bin17[_
bin 18]
bin 19
bin20|
bin21[_
bin22[, ||

Figure 10.25: Results of per-bin Njet unfolding estimate using toys compared to the nominal fit uncertainty
and central values



10.4 RELATIVE CHARGE ASYMMETRY MEASUREMENTS

Along with inclusive and differential cross section measurements of the t¢WW process, it is also inter-

esting to measure the relative charge asymmetry defined by

r Nt —N— o(ttW")—o(ttW")
CT Nt+N- o(ttW+)+o(ttW)

where N* is the number of t£WW signal events split by the total charge of the leptons in the event.
This observable probes the differences between cross sections for £ * production and is expected
to be less sensitive to some correlated systematic uncertainties of o (ttW =) (e.g. luminosity un-
certainty). Furthermore, AZ can be extracted inclusively in each of the 2SS and 3/ regions and
also differentially. One particularly interesting observable for the differential measurement is Njers,
where the ATLAS t£tf analysis team has observed deviations in AZ in tfW at the detector level. It

should also be noted that this definition is distinct from the t¢W lepton charge asymmetry, defined

by

. N(AL<0)—N(AL >0
Ac = 7 7 (10.6)
N(Af <0)+ N(AL > 0)

~—

which is within the scope of a separate dedicated ATLAS analysis.

With the inclusive and differential cross section measurements to be reported by the analysis, it
is in principle possible to manually compute AZ. This would not only require a highly granular de-
scription of systematic uncertainties but also a careful treatment of their combination considering
their correlations. Non-Gaussian uncertainties would in particular be non-trivial to handle. A solu-

tion to this problem is to reparametrize the likelihood function in the PLU fit in terms of Ag and
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charge-inclusive normalization factors instead of per-bin normalization factors (NF) at the fiducial
level. This would leverage the likelihood fit itself to handle the non-trivial systematic uncertainties

calculation for Ag. Such reparametrized fits produce the same unfolded distributions as the nomi-
nal unfolding fits. They provide Ag measurements at the particle-level in each of the 2£5.S and 3¢

fiducial volumes.

10.4.1 PARAMETRIZATION SETUPS

There are four parametrization setups for each observable. Setups 1-2 are analogous to 3-4, where
3-4 allow for the extraction of Ag. The redefinitions in the likelihood function are achieved via the

Expressions block of TRExFitter.

1. The first is the standard configuration with per-bin NFs in each of the 4 fiducial regions:

¢SS 0SS —— 4 (—
{5ty {u? A

where m denotes the total number of bins per region (but need not be the same between

205 S and 3¢). This is the standard unfolding setup in TRExFitter.

2. The second configuration is defined by the redefinition of the NF of the first bin in each

region in terms of per-channel NFs, such that the parameters of interest (POI) are:

{M?ZSS++ }?;27 {MZMSS—_ }znl% {M?H};‘i% {M?Z_}?LQ

20SS++ ,,20SS—— | 30+ | 30—
P

) )

"

The redefinition is defined with the mathematical formula

1 m
=— | uN — § iN;
H1 N <M K >

=2

where fu; is the NF of the i bin in a given fiducial region and j is the inclusive NF for that

region. The variables IV(;) are the corresponding number of events in the nominal signal
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template used in the PLU. This equation can be derived from the following relation:

1 m
=5 <Z; ,uiNi)
1=

. For a given set of fiducial region separated by charge (i.e. either 2SS or 3/), Ag is defined
by
_WTNT—pTNT

AR =

From this, one can redefine the per-bin NFs in the charge-split regions by:

1 N
i =g (1- 3= ) (1- 48)

)

1 N~
= SHi (1 - NZ+> (1+A8;)

i
This redefinition also allows the charge-inclusive rates to be extracted via 11;. Note that the
binning for the given observable must be the same in the charge-split regions. The POI for

this configuration are then

2055y m R20SS\m 30ym R30ym
{ni ie1, {AC] im1s i b, {Acy He

A POI configuration where 1 is redefined in terms of y1; was also studied via the formula

N1+ Ag,i)

By =

but this configuration does not provide a measurement for the charge-inclusive rate. Tested
PLU fits also do not stably converge, likely a result of the presence of Ag in the denominator

causing issues during the internal POI transformation performed by MINUIT.

. The NF for the first bin of each unfolded distribution can be redefined in terms of Ag analo-

gously to parametrization 2 as follows:

1 S
M= SN pN(1 = AE) = " mNi(1 - AF))
1| i—2 |
1 n ]
pi = SnT (AN + AZ) = N1+ AE))
1| i=2 |
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The set of POl in this configuration is given by

2055y m R20SS\m 30ym R,30ym
{ni ivo: {AC; imo {1 Yo, {ACh Hle

2088 4 R2¢SS 3¢ sR,3¢
1% ) AC s AC
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11

Results

With the statistical analysis strategy and unfolding methodology outlined, we turn now to the analy-
sis of expected and observed measurements. The measurement considers an integrated luminosity of
139 fb~! data collected by the ATLAS detector during good detector operations between 2015 and
2018. The analysis strategy has been developed without performing any fits to real data in the SRs.
This blinding strategy aims to reduce the likelihood of bias by the analyzers in shaping the measure-
ment result. This would be a particular concern for tuning of the unfolding regularization.

The chapter will proceed as follows. Section 11.1 shows the results of fits to data in the CRs
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alone, which has been performed throughout the analysis development. Section ?? shows the re-
sults of hybrid Asimov fits to evaluate the expected measurement precision under the nominal t¢W

prediction. Finally, Section 11.2 shows the results of fully unblinded fits to data in all regions.

11.1 CoNTROL REGION FITS TO DATA

Fits to data in the CRs are performed with the t¢W yields fixed to the Asimov prediction. Minor
systematic uncertainties are pruned to reduce the complexity of the fit while accurately estimating
uncertainties using the most dominant systematics. This is evaluated separately for normalization
and shape components of instrumental and theoretical uncertainties and also for MC statistical
uncertainties modeled by 7y factors in the likelihood. Normalization components of uncertainties
applied to specific samples are dropped if they are below the 1% threshold and the shape component
of systematics is dropped if no uncertainties of bin yields are larger than 1%. Similarly, v factors for
MC statistical uncertainties are dropped if the relative uncertainty in the given bin is below 1%.

Pre-fit and post-fit data/MC comparisons are shown in Figures 11.1-11.3 with the corresponding
background normalization factors obtained from the fit are given in Figure 11.4. The agreement
between data and MC is generally good pre-fit, with some mis-modeling in the low-p bins of the
HFe/pn TM CRs. The agreement is very good post-fit, where all MC yields are consistent with data
within statistical and systematic uncertainties. The post-fit background normalizations are generally
consistent with unity, with slight preference for larger yields.

The nuisance parameter pulls and post-fit constraints are shown in Figure ??. Instrumental un-

certainty NDPs are generally not pulled, with some downward pulls on the JES pileup p-calibration

195



2 R R R 2 R 2 R R RS
< 80 - Data 72.0 g Data 24.0 g - Data 15.0
m Vs=13TeV, 139 fb" [] fiw 74 [ Vs=13TeV, 139 fb"' [] ftw 35 w Vs=13TeV, 139 fb" [] fiw 1.3
70F tW ML 0 tweEw 0.5 HW ML 0 tweEw 0.2 HW ML 0 twEw 0.1
HFe2SSTM1b [l tiH 35 HFe2SSMT1b [l tiH HFe2SSMM1b [l tiH 0.8
60 Pre-Fit o fi@n 5.9 Pre-Fit [ (/%) 1.3
[ *(low mass) 0.5
VValight
e
%
N0
= éWmﬂﬂﬁ’({
e
5 5 pe FHOobtainty -
o o o
o o o
< = s <
] ] ]
T T T
o [=] [=]
% 30 40 50 60 70 80 90 100 90 100
pr subleading lep pr subleading lep pr subleading lep
2 R R R 2 R R S 2 R R R A RS
2 80 -+ Data 72.0 1] - Data 24.0 1] - Data 15.0
w Vs =13TeV, 139 b [] ftw 74 w Vs=13TeV, 139 b [] ftw 3.4 w Vs =13TeV, 139 fb" [] ftw 12
70 tW ML ] fwEw 0.5 HW ML ] fwEw 0.2 HW ML ] fwEw 0.2
HFe2iSSTM1b [ tiH 3.4 HFe2iSSMT1b [ tiH 17 HFe2iSSMM1b [ tiH 0.7
Post-Fit o i@y 6.8 Post-Fit o @y 3.2 Post-Fit o @y 16
[ *(low mass) 3.9 [ *(low mass) 21 [y *(low mass) 0.4
VVlight j 8 VV-light 0.3
Vg WV+e 0.7
b 4
3 C e e g e g Ty TP R
T 155 E| T 155 | T 155 | | |
~ ’Y e ~ ~
] v g 4 ¢ 2 T '
E o5 4 8 osf 4 8 osf El
20 30 40 50 60 70 8 90 100 20 30 40 50 60 70 8 90 100 20 30 40 50 60 70 8 90 100
pT‘ ‘subleading lep pT‘ ‘subleading lep pT‘ subleading lep

Figure 11.1: Data/MC comparisons in HFe CRs pre-fit (top) and post-fit (bottom).

uncertainty" and the leading two components of the b-tagging uncertainties. No NP pulls are seen
for uncertainties on the DD QMisID estimate or the lepton PLIV uncertainties. Some pulls are seen
in NPs relating to the t¢Z modeling, where a preference for the alternate ¢£Z showering algorithm
is seen. There is also a preference for larger t¢Z +HF production of approximately 20%. Some mi-
nor pulls are see on the NPs controlling non-closure in PLIV observables. All NPs retain similar
post-fit uncertainties to their pre-fit values, indicating that the fit does not constrain any of the NPs.
Figure 11.6 shows the pulls on v NP that are consistent with unity except for a slight upward pull in
the high-pt bin of the TM HFu CR. Finally, Figure 11.7 shows the correlation matrix of all param-

eters included in the fit, where NPs with no correlations above 20% are shown. Anti-correlations

"Here p refers to the jet pr density and is corrected to data in the presence of pileup
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Figure 11.2: Data/MC comparisons in HF (4 CRs pre-fit (top) and post-fit (bottom).

are typical between NFs and NPs that control the normalization of different components of a given
process or control normalizations for backgrounds in overlapping phase spaces. For example, the
NFs for VV +HF and t¢Z +light have a —60% correlation. Some correlations between instrumen-
tal NPs and background NFs are also seen. These are expected to occur sometimes due to the large

number of uncertainties included in the fit and is not expected to impact the precision or stability of

the fit.
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Figure 11.5: Pull plot for all nuisance parameters split by category.
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11.2 DIFFERENTIAL MEASUREMENTS

We now turn to the results of fully unblinded fits performed simultaneously in signal and control
regions. Inclusive fiducial cross sections and relative charge asymmetries extracted from fits to the
Nijets distribution are quoted in Tables r1.1 and 11.2. These values are consistent between fits of
other observables in the SR, but the Njets distribution offers slightly higher precision. These re-
sults are also shown graphically in Figure 11.8 with nominal predictions from other ttW MC sam-
ples. The fiducial cross sections in 2/SS channels are measured at roughly 1.25 times the theoretical
expectation while in 3¢ channels they are measured at 1.15 times the theoretical expectation. Ag
measured in the 2SS regions is larger than the prediction, while in 3¢ the measured value is smaller.
Note that while the charge-inclusive fiducial cross sections are dominated by systematic uncertain-
ties, Ag is limited by statistical uncertainties (as expected). Predictions are consistent with measure-

ment at the level of two standard deviations.

Table 11.1: Inclusive fiducial cross sections for £/ + production extracted from fits to the Njets distribution.
Theory predictions are derived from Sherpa 2.2.10 with PDF and scale uncertainties included.

Fiducial Region  Measured Cross Section [fb] Theory [fb]
20SS++ 12.9 & 1.6 [£0.7 (stat) & 1.4 (syst)] 9.4+ 2.5
2(SS-- 5.6 £1.1[£0.6 (stat) £ 0.8 (syst)] 5.0 1.5
30+ 2.4+0.6[£0.4 (stat) £ 0.4 (syst)) 2.1£0.6
3¢- 1.4 £ 0.6 [£0.3 (stat) £ 0.3 (syst)] 1.2+£0.3
20SS 184 & 2.4 0.9 (stat) & 2.2 (syst)] 14.5 + 4.0
3¢ 4.1 +£0.9[40.5 (stat) = 0.7 (syst)]  3.3+0.9

The breakdown of uncertainties for the inclusive measurements are shown in Figure 11.9. The
leading uncertainties pertain to t¢1¥ modeling, almost entirely from the difference between re-

sponse modeling between SHERPA and MGs_aMC@NLO . The efficiency corrections derived
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Table 11.2: Relative charge asymmetries in 2¢SS and 3£ fiducial regions extracted from fits to the Njets distri-
bution. Theory predictions are derived from Sherpa 2.2.10 with PDF and scale uncertainties included.

Fiducial Region Measured A% Theory [fb]
2(SS 0.39 £ 0.06 [£0.05 (stat) £ 0.03 (syst)] 0.30 & 0.02
3¢ 0.21 = 0.13 [£0.12 (stat) £ 0.04 (syst)]  0.29 = 0.02

in MGs_aMC@NLO are lower than the nominal SHERPA prediction by 5% uniformly across the
10 observables chosen for unfolding. The next leading source of uncertainty come from the semi-
data-driven background estimation. The balance of background uncertainties vs t¢WW modeling un-
certainties varies by fiducial region, tracking with the ratio of signal to background in each. The next
most leading uncertainty are the instrumental uncertainties from JES and JER, but these are signifi-
cantly subdominant. Further uncertainties related to heavy flavor tagging, PLIV, trigger, luminosity,
lepton reconstruction, and E:,I{liss reconstruction are small. Uncertainties from finite MC statistics
are notably not the least significant uncertainty. Finally, it is plain that statistical uncertainties are
very dominant in the extraction of AZ, particularly for 3¢ channels. Among the subdominant sys-
tematic uncertainties, uncertainties from ¢¢1¥ model are very low.

Differential measurements of the 10 observables of interest and the breakdown of their uncer-
tainties are shown in Figures 11.10-11.29. The most precise measurements of the ¢£1V process come
in the 2/SS++ channel, where there is the least relative contribution from backgrounds. The excess
events are localized to 2(8S++ events with 2 or 3 jets, high H;p and large M, f’és , and large dijet in-
variant mass of the leading jets. Enhancements in t¢W rates are otherwise not strongly dependent
on phase space. The differences between tW T and t#W ™ production can be seen in the AZ fit
results, which are predicted to be roughly constant across all regions of phase space.

Uncertainties at the differential level are dominated by statistical uncertainties, which is a com-
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mon scenario for differential measurements. The leading systematic uncertainties remains the t¢W
model and background estimation. The JES/JER and flavor tagging uncertainties become impor-

tant in Njets and Np_jets, respectively, as would be expected.

11.2.1 IMPLICATIONS

While the ttH and ttW phase spaces are overlapping, the measurement reported in this thesis ac-
counts for multiple sources of uncertainty for the ttH model. Additionally, the ttH background
is small compared to the signal. Therefore, the differential ttW measurements can be used to con-
strain the ttWW background predictions for a measurement of t¢H in mutli-lepton channels. The
most recent ¢t H multi-lepton measurement performed by the ATLAS collaboration is limited by
the uncertainty in background estimation for the t¢W process. That measurement allowed the
normalization of t¢W to float independently in 2¢SS events with 2-3 jets, 2/SS events with > 4
jets, and 3¢ events; in these regions, the ¢t/ normalization was found to be approximately 1.4, 1.2,
and 1.7, respectively. We see that t¢W is significantly pulled upward in 2¢SS events with 2 or 3 jets.
However, in events with > 4 jets the prediction from SHERPA is quite accurate. The 3¢ fiducial re-
gion also shows a cross section consistent with the SHERPA prediction with an enhancement of only
20%. These inputs motivate a more precise treatment of the ¢ background in a subsequent ¢t H
measurement.

In addition to constraining tHtW asa background, these measurements can be analyzed and possi-
bly interpreted in the context of EFT operators. It is possible that the excess can be associated to tW
scattering processes, where could expect an enhancement in M that is sensitive to the kinematics

of the tW system. However, these events seemly have a low number of jets. It is therefore not obvi-

203



ous what processes might be causing the deviations. These measurements are, however, invaluable

feedback to phenomenologists working on explaining the anomalous behavior of ttw.
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Figure 11.12: Nb—jets differential cross section measurements compared to MC predictions.
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Figure 11.15: Breakdown of uncertainties for H%e«t differential cross section measurements.
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Figure 11.16: Hrl_ﬁp differential cross section measurements compared to MC predictions.

Figure 11.17: Breakdown of uncertainties for Hlf;p differential cross section measurements.
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Figure 11.18: M&S differential cross section measurements compared to MC predictions.
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Figure 11.24: M differential cross section measurements compared to MC predictions.

Figure 11.25: Breakdown of uncertainties for M, differential cross section measurements.
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Figure 11.27: Breakdown of uncertainties for A Ry, differential cross section measurements.
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Figure 11.28: Aij differential cross section measurements compared to MC predictions.

Figure 11.29: Breakdown of uncertainties for ij differential cross section measurements.
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12

Summary and Outlook

The field of particle physics underwent a sea change after the discovery of the Higgs boson at the
LHC. In earlier times, there had either been an abundance of experimental signatures that could

be studied (as in the case in the 1970s) or a clearly motivated particle predicted by theorists that
could be sought after and, very frequently, found. This ended with the discovery of the Higgs bo-
son. Now, the preeminent theory of particle physics, the Standard Model, has been experimentally
verified to the utmost precision and is theoretically consistent and UV complete, offering little in the

way of additional threads that can be pulled to unravel any of its many apparent deficiencies.
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After its first long shutdown, the LHC began a second data-taking run colliding protons at nearly
double the energy and 10 times the luminosity than what was used to discover the Higgs boson
at the ATLAS and CMS experiments. With the trove of data collected during Run II, the physics
reach of ATLAS has been greatly extended. In many cases, the increase in statistics has facilitated the
measurement of rare Higgs production processes like ttH, providing sensitivity to the top quark
Yukawa coupling. This is one of many properties of the Higgs boson that has been probed in order
to verify that the scalar boson observed 10 years ago at the LHC is indeed the Higgs boson of the
Standard Model.

There have also been a handful of anomalous measurements performed at the LHC over the last
decade. One that has done little more than to detract from the sensitivity to the more high-profile
searches for ¢t H and t{tt production in multi-lepton channels is the production of ¢t in associa-
tion with a W boson. At face value it is an uninteresting process. With no sensitivity to thet — W
coupling, ttW offers no handle on EW dynamics with the heaviest fermion. It was only when the
production rate of t£WW was consistently shown to be larger than expected by the most precise the-
oretical calculations did the theory community take a greater interest in this process. They quickly
determined that this process can indeed offer some sensitivity to the UV behavior of EW couplings
due to subtle effects that initially had been overlooked. Advanced techniques in MC simulation
were extended the modeling of t£WV in an effort to ease the tension between data and prediction. To
date, these efforts have eased this tension but have not offered a complete explanation for the higher
than expected rate of ttW production.

The vast cache of data collected by ATLAS during Run IT allows the ¢£WW process to be mea-

sured with the utmost precision. For the first time, ¢/ production is measured differentially across
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a comprehensive set of observables. This has been achieved by extending the commonly used sta-
tistical formalism of the profile likelihood to the task of unfolding data to the particle-level. The
profile likelihood unfolding method, along with machine learning tools capable of identifying chal-
lenging backgrounds, have been used to build a statistical model capable of extracting differential
distributions for ¢¢1W production while controlling background rates. The result is a collection of
measurements that comprehensively characterize t¢W production to an unprecedented precision.
These results will be used to correct the modeling of ¢V production as backgrounds for measure-
ments of t¢ H and ¢ttt production in the multi-lepton final states, extending the sensitivity of these
measurements to the top Yukawa coupling and contact interactions in the SMEFT framework.

As these results are digested by the theory community and checked against a differential mea-
surement that CMS may perform, one of two scenarios will unfold. One possibility is that theorists
will crack the code and achieve a more precise t¢W calculation, possibly through a NNLO QCD
calculation, and provide predictions on ¢¢W differential production that agree well with data. A
more interesting possibility is that new precision methods will be developed that do not conform
to the best experimental measurements or predict new features of t¢W production that can be fur-
ther studied at the LHC. In any case, the interest in the Hw process is unlikely to subside until its
mysteries have been resolved.

The LHC is actively preparing for Run III with beam circulation tests at 450 GeV threshold
energy and will soon have first collisions at a record center of mass energy of 13.6 TeV. Run III is
slated to provide 200 fb~! of data which, in combination with Run II data, will greatly enhance the
sensitivity of ATLAS to rare processes involving the top quark in association with gauge and scalar

bosons, which have greatly overlapping phase spaces. The profile likelihood unfolding method will
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likely see increased use in this suite of measurement efforts as it can be readily extended to unfold
multiple overlapping signal processes. At the same time, MC modeling techniques including those
leveraging machine learning are being deployed to enhance the quality of detector simulation. This
will allow analyses to adopt more MC-driven background estimation techniques for challenging
backgrounds like fake lepton production. The net result is the following. Differential cross section
measurements of processes that have small and simple backgrounds will continue using IBU and
migrate to methods like OMNIFOLD, which promises unbinned differential cross sections measured
simultaneously in the full phase space using machine learning. For those measurements that are less
cleanly isolated, either through contamination by challenging backgrounds or through overlap with
other processes that can offer boosted sensitivity if measured together, profile likelihood unfolding
will be the preferred technique.

We are now in the precision age of particle physics. Facing a confoundingly consistent theory, the
HEP community has developed sophisticated new techniques to analyze the most complex datasets
ever collected to find even the most subtle of hints of where the SM will yield to the supremacy of
Nature. As the LHC begins delivering physics data in Run III and continues upgrade efforts toward
the High Luminosity LHC, physicists will continue to develop and deploy these and other new
techniques. Perhaps in the next decade we see a new picture of particle physics emerge. Perhaps the
dam will break and a new age will be ushered in, an age in which the nature of the universe will be

revealed to be even more strange and beautiful than we can currently imagine.
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