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Abstract

In this thesis the differential cross-sections for the inclusive production of
tt pairs have been measured at a center-of-mass energy of /s = 13 TeV.
The data were collected by the ATLAS detector during the period spanning
from 2015 to 2018, also known as Run 2, and correspond to an integrated
luminosity of 140 fb~*. The top-quark pair events were selected in the lepton
(either electron or muon) plus jets channel.

The single, double and triple differential cross-sections have been measured
as a function of the kinematic variables of the ¢t system or the hadronically
decaying top-quark and extrapolated to the full phase-space.

The large amount of tf pairs produced at LHC gives the opportunity to
perform stringent tests of pQCD by comparing the measured spectra with
the theoretical fixed-order NNLO and Monte Carlo predictions.
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Abstract

In questo lavoro di tesi sono state misurate le sezioni d’urto differenziali per
la produzione inclusiva di coppie tt con un’energia del centro di massa di
Vs = 13 TeV. I dati sono stati raccolti con il rivelatore ATLAS durante il
periodo dal 2015 al 2018, chiamato anche Run 2, e corrispondono ad una
luminosita integrata di 140 fb=!. Gli eventi di produzione di coppie tf sono
stati selezionati nel canale “lepton+jets”.

Le sezioni d’urto singolo, doppio e triplo differenziali sono state misurate in
funzione di variabili cinematiche del sistema ¢t e del quark top che decade nel
canale adronico e sono state estrapolate in tutto lo spazio delle fasi.

Il gran numero di coppie tt prodotte ad LHC da l'opportunita di testare in
maniera stringente la QCD perturbativa confrontando gli spettri misurati sia
con predizioni teoriche NNLO che con predizioni Monte Carlo.
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Introduction

Studying the properties of the top-quark is an important part of the ATLAS
physics programme. One of its most notable properties is its mass: the
highest between the known fundamental particles. This implies that the
top-quark decays before undergoing the hadronization step, allowing a unique
way of probing the Standard Model. The cross-section for the production of
top-antitop pairs is one of the largest between the processes studied at the
LHC, ~ 800 pb at a center of mass energy of /s = 13 TeV, therefore using
the large amount of data collected by the ATLAS experiment during the full
Run 2 to measure differential cross-sections for ¢¢ production is an excellent
way to thoroughly test QCD. For this reason, the differential cross-sections
measured in this analysis are compared to the latest fixed-order and Monte
Carlo predictions, produced respectively using the MATRIX open-source code
and the MiNNLOPS Monte Carlo generator. Other Monte Carlo predictions
are also compared to the measured cross-sections. This allows for a careful
comparison of the compatibility between data and available generators, while
also allowing for tuning of the generator themselves. Moreover, precise
measurements of differential cross-sections allow to conduct phenomenological
studies, such as the extraction of the proton parton distribution functions, as
well as extracting information on fundamental quantities of nature, such as
the top-quark pole mass and the strong coupling constant a.

This thesis is structured as follows: in the first chapter the Quantum
Chromodynamics theory is introduced, together with the parton distribution
functions and the properties of the top-quark; in Chapter 2, the Large Hadron
Collider and the ATLAS detector are described; in the third chapter, the
description of both data and Monte Carlo generators used in this analysis
is given; Chapter 4 is dedicated to the description of the reconstruction of
physical objects and how they are defined; Chapter 5 focuses on the selection
criteria used to separate t¢ signal from background events; in Chapter 6 the
unfolding procedure used in this analysis to extract the parton-level cross-
sections is presented; systematic uncertainties affecting the measurements are
presented in Chapter 7; finally, Chapter 8 describes the unfolded parton-level
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cross-sections measured in this analysis, compared with fixed-order pQCD
predictions and Monte Carlo event generators.



Chapter 1

Quantum Chromodynamics

The Standard Model (SM) [1-4] is a relativistic quantum field theory that
describes elementary particles and their interactions. A large number of
experimental results have confirmed the validity of this model with outstand-
ing precision, helping us to understand the world of elementary particles.
Nevertheless, it is not a complete theory, since it fails to explain some phe-
nomena such as the asymmetry between matter and antimatter, gravity or
dark matter. In this chapter the theoretical framework from which the SM
stems is described, in particular the theory of strong interactions. The first
part of this chapter will be dedicated to derive the theory of Quantum Chro-
modynamics (QCD), then its divergences and their renormalization will be
discussed. A description of basic collider processes and the factorization of
their cross-sections is given in the second part, followed by a brief discussion
of DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) equations and parton
distribution functions (PDFs). In the last part of the chapter, a summary of
tt production processes in the framework of perturbative QCD (pQCD) is
given, which is a crucial point of this thesis.

1.1 Quantum Chromodynamics

Quantum Chromodynamics is the field theory describing the strong interaction
between gluons and quarks, collectively known as partons. They interact
with a coupling constant usually written as g, = /4ma,. Partons have a
charge-like quantum number called colour which implies a gauge symmetry
based on the non-abelian group SU(N,..) with N, = 3 indicating the number of
colour states. As a starting point the Lagrangian density (hereafter referred
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1.1. Quantum Chromodynamics

to only as Lagrangian) can be written As

Ly= Y ) Glid —my)iq;. (1.1)

q:u7d787"- Zv]

Here ¢ is a quark colour-triplet and ¢ is its adjoint, meaning

qr
a=149 ], 4= (@:gqub) (1'2)
b

whose elements are indicated in Eq. (1.1) by the subscripts i, j = 1,2, 3 (for
N. = 3). The sum over different quark flavours will be omitted from now on.

The Lagrangian should be invariant under SU(N..) non-abelian local group
transformations: in fact, it can be shown that it does not change under
transformations of the type

q%q,:U(e)qzeiaaTGQ7 a:1727"'7N02_17 (13)

where 0, is an N2 — 1-dimensional vector and 7, is one of the generators of
the fundamental representation of the SU(N,) group, defined by:

[T%, T° =i fobeTe. (1.4)

Here f are the structure constants of the SU(N,) group, these are totally
antisymmetric under the exchange of two indices and their elements are
numeric factors specific to the considered group. The Lagrangian Eq. (1.1) is
clearly invariant under the transformation Eq. (1.3) as long as the 6, represent
a set of position-independent parameters. If, instead, 6, — 6,(z), giving

q, (1.5)

the previous statement is not valid anymore. In fact, the derivative term in
Eq. (1.1) transforms as

¢— ¢ =U(z)g =™

Ouq — Ouq' = U(x)0uq + [0,U(2)]q, (1.6)

spoiling the invariance of the Lagrangian. To fix this, one introduces as many

boson fields as the group generators, say Af, which here represent gluons,

and requires that the covariant derivative defined as
D, =0, +igs Ay Ta, (1.7)

transforms as:
D; "=D,q. (1.8)
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Chapter 1. Quantum Chromodynamics

This is only realised if the boson fields Aj, transform as:

%Q%U@mﬁwﬁm+ﬁmﬂ@w*@ (1.9)

or, since 0 = 9,(UU1) = (0,U) U1+ U0, U™1),

i@)[ﬁ%@. (1.10)

S

%E%U@(ﬁﬂ—

Similar transformation laws are found for all the boson fields introduced in
Yang-Mills [5] field theories based on non-abelian symmetry groups.

One interesting thing to note here is that, due to Eq. (1.9) configurations
with non-zero A, can be obtained from A, = 0 ones through a gauge trans-
formation; this does not happen in abelian gauge theories, such as Quantum
Electrodynamics (QED). When acting on quark fields, the 7% are N2 — 1
generators in the fundamental representation of the group SU(N,). In the
case N. = 3 these are simply /\—; where A\® are the 8 Gell-Mann matrices.
The gauge fields A}, transform according to the adjoint representation of
the SU(N.) group; in this representation the 7" matrices are constructed
using the structure constants of the group, namely (7). = —i fape. Both the
representations satisfy Eq. (1.4). The covariant derivative gives the possibility
to calculate the field strength tensor, in fact

D, D, =igG: T,
[ ' a] ! CLM a abc Ab gc (111)

G, = 0,47 — 0, AT, — gs [ AL AL
Now all the pieces are in place to write the QCD Lagrangian in its full form,
which is

: L e
L = 671<le - mq)ijqj == ZGW’GZ (112)

It is easily seen that gluon fields have to be massless, since a massive term of
the type mQAZAg would not be gauge invariant due to how A, transforms.
Useful identities involving the colour matrices, following the convention
Te{T°T*} = Trd®, Tr = 1/2 are:

N2
2N,

> THTS, = Crog, Cr
a (1.13)
Tr{Tch} _ Z fabCfabd _ CA(SCd, OA _ Nc-

a,b

These identities are valid for every symmetry group SU(IV,).
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1.1. Quantum Chromodynamics

From Eq. (1.12) the feynman rules for QCD can be extracted, these are:

i —>— upi) ——f ulp)
«
(p+m) iepy*
. . 5. V) Ba
7 .—b—o] p2—m2+i€5ﬂ /‘L ( f )IB
s
7 9099099 " (pi) a0000090 f EH*(Pf)
[
e s 1, a — 195155
Q 009090990 ) P2 1 e ab
J

92, 53 b
gsfabc[ + gaﬁ(gl - 92)7

g1, ¢, a +gﬁ'7(92 _g3)cx
=+ g’ya(g?) - gl)ﬁ]

gs,7,¢C
g3, 7, d 92, 3,b
192+ fabe fede(9ar9p5 — Gas9sr)
+ facefdbe(gaﬁgﬂ’y - goz/o’g'yé)
+ fabefbce(gaﬂg'y(i - ga'\/gﬁé)]
g1, Q,a gs4,0,d

The gluon propagator is here written in the Feynman gauge, es is the
charge of the considered fermion and all the Kronecker ds are referred to
the colour indices. Initial and final momenta are represented by p; and py
respectively, while p is the momentum flowing in the propagator terms; the
term m in the fermion propagator is the pole mass of the considered fermion.
The four-vector e* and its complex conjugate represent the polarization of the
gluons, g"” is the tensor diag(1,—1,—1, —1). Greek letters indicate Lorentz
indices, while latin ones are reserved for the colour indices.
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Chapter 1. Quantum Chromodynamics

1.2 QCD renormalization and divergences

When using pQCD every observable can be calculated as a perturbative
(asymptotic) series in powers of «y, in which the first non-zero contribution is
called leading order (LO), while the higher powers are called next-to-leading
order (NLO), next-to-next-to-leading-order (NNLO) etc. In Deep Inelastic
Scattering, here taken as an example, when the initial state parton is a quark,
the LO contribution is O(a?), since the sub-process ¢ +V — ¢ (where V is a
W, Z or 7 boson) is purely electroweak and QCD effects enter the calculation
only through higher order diagrams. In this case, the power series for an
observable (e.g. a cross-section) will be Cy + Cias + Cya? + ---. In this
procedure, when higher order corrections are calculated, there usually are
divergent contributions, these have to be regularized and removed using a
prescription called renormalization. This technique consists in redefining the
fields and couplings in order to cancel the divergences encountered order
by order. One of the most important results of renormalization in QCD is
asymptotic freedom, i.e. the possibility to treat quarks as free particles when
the transferred momentum @Q? is high enough.

1.2.1 UYV divergences and renormalization

In the QCD framework, divergences present themselves in two forms, namely
ultraviolet (UV) and infrared (IR) divergences. UV divergences arise in loop
integrals, since the internal momentum of the loop is integrated to oo. Infrared
and collinear divergences, instead, arise when a particle is emitted in the limit
in which £ — 0 (soft emission) or the angle between two emitted particles
is small (collinear). Removing these divergences is paramount to produce
reasonable results in perturbative theory, in particular UV divergences are
removed using renormalization, while IR and collinear ones are treated using
what is known as the Kinoshita, Lee, Nauenberg (KLN) theorem [6, 7].
The renormalization of the UV divergences also affects the coupling constant
which, through the introduction of a renormalization scale, becomes a running
coupling.

Integrals that present ultraviolet divergencies are treated using dimensional
regularization: this technique consists in performing the integrals in D = 4—2¢
dimensions and then considering the limit in which € — 0 in order to obtain
the analytical continuation as a series in powers of €. An N-loop calculation
will contain poles of increasing powers in €, so a generic observable O could
be written as:

On —i (Z—;)n%-i-(?(e). (1.14)

n=0
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1.2. QCD renormalization and divergences

When using dimensional regularization the coupling, dimensionless in D = 4,
acquires a mass dimension. This is usually factorized, so that one can rewrite
gs — pcgs. If one redefines the fields in the following way:

= 7'? A = 7V pn
VB =2, BT oA (1.15)
mp = Zy,,m gso = K ZgQSa
the Lagrangian assumes the form
Z‘enorm =7 + D?counter- (116)

This can be understood looking at the Dirac part of the Lagrangian:
Zy (1§ — Zmm)p = (i —m) +i(Zy — DYJ — (ZmZy — 1)mapp, (1.17)

which can be interpreted as Zpirac + LDirac,counter- Lhe same argument obvi-
ously applies to all other terms. The counter-terms Lagrangian contains new
terms that are considered part of the interaction Lagrangian, and therefore
contribute to the matrix elements. The point of redefining the fields and
the Lagrangian in such a way is to obtain finite amplitudes, which is done
imposing that the Zs cancel the divergences; this gives power series for these
parameters.

If summing these infinite series was possible, one could obtain the exact
values, devoid of any u dependence or ambiguity. Being the world far from
ideal, only a few orders can be calculated and since this means truncating
the expansion series, some ambiguity remains in the definition of the Z
parameters, such as which parts of the divergent amplitudes are cancelled
by the counter-terms. Different definitions are referred to as renormalization
schemes; one of the most used is the MS in which one imposes that the
renormalization constants remove the € poles and part of the finite piece of
the amplitude. One of the perks of this approach is that no dependence on
m/ut is found in the Z functions, which renders calculations easier.

Since the dependence on p is unphysical, an important request is that the
one particle irreducible diagrams must be independent of it. If the amputated
diagram (all the external lines are physical particles) contains n,, fermions
and n4 gauge bosons, in the renormalization framework it will be written as

My ma
Lo(aso, mo, Q) = Z, > Z, * T(p, as,m, Q). (1.18)
The aforementioned request is realised if
dly 0 0 0
= — =< ll— m— — — r 1.1
0 0 {’ué)u + Baas T MYng— — Yy HAVA} (1.19)

1Since the Zs are dimensionless, any mass dependence would have to be in this form.
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Chapter 1. Quantum Chromodynamics

with v and g functions defined as

Jag 1 p 07y

f=n (i
n v I8 (1.20)

_ pom _ L p 0z

Vm_mau IVA_QZA ol

Eq. (1.19) is known as renormalization group equation (RGE) and, if solved,
gives information on how the renormalized I" varies with .

Independence of p has, of course, to be valid for all the quantities that
have been redefined, with an interesting case being g, = v/4mra,. A useful
relation between the § functions for g, and «y is

das,  p gz gs Ogs
D=1y T amon F2r 0
H ™ O ™ Op
so that knowing one, the other is automatically available. Using the fact that
gso = [ Z49s, the independence condition translate for g in

07
= pf {GgsZg + By (Zg + gsa_gg>] . (1.22)

Using Eq. (1.22) together with the fact that Z, can be written as a Laurent
series in terms of inverse powers of € and then requesting 5 to be a well
defined function in the limit ¢ — 0, an expression for # can be derived. In

QCD it has the form

_ %
= L, (1.21)

_ dgsO
v

B=—al> Bnal (1.23)
n=0
where the coefficients 3,, in the MS scheme, take the form
33 — 2ny
o= "5
153 — 19n;
pr=—57%"
i 5033 325 (1.24)
_ 2 3
By = <2857 ——g + 2—7nf) /12871’

where n¢ is the number of active flavours.

Using the expression Eq. (1.23) and choosing u = Q?, we can calculate
how the coupling constant g “runs” with the renormalization mass p or
equivalently with the scale @), in fact

Q? das —al >  Baal (1.25)




1.2. QCD renormalization and divergences

To solve this, the quantity ¢ = In(Q?/Q3) can be defined, so that a,(Q?) is

implicitly defined by
2 as(Q%)
t:ln(Q—2> :/ e (1.26)
Q% as(@?) B(@)

Neglecting terms in 8 higher than NLO and with the useful boundary condition
as(Q% = A?) = oo, a,(Q?) is given implicitly by the relation

1 Q2) B ( as(Q?) )
—— =foln[ =) —=1In . 1.27
= (%) - 5 (e (27
This equation cannot be solved exactly, so either a numerical solution or an

approximate one has to be found. In particular, if expanded in inverse powers
of In(u/A?), ay is found to be

&111111(@2//\2) " e <lnln(Q2/A2) — %) :| . (1.28)

QS(QZ) = !

T Beln(Q2/A?) | B (QAL) T B3 (Q2/A?)

Considering the case f; = 0, meaning that the calculation is done at LO,
Eq. (1.27) can be inverted exactly to obtain

1
 Foln(Q?/A%)

A is found experimentally to be ~ 200 MeV which is of the order of the
inverse length of a hadron, meaning that a, becomes large, therefore spoiling
the convergence of the perturbative expansion, when the energy scale is not
high enough to probe the hadron internal structure.

Using the substitution A? — Q3 exp(—1/Byas(Q3)) in Eq. (1.29), where
Q3 is an arbitrary reference scale, one obtains

as (@)
as(Q?) = . 1.30)
@) = T3 (@) @) |
As long as fy > 0, meaning ny < 17, Eq. (1.30) implies that as becomes
smaller at scales higher than Q2 therefore giving a proof of asymptotic
freedom and of the validity of pQCD. Determinations of the strong coupling
constant at different energies are reported in Fig. 1.1.

s (Q%) (1.29)

1.2.2 Infrared and collinear divergences

Turning now to infrared and collinear divergences, these can be treated using
the KLN theorem. This proves that inclusive enough quantities are infrared
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Figure 1.1: Measurements showing the running of the strong coupling constant. Figure
taken from [8].

and collinear divergence-free, taking into account also the fact that in a true
experimental setup, a process in which a soft gluon is emitted cannot be
distinguished from one without a gluon emission. A similar argument can be
applied to the case in which two particles are emitted collinearly, the detector
cannot always distinguish between them. Following this way of thinking,
when calculating cross-sections or every other quantity, contributions from
these processes have to be included as well. The interference terms between
soft /collinear contributions and the “pure” process will render the observables
finite, getting rid of the divergences since they contribute with negative terms,
while the squared ones are positive. Again dimensional regularization turns
out to be useful to treat divergent integrals while all the contributions are
being calculated and to see that, at the end, those divergences cancel out.

Calculating the cross-section for electron-positron annihilation into had-
rons gives a finite result at O(ay), in fact the aforementioned KLN theorem
guarantees that such an inclusive quantity is infrared and collinear safe. The
key idea is that a quark and a quark with any number of soft and/or collinear
gluons have to be treated as if they were the same. Generally a measured
observable is described by an expression with the general form

I= ﬁ{ > %/ d@”i\/\/{(")(pi)fpn(pi). (1.31)
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1.2. QCD renormalization and divergences

Here M™ is the Feynman amplitude for a process with an n-parton final
state, p; represents the momenta of the n partons, py, ..., pn, > indicates sum
over initial spin and colour configurations and the average on the final ones.
The 1/n! factor stems from the assumption (not always valid) that the partons
are indistinguishable from one another, while ®,, is the n-particles phase space.
The flux factor for a head-on collision of the type p, +py — p1 + -+ + pn is
given by

flux = 4/ (Do - Pp)% — (Mamp)? (1.32)

and for a process in which particle masses are negligible it can be approximated
with 2s. When [ is the total cross-section, p, = 1, while if interested in a
differential cross-section do/dX, p, takes the form

pn = 0(X — Xn(pi)), (1.33)

where X, (p;) is a function (for n partons) of the variable X to which one is
interested. This function has to verify the relations (based on the idea of
infrared and collinear safety, meaning finiteness of I)

XnJrl (p17 sy )\pna (1 - )\)pn)

Xoi1(P1s- -+ Pn 0) }

Note that these requirements have both a theoretical and an experimental
value. They are needed to accomplish the cancellation of the infinite parts
in the theoretical calculation, but at the same time reflect the fact that real
detectors have a finite resolution in both angle (collinear divergences) and
energy (infrared divergences). Unfortunately this requirement cannot be
satisfied by quantities that require the inclusive sum to contain a specific
particle which is the case for some of the quantities entering the cross-section
calculation.

We here give a brief and qualitative description of how the infrared and
collinear singularities can be removed, in a way reminiscent of renormalization,
following the discussion in [9]. When considering a hard subprocess with an
incoming parton, the lowest order cross-section can be calculated, using the
factorization theorem Eq. (1.48), to be discussed in the next section, so that
one has

a0 :/0 dx op(zp)q(x) (1.35)

Corrections coming from higher order diagrams to the same hard process
cross-section oy, in which an extra gluon is emitted in the final state can be
written as (considering oy, the cross-section for this process)
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Zp

. KA w2

> (1.36)
: E=(1-z)p

Here the transverse momentum k; = E'sinf has been introduced, with
E = (1 — z)p. Including the contribution from a virtual gluon in the final
state (meaning that a state with a soft and/or collinear gluon plus a quark is
considered as if it was just a one-quark state), one obtains a cancellation of
the two singularities and therefore a finite result. In fact the cross-section
contribution for a virtual gluon is of the form o1, which is of the form

o, P p a,Cp 1+ 22 dkf

=— ——. (1.37
. w ST 1

If we now focus on gluon radiation in the initial state, the hard process takes
place after the quark-gluon splitting, so that the momentum entering in o}, is
now p — zp:

2t 1—2 k-

Ogrn = —0n(zp) (1.38)

Looking at the virtual process contribution the cross-section, since the moment
entering the hard process this time is not changed, takes the form
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1.2. QCD renormalization and divergences

\
\ /7
P P a.Cp 1+ 22 dk?
g, _ sYF Shy
\

Summing now these two contributions and integrating over k; and z, the total
contribution for the process becomes

a,Cr (¢ dk? 1+ 27
Ogih + Ovin — 27TF / / dz [ah(zp) —on(p)] . (1.40)
0

Note that the z integral is finite in the limit z — 1, while the k; integral
diverges logarithmically when integrated to 0, this can be temporarily avoided
introducing a regulator, p%. When calculating the cross-section the incoming
parton has a fraction z of the hadron initial momentum, this has to be
integrated over too, so that one obtains (o7 being the correction from one
gluon emission, real and virtual)

oy = / dzo(ap)a(e, 11h)

Q% 1.2
/ dk/dd(CFI—l—z)
1—2z

(1.41)

< [oa(z2p) — on(ap)] q<x,u%>) .

The integral in k; is now finite, even if it could still be large, while the
contributions coming from k; < pur have been absorbed into the PDFs, which
now depend on the cut-off.

1.2.3 DGLAP equations

The process of redefining the PDFs and the introduction of a dependence
on pup sketched in 1.2.2 is reminiscent of renormalization. In fact, even if
a way to extract the PDFs from the QCD Lagrangian is yet to be found,
equations for the evolution of the parton distribution functions can be found
that describe how they change with this (unphysical) scale. These equations
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are known as DGLAP [10-12] evolution equations:

a 2 1 d 5
Q" q(axQ? ) _/x ;Z;é_ﬂpqq(z)q <§>Q2> 5 (1.42)

where P,q(z) = Cp((1+ 2%)/(1 — 2)); and the plus prescription has been
introduced, and has to be understood as follows:

/: dz [9(2)], f(2) = /xl dz g(2)f(2) — /01 dz g(2)f(1)

1 ) (1.43)
_ / dz 9() [f(2) — F(1)] / dz g(=)£(1)

The Altarelli-Parisi kernel P,, can be perturbatively calculated as a series of
Qg powers

Py=P9+ 2P0 ... (1.44)
These functions are, at the present time, known at NNLO [13, 14], this allows
very precise comparison between measured cross-sections and theoretical ones
calculated using PDFs extracted from other analyses, which in turn allows
more precise parton distribution functions to be extracted and then used.
DGLAP equations for quarks, antiquarks and gluons together, form a set of
integro-differential equations that allow to calculate how a PDF evolves from
one scale (g to another, these equations are coupled since there are different
kernels to use in Eq. (1.42), for example P,; or P,,. In its most general form
and using the most common scale choice p% = pu% = Q?, the DGLAP system
takes the form

0 (z, Q%) a Vdz
2 7 q; ) :_5 hated
@ 0Q)? (g(x,Q2) 2w ;/x z
(P%'(I] (z’as) Pig ( )) (qj( Q;))
Pyg; (2.05) Py (%, as) (2,Q%)
where ¢; and ¢; include both quark and antiquark contributions and ay is to
be considered as a function of the scale, oy = a,(Q?). As a useful shorthand

notation, the convolution between a PDF and a suitable Altarelli-Parisi kernel
can be written as

[q®P](x,Q2)z/;@q(f,Qz)mz):/x = 0np (5).

(1.45)

z

17—



1.2. QCD renormalization and divergences

1.2.4 Hadron-hadron scattering

Hadronic interactions are quite vary, but can be, in broad outline, divided in
two categories. The first class of processes is composed by soft interactions,
in which the hadron is seen as a whole, due to the fact that transferred
momenta are small compared to the center-of-mass (CoM) energy /s. The
second group consists of hard processes, in which Q? is big enough to probe
the hadrons’ internal structure. While for the category of soft processes the
cross-sections are quite large, for the latter category of hard processes the
opposite situation is found, with small to tiny cross-sections that markedly
depend on the CoM energy. Since pQCD can be only applied in the case of
high Q?, the only treatable problems with this approach are the second ones,
while the first have to be treated using phenomenological arguments.

A formal result of quantum field theory applied to strong interactions
is the factorization theorem, this states that the dependence on short and
long distance interactions can be separated. In particular, long range physics
is described by the PDFs and short range interactions are described by the
pQCD cross-section for the hard (parton level) process. Therefore the cross-
section for a proton-proton (or more generally hadron-hadron) scattering of
the type

hl(pl) + hg(pg) — X, (147)

where p; and p, are the four-momenta of the protons h; and hs respectively. To
calculate the cross-section the following equation is used (with pur = pr = p):

U(plap2> - Zmb fol dxl fol defa/hl (mla ,uz)fb/hz(x% M2)OA— (xh T2, aS(MQ)v %22) ) (148)

this is also schematically represented in Fig. 1.2. Here the CoM energy is
reduced by a factor s — x129s. In addition, the partons that do not take
part in the hard subprocess, called the remnant, can interact and produce
other reactions, with .., = (1 — x129)s, even if the probability for two
hard processes to take place is very small. The factorized form Eq. (1.48)
is used in the calculation of theoretical predictions for the cross-section of
hadron-hadron processes as top-antitop quark pairs production at the LHC,
which is the focus of this analysis.

The characteristic scale of the hard scattering (here denoted by @) could,
for example, be the mass of a weak boson or heavy quark or the large transfer
moment of a final state particle. The hard scattering cross-section o;;, since
the coupling is small at high energy, can be calculated as a perturbative
expansion in the running coupling «, and can be, again, written as

6=ak Z Cm Ol (1.49)
m=0
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Chapter 1. Quantum Chromodynamics

Figure 1.2: Schematic representation of a hadron-hadron scattering process in which two
partons, ¢ and j, interact through a hard process that gives as a result particles ¢ and d.

where the coefficients ¢,, are functions of both the kinematic variables and
the factorization scale. At every order in the series, different processes will
contribute to the calculation of this cross-section. For example, at O(a?), the
process is purely electromagnetic and therefore only quark-antiquark annihila-
tion contributes. These coefficients usually include powers of In(Q?/u%), these
could become large if pp is not chosen to be of the order of (), which is the
standard choice. The more terms are in included the perturbative expansion,
the weaker the dependence on the renormalization and factorization scales
will be. In fact, the complete independence of the results from pur and pg
would be true in an all order calculation. Because the series is truncated, a
residual dependence on the scales remains in any fixed-order calculation. In
fact, the relations

Jo Jo

= —— =0, 1.50

Onr Opp ( )
would hold only for a (ideal) situation in which all the terms of the expansion
are calculated.

1.2.5 Cross-sections numerical evaluation

The calculation of cross-sections in pQCD is very CPU-intensive, therefore
a fast way to re-evaluate the already derived cross-section is needed. In
particular here the grid method used by both the APPLgrid and fastNLO
programs is described; however for a more in-depth illustration of these two
programs the reader is referred to their documentation [15, 16]. This method
is based on the idea that once the CPU-intensive calculation has been made,
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1.2. QCD renormalization and divergences

the results can be stored in a so-called grid that allows a fast re-evaluation of
the cross-section for the considered process.

The main idea is that PDFs can be represented by storing their values in
a two dimensional grid of points and using n-th order interpolations between
them. To better cover the full range in  and Q? this variable change is made

2
y(x) =1In (i) +a(l—2) and 7(Q*) =Inln <%> (1.51)
where A is chosen of the order of Agep but is not necessarily the same.
The parameter a’s scope is to increase the density of points in the large-x
region. A generic PDF f(x,@Q?) is then represented by its values f;; on
two-dimensional grid points (idy, jé7), where 0y and o7 are the grid spacings.
For an (z, Q?) point which is not contained in the grid, the PDF is evaluated
by the interpolation (based on Lagrange polynomials) formula:

n

100 = 33 et (851 =) £ (S5 -0). 0

i=0 j=0

Here n and n’ are the interpolating orders and the functions Ii(n)(u) are 1 for
u =1 and are defined as

=D u(u—1)... (u—n)

7™ () = 1.53
c W= u—i (1.53)
otherwise. The indices k and k' are defined as
k(z) = int ylz) _n-1
oy 2
T(Q2) o1 (1.54)
K (Q?) = int -
oT 2

and the function int(u) is defined to be the largest integer verifying int(u)< w.
An example of usage for single-flavour DIS is here reported.

Assuming a Monte Carlo generator at next-to-next-to-leading order pre-
cision is available that produces events m = 1,..., N. Every event m has
z-value z,,, @ value Q2 and a weight w,,. Defining p,, to be number of
powers of a; in the event m, the result for the Monte Carlo would be

W= ;Njwm (“42)" smt (1.5)
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Chapter 1. Quantum Chromodynamics

where f is the PDF of the considered flavour. Using these grids, instead, the
weights W ) are used and for each event only a part of the grid is updated

»ngﬂ—ﬂxgpﬂ+wmﬁ>(7;-—u%a)¢>(<§——k«x».

(1.56)
The final result can then be obtained after the Monte Carlo run in the
following way, for a generic a, and PDF f

wfzzzm% (U“MW” (1.57)

Here Q2(j) and 2(® have been introduced and are such that
y(zW) = idy
T(QQ(j>) = joT.
In the previous discussion the relation p% = pu% has been assumed, but
knowing DGLAP evolution and the weight matrix order by order, the variation
of these scales can be introduced in the calculation. This is done, taking &g

and £p to be the scale factors for urp and ug respectively and considering
NLO as the higher order in «y, calculating

e &) = 303 { (O‘S $kQ >> W £ (5, €2Q2)

as(E5Q?)\ Ve
' (—; )

% |:(M/'i(71;NLO) + 218, o In fRW (rLo )

(1.58)

(1.59)

<@, €08 — WPy © (2, 62Q)] }

Here z and Q? have to be regarded as 2 and Q*”, P, is the LO matrix
for the splitting functions and fy is the same as the one in Eq. (1.24). This
method only works if £z and £r are constants, moreover even if this formula
is given for an x-space approach, a similar form can be found for an N-space
one. To obtain the full cross-section a sum of the weights and the PDFs over
all the contributing sub-processes is needed.

This approach is easily generalized to the case of hadron-hadron collisions,
in which case Eq. (1.57) can be rewritten as

W=E S S, (U5) Mm@ 00

p 1=0 i1 g
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1.3. Top quark production

Here ng,, is the number of subprocesses, while the functions F' are subprocess-
dependent combination of PDFs. These can sometimes be simplified exploiting
the symmetries in the weights. It is again possible to find a formula to take
arbitrary (but constant) scale variations into account, at NLO this takes the
form:

wien = 3 Y XY {(454)

i1 i2

X pr Syl (951,5102751?@ )

11,12,]

. (el

2m
« |:<W(pNLO: + 27 Bopro In SRW(JDLO:

11,12,] 11,12,]
x F ($1,$2,§FQ )
1 l
—In gF 11sz20] : <Fq(1)—>Po®fI1 (1’1, T2, 5%622)
+FY

> (1.61)

are defined as F¥) but ¢; is replaced with Py ® g;,

while x;, and Q? are to be viewed as :1015C and Qw)

Here the functions F ;IL Pocas

1.3 Top quark production

Between all the particles described by the Standard Model, the top () quark
is the heavier. This implies that its decay time is less than its hadronization
time. Studying processes in which top quarks are produced therefore gives a
perfect instrument to test perturbative QCD and the predictions obtained in
this framework. The top quark was first discovered in 1995 by the CDF and
DO collaborations at Tevatron; they studied pp collisions at a CoM energy
of /s = 1.8 TeV [17-20]. Its mass was measured in various experiments
and according to the Review of Particle Physics by the Particle Data Group
(PDG) in 2022, m; = 172.69+0.30 GeV [21], while recent measurements from
LHC experiments are reported in Fig. 1.3. The existence of a third generation
doublet of quarks such as the top-bottom doublet implies, taking into account
also the existence of three lepton generations, the cancellation of the chiral
gauge anomalies [22] and also allows the CKM mechanism to explain the CP
violation [23].
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ATLAS+CMS Preliminary Miop summary,{s = 7-13 TeV  November 2022
LHCtopWG
"""" World comb. (Mar 2014) [2]

stat total stat

total uncertainty i m,, + total (stat= syst) Vs  Ref.
LHC comb. (Sep 2013) LHctopwe e 173.29+ 0.95 (0.35 = 0.88) 7TeV [1]
World comb. (Mar 2014) H+H 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [2]
ATLAS, I+jets H—— 172.33+ 1.27 (0.75+ 1.02) 7 TeV [3]
ATLAS, dilepton a1 173.79+ 1.41 (0.54= 1.30) 7TeV [3]
ATLAS, all jets H—s—175.1: 1.8 (1.4= 1.2) 7 TeV [4]
ATLAS, single top Pt 172.2+ 2.1 (0.7 2.0) 8 TeV [5]
ATLAS, dilepton H-'-H 172.99+ 0.85 (0.41= 0.74) 8 TeV [6]
ATLAS, all jets = 173.72+ 1.15 (0.55+ 1.01) 8 TeV [7]
ATLAS, I+jets o ana 172.08 = 0.91 (0.39= 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) H¥H: 172.69+ 0.48 (0.25 0.41) 7+8 TeV [8]
ATLAS, leptonic invariant mass H—-—H 174.41x 0.81 (0.39+ 0.66+ 0.25) 13 TeV [9]
ATLAS, dilepton (*) == 172,63+ 0.79 (0.20+ 0.67+ 0.37) 13 TeV [10]
CMS, l+jets ==+ 173.49 = 1.06 (0.43x 0.97) 7 TeV [11]
CMS, dilepton i 172.50 = 1.52 (0.43+ 1.46) 7TeV [12]
CMS, all jets == 173.49+ 1.41 (0.69+ 1.23) 7 TeV [13]
CMS, l+jets HetH 172.35+ 0.51 (0.16+ 0.48) 8 TeV [14]
CMS, dilepton o 172.82x1.23 (0.19x 1.22) 8 TeV [14]
CMS, all jets Het: 172.32+ 0.64 (0.25+ 0.59) 8 TeV [14]
CMS, single top H—et 172.95+ 1.22 (0.77+ 0.95) 8 TeV [15]
CMS comb. (Sep 2015) e 172.44 = 0.48 (0.13 = 0.47) 748 TeV [14]
CMS, l+jets - 172.25+ 0.63 (0.08= 0.62) 13 TeV [16]
CMS, dilepton o | 172.33+ 0.70 (0.14 0.69) 13 TeV [17]
CMS, all jets ot 172.34= 0.73 (0.20+ 0.70) 13 TeV [18]
CMS, single top e 172.13+ 0.77 (0.32x+ 0.70) 13 TeV [19]
CMS, I+jets (*) e 171.77+ 0.38 13 TeV [20]
CMS, boosted (*) ot

* Preliminary
L1 | I I | | L1 e | |

165 170 175 180
Mo [GeV]

Figure 1.3: Summary of ATLAS and CMS determinations of the top mass. The results are
compared with the LHC and Tevatron+LHC combined determinations [24].

1.3.1 Top quark production

Top quarks are produced in accelerators such as LHC, usually as a ¢t pair or,
rarely, as a single top quark. The interactions in which top pairs are produced
are mediated by the strong force, while the ones in which a single top quark is
produced are mediated by the weak force. At leading-order (LO), top-antitop
pairs are produced through two main processes: quark-quark annihilation
and gluon-gluon fusion, shown in the diagrams in Fig. 1.4. In addition to the
production of pairs, single top quarks can be produced through the diagrams
show in Fig. 1.5. Production of ¢t pairs at the LHC occurs predominantly
through the gluon-gluon channel. Since this analysis’ goal is to measure
differential cross-sections for the inclusive production of ¢f pairs, the single
top events are treated as a background.
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(a) tt production via quarks annihilation
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g 90— T g 7
g
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(b) tt production via gluon fusion

Figure 1.4: Examples of Feynman diagrams at LO for the creation of a tf pair via quarks
annihilation in (a) or via gluons fusion (b).

d b
U d
W+
U t

(a) t channel (b) s channel

g b
(c) Wt channel

Figure 1.5: LO diagrams for the production of single top via different channels.

1.3.2 Top decays

Top quarks decay via the weak interaction into a W boson and a quark, either
d, s or b, the former two being suppressed due to the mixing elements of the
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All jets
44%

1% T+T

u+jets e+jets

Figure 1.6: Branching ratios for ¢f production

CKM matrix. The branching ratios for these decays are:

BR(t — bW) = 99.8%
BR(t — sW) = 0.16%
BR(t — dW) = 0.001%.

The W bosons can decay in two different ways, two quarks or a lepton and
its associated neutrino. This implies that a ¢¢ pair can be identified by three
different signatures:

o All hadronic channel: tt — W*b+ W~b — q¢'b + ¢"¢"b. In this case
both the W bosons decay into quarks, the b quarks have high transverse
momentum and four light quarks are observed in the final state.

« Semileptonic channel: tt — W*b+ W=b — qq'b + {~ b/l b + qq'b.
In this channel one of the W bosons decays leptonically, while the other
produces two quarks. The signature for this channel is the presence
of one lepton, one neutrino (therefore missing transverse energy), two
b-quarks and two light quarks.

« Dileptonic channel: tf — W+b+ Wb — ¢*tv,b+ ¢~ yb. Here both the
Ws decay leptonically, therefore the final state is characterized by two
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1.3. Top quark production

leptons, two b-quarks and large missing transverse energy, due to the
presence of two neutrinos.

1.3.3 Top pair production

As shown in Eq. (1.48), the cross-section for a process involving hadrons
can be written in a factorized form in which the PDFs are convoluted with
the so-called “hard” cross-section. As seen in the previous sections, at the
LHC and at leading-order, the main contribution to ¢¢ production comes from
gluon-gluon fusion, Fig. 1.4(b). This can be seen looking at the gluon PDF
in the naive parton-model interpretation, in fact the gluon PDF decreases as
x increases, meaning that is less probable to find a gluon with a fraction x of
its parent proton’s momentum and to produce a tt pair, this fraction has to
be ~ % ~ 0.02.

The total cross-section for ¢¢ production can be written, using the factor-
ization theorem, as [25]:

Oppsti = /d$1d$2fi/p1($1,M%)fj/pz(ﬂf%M%)&iﬁtf(iaz(ué),u%)

4,J=4,4,9
(1.62)
where ;;_,47 is the hard cross-section for the process in which two partons,
labelled 7 and 7, interact producing a t¢ pair. This cross-section can be written
as 2(12) 2
A a2 2y Gl H
Gijsii (S, 1y M) = T%hij (/)7 ﬁ?> (1.63)
where p = @, r = b = p and my is the top quark mass. The perturbative
part of the cross-section is h;;, which can be therefore written as

2

b (L) = 00000+ () 1) + 70 ()| + 002 160

t my

In particular hﬁ?) is:

(0 _ TBp

hqq:2—7[2+p]

0 _ ™ (1, L+8Y oo
hyg 199 [ﬁ(p + 16p) In - 28 — 31p

0) _ 3(0) _
héq)_hgq =0

where 3 = /T —p. The higher orders in Eq. (1.64) can be written in the
form of two terms, h(")(p) which are the coefficients of terms proportional
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to In (%) and can be determined from the lower-order terms using renor-
t

malization group arguments; the A" (p) terms depend on the factorization
and renormalization schemes and can only be obtained through a full O(a?)
perturbative calculation. The A can be analytically derived, while the h(!)
is obtained via numerical integration [26]. Important contributions come
from corrections near the parton process threshold. Another source of large
corrections is the high s region in the gg and gg subprocesses, which allow
gluon exchange in the t-channel at O(a?).

1.3.4 NNLO predictions

In the last years theoretical NNLO predictions have become available both
for total [27-32] and differential [33-35], single and double, ¢t pairs pro-
duction cross-section, for which the contributions in pQCD are shown in
Fig. 1.7. These kind of calculation for partonic cross-sections have been
recently implemented in the open source software MATRIX [36].

L
\ . \ VE A
4% Fﬁ&%&&/ L L
29990 K—m a2 —— 0
v \ VEE A
99990 ——00000 NIy ——

Figure 1.7: Four contributions to NNLO t cross-section. The double real radiations do*%
the 1-loop squared contribution do®", the 1-loop, 1-real part do?V and the double virtual
contribution do¥V

In addition to fixed order predictions, a new Monte Carlo generator
called MiNNLOPS [37, 38] has been developed to consistently combine NNLO
calculations with a PS algorithm. This procedure consists of three steps, here
sketched schematically:

1. Generation of a tt pair together with a light parton, following the
POwHEG [39-41] method, done at the NLO level, inclusive over the
radiation of a second light parton.

2. In the limit in which the light partons of the previous step become
unresolved, meaning that tZ+ light partons ~ tt, the need for a Sudakov
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1.3. Top quark production

form factor and terms of higher orders arises. This is necessary to
ensure the calculation remains finite while also being NNLO-accurate
for the inclusive ¢t production.

3. The kinematic of the second radiated light parton, which was inclusively
considered in step 1, is generated following the POWHEG method. This
ensures the NLO accuracy of the tft+jet cross-section.

After the third step, subsequently produced radiation is included by the PS,
with the constraint that its transverse momentum be softer than the last
POWHEG real emission’s one.
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Chapter 2

LHC and the ATLAS Experiment

2.1 LHC

The Large Hadron Collider (LHC) is the biggest superconducting hadron
collider, located at CERN (European Center for Nuclear Research, in french
Conseil Européen pour la Recherche Nucléaire). It’s an underground struc-
ture, built beneath the border between Swiss and France, near the city of
Geneva. This structure consists of a 27 km ring of superconducting magnets
where bunches of hadrons are accelerated until they collide at a CoM energy
/s = 13 TeV. In correspondence of the points where the bunches collide,
four main experiments are located, ALICE [42] (A Large Ion Collider Exper-
iment), ATLAS [43] (A ToroidaL. ApparatuS), CMS [44] (Compact Muon
Spectrometer) and LHCb [45] (Large Hadron Collider beauty). The proton
bunches are accelerated in the LHC using sixteen radio-frequency cavities.
These bunches are bent by an 8 T magnetic field, created by a series of dipole
and quadrupole magnets kept at a temperature of 2 K. Before entering the
main ring, the particles pass through a series of pre-accelerators. The main
goal of the LHC is to test SM predictions and investigate physics Beyond the
Standard Model (BSM). The number of events per unit time can be written
as

AN  Ninyy, f

At 4me, 7

———

Linst

(2.1)

here o is the cross-section for the considered process, N, is the number of
particles per bunch, n;, is the number of bunches composing the beams,
v, is the relativistic gamma factor, f is the revolution frequency, € is the
(normalized) transverse beam emittance and F' is a factor that takes into
account the geometry of the beam collisions at the interaction points. The
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integrated luminosity, which is a measure of how many interactions took place
in a certain amount of time, can be calculated as:

to
L - / Linstdt7 (22)
t1

here At =ty — t1 is the total data acquisition time.

2.1.1 LHC Experiments

Experiments taking place at CERN have different goals and investigate differ-
ent fields of High Energy Physics. In particular, the four main experiments
are:

o ALICE, which studies quark-gluon plasma produced in Pb nuclei colli-
sions. This is a state of matter which is believed to be what the universe
was made of in its early stage, when hadrons hadn’t formed, yet.

o ATLAS is a multi-purpose detector. Its goals are to perform precise
measurements of SM processes and searches for BSM physics. A de-
tailed description will be given in the following sections, since the work
presented in this thesis has been done using data coming from the
ATLAS experiment.

o CMS is the second multi-purpose detector and, although with different
technologies, has similar physics goals as ATLAS.

o LHCD is an experiment specifically designed to investigate and measure
the CP-violation of b-hadrons, as the name suggests.

Apart from these main four experiments, there are three more:

o LHCf [46] (Large Hadron Collider forward) simulates cosmic rays using
forward particles generated from LHC.

« MoEDAL [47] (Monopole and Exotics Detector at the LHC) searches
for the magnetic monopole.

« TOTEM [48] (TOTal Elastic and diffractive cross-section Measurement )
measures total cross-sections, elastic scattering and diffraction processes
studying particles produced at very small angles.
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25m
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LAr hadronic end-cap and
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Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker

Figure 2.1: A view of ATLAS sub-detectors [43].

2.2 ATLAS

ATLAS is a multi-purpose detector that aims to perform stringent SM meas-
urements. At the moment, ATLAS is the largest detector at LHC, with its
44 m in length, 25 m in height and a weight of over 7000 t. The detector has
the typical onion-shell structure used in collider experiments, cylindrically
symmetric with respect to the beam pipe. The ATLAS detector can be
divided in two main parts: the central part, also called the barrel, and two
side parts, called endcaps. ATLAS is composed of several sub-detectors [49]
as shown in Fig. 2.1. In particular, these are a toroidal magnet system and
five main sub-detectors, which are (from closer to further from the beam-
pipe) the inner detector (ID), the electromagnetic liquid argon calorimeter
(LAr), the hadronic calorimeter (Tile), the muon spectrometer (MS) and
the forward detectors. The way in which these sub-detectors are arranged is
crucial in reconstructing the produced particles. The magnetic field make the
charged particles’ trajectories curve, allowing their reconstruction and the
measurement of the particles” momenta in the ID, which is a tracker system.
The middle section is composed of calorimeters, which absorb most of the
particles and measure their energies. The MS is used to identificate muons,
which are not absorbed by the calorimeters.
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2.2. ATLAS

2.2.1 Coordinate System

Due to the cylindrical symmetry with respect to the IP, ATLAS uses a right-
handed coordinate system with its origin at the nominal IP in the center of
the detector and the z-axis along the beam pipe. The x-axis points from the
IP to the center of the LHC ring, and the y-axis points upwards, defining the
transverse plane with respect to the beam. It is also useful to introduce the
natural units system, in which the fundamental physics constants, A and c,
are set to 1 and therefore all the kinematics variables can be expressed in
units of energy (electronvolts eV). Cylindrical coordinates (r, ¢) are used in
the transverse plane, ¢ being the azimuthal angle around the z-axis. The
polar angle 6 is the angle from the z-axis, as shown in Fig. 2.2. The azimuthal
differences A¢ are invariant under Lorentz transformations, while the polar
differences A6 are not, so defining a new Lorentz-invariant quantity to use in
place of the polar angle is useful: this is the rapidity, defined as

1 E+p,
=1 ) 2.
y 2n(E_pz) (2.3)

Rapidity is used for massive particles, since for massless particles it reduces
to just

n= —lntang, (2.4)

called pseudorapidity. The differences Ay and An are Lorentz-invariant. Dis-
tances between particles AR can be expressed in terms of the pseudorapidity
and the azimuthal angle in the following way:

AR = /A + An2. (2.5)

If the momentum of a particle becomes a relevant quantity, it is useful to
define the transverse momentum (pr) of that particle, which is the projection
of the 4-momentum on the z-y plane.

If some of the particles are not revealed by the detector — either because their
trajectories are outside the ATLAS detector or they have a low interaction
rate with matter, like neutrinos — a useful quantity to take into account is
the missing transverse energy EX defined as

Z Pri| -
i

Here pr; is the transverse momentum of the ¢-th particle. From the conserva-
tion law of the momentum, this sum has to be 0 if all the particles have been
revealed, if instead EX'SS #£ 0, it means some of them have not.

B = (2.6)
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(a) Ilustration of the ATLAS coordinate (b) A graphic of the relation between 1 and 6.
system.

Figure 2.2: Scheme of the coordinate system used in ATLAS. In Figure 2.2(a) is shown
a scheme of the ATLAS detector with the Cartesian axes and the angle used, while in
Figure 2.2(b) is shown the dependence of the pseudorapidity n from the polar angle 6.

2.2.2 Magnet System

ATLAS has two magnetic field systems which are used to bend the trajectories
of charged particles for momentum and charge measurements: one system is
the Central Solenoid (CS) and the other is composed of the Barrel Toroid
(BT) and the two End-cap Toroids (ECT'), both shown in Fig. 2.3. The CS
produces a magnetic field of 2 T in the direction of the beam line and its design
was devised in order to minimize the impact on the energy measurements in
the calorimeters. The CS is 5.3 m long and has a diameter of 2.4 m. The
toroidal magnets generate a magnetic field up to 4 T and are used to bend
the trajectories of the muons in the muon spectrometer; these magnets are
arranged with a eight-fold azimuthal symmetry around the calorimeters. The
Barrel measures 25 m in length, with an inner core of 9.4 m and an outer
diameter of 20.1 m. It bends the trajectories of particles located in the region
In| < 1. The two ECTs are 5 m long, with an inner core of 1.64 m and an
outer diameter of 10.7 m. They operate in the region 1.4 < |n| < 2.7. In the
region between the aforementioned ones (1 < |n| < 1.4), the magnetic field is
provided by both barrel and end-cap toroids.
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Figure 2.3: A schematic view of the ATLAS magnetic systems [50].

2.2.3 Inner Detector

' End-cap semiconductor fracker

Figure 2.4: An overview of ATLAS Inner Detector [43].

The first layer of the ATLAS Inner Detector is the Inner Tracker, it is the
closest one to the IP and the one responsible for the reconstruction of particles
in the range |n| < 2.5. The aim of the Inner Detector is to track and discrim-
inate particles produced in the pp collisions at the LHC, thousands every 25

34—



Chapter 2. LHC and the ATLAS Experiment

ns. The reconstructed tracks are used to identify and reconstruct interaction
vertices. The ID has a cylindrical shape with a diameter of 2.1 m and a length
of 7 m, it is completely immersed in the 2 T magnetic field generated by the
central solenoid. There are four sub-detectors composing the Inner Detector:
the Insertable B-Layer (IBL), the Pixel Detector, the Semi-Conductor Tracker
(SCT) and the Transition Radiation Tracker (TRT); all these components
are shown in Fig. 2.4. The SCT and the Pixel Detector are the ones giving
the most precise and granular readings, they are built with this in mind,
being the ones closer to the beams. They are based on silicon technology.
The IBL was added to provide precise measurements for secondary vertices
reconstruction. Together with the TRT, the most external part of the Inner
Detector, these provide very precise tracks and high momentum resolution.
The intringsic resolution of the ID in the central barrel without the IBL is

around o (é) pr = 0.036% @ \}% [49].

Insertable B-layer

The Insertable B-Layer [51] (IBL) was added to the ATLAS detector in
the shutdown between Run 1 (2009-2012) and Run 2 (2015-2018). It is the
sub-detector which is closest to the beam pipe and consists of a single 3.5 m
long cylindrical layer of silicon pixels. Its main task is to provide high-quality
track reconstructions, which in turn has an impact on the identification of
b-jets, as shown in Fig. 2.5.

Pixel Detector

The Pixel Detector [53] is composed of silicon pixel tiles and goes from 5 to
15 cm from the interaction point, being the second sub-detector in the Inner
Detector. It has a central part composed of three concentric cylindrical layers
containing 67 million pixel tiles, while three disks are located at each end-cap
which increase the tile count by 13 million. Every layer has 1744 modules
that provide about 80 million readout channels. Each pixel is 50 x 400 gm? in
the R — ¢ x z plane and 250 pm thick. The pixels cover the region |n| < 2.5,
the full range in ¢ and provide three points for track reconstruction. This
sub-detector has a resolution of about 75 pm in the z direction and 12 pym in
the R — ¢ one.

Semi-Conductor Tracker

The SCT [54] is the third sub-detector in the Inner Tracker, coming after
the Pixel Detector. It is composed by a barrel piece consisting of four

—35—



2.2. ATLAS

E ATLAS Simulation |

= Without IBL

ATLAS Simulation |

—— Without IBL
==== With IBL

==== With IBL

c-jet rejection

/

Light-flavour jet rejection
)

AR /..:ﬂ T
I

10° E
] 10E e 5
i simulation . 4 E 1 simulation e &
10l letp, > 20 GeV. | i E jetp >=20GeV, M‘Q'N* 7
Y S T~
5 4 F 5 14 —
£ af £ MAF -
E 0.8 — —
§ 2E % 06 — —
g o : g 8:‘('2) E .
£ o5 0.6 0.7 0.8 0.9 1 £ 05 0.6 0.7 0.8 03 1

= =

b-jet efficiency b-jet efficiency

(a) (b)

Figure 2.5: c-jets (a) and light-jets (b) rejections as a function of the b-tagging efficiency
with the IBL (in blue) and without (in red) [52].

detector layers and nine disks at each end-cap. Each piece of the Tracker is
built from double-sided silicon strips parallel/perpendicular to the beam in
the barrel/discs. The SCT provides measurements of tracks perpendicular
to the beam in a larger area than, but as accurate as the Pixel Detector.
This detector is also fundamental in both the measurement of the impact
parameters and vertexing for heavy-flavour and 7-lepton tagging.

Transition Radiation Tracker

The most external sub-detector is the TRT [55]. This detector gives significant
information when identifying particles thanks to the detection of the transition
radiation generated from X-ray photons. It combines a Transition Radiation
detector with a drift tube tracker, consisting of kapton+carbon drift tubes of
4 mm in diameter and gold-plated tungsten wires with a diameter of 31 um.
The tube is filled with a gaseous mixture composed by 70% Xe, 27% COq
and 3% O,. When ionizing particles cross the TRT, it produces a low energy
signal which is revealed by the wires. If, instead, the particle is a high-energy
one, transition radiation in the X-ray spectrum is produced, which is then
absorbed by the gaseous mixture. This kind of signal is generally higher than
the one from ionizing particles, therefore giving a way to distinguish between
the two. The TRT encloses the region with || < 2 and has a resolution of
130 pm in the R-¢ direction when measuring tracks.
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2.2.4 Calorimeters

Calorimeters aim to measure the energy of produced particles, in particular
these part of the detector covers the region |n| < 4.9. Typically this is done
thanks to the shower of secondary particles released in the calorimeters. Two
sets of calorimeters can be found in the ATLAS detector: an ElectroMagnetic
Calorimeter (EMC) and an Hadronic Calorimeter (HC), shown in Fig. 2.6. The
Electromagnetic Calorimeter detects showers typically composed of photons,
electrons and positrons, and is usually completely absorbed by the calorimeter.
The Hadronic Calorimeter reveals different types of particles, with different
decays and also particles that can escape detection, like neutrinos and muons.
To measure the energy of these particles, the calorimeters need to absorb them,
so they have a layered structure in which layers of active material alternate
with absorbing material. The absorbing layers are made of a high-density
material which passively slows particles down and favours the production of
electromagnetic showers, while the active layers are capable of producing an
electrical signal when a particle interacts with them, in order to measure the
energy of that particle. Fully containing the showers and measuring their
energy is essential in the reconstruction of missing transverse energy Emss.
In an ideal world, only muons and neutrinos would escape detection in this
layer, arriving in the most external layer of the ATLAS detector, the Muon
Spectrometer.

Electromagnetic Calorimeter

EMCs are situated around the ID and the solenoid magnet and are composed
of lead and Liquid Argon (LAr), maintained at a temperature of 88 K. These
are built with an accordion geometry that gives a full ¢ coverage. The lead
layers are used as passive material, increasing the probability of interaction,
while the Argon is the active medium.

Two main parts compose the LAr calorimeter, the ElectroMagnetic Barrel
(EMB) and the two ElectroMagnetic end-caps (EMEC), which cover the
regions |n| < 1.475 and 1.375 < |n| < 3.2 respectively.

Each end-cap has an outer wheel and an internal wheel, covering the regions
1.375 < |n| < 2.5 and 2.5 < |n| < 3.2 respectively.

The transition region between the barrel and the end-caps, covering the
pseudorapidity region 1.37 < |n| < 1.52, is called the crack region. This name
comes from the fact that it is expected to perform more poorly because of
the increased quantity of active passive material in front of the calorimeters.
The EMC was designed to achieve an energy resolution of % = %@%@

0.7% [56).
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Figure 2.6: Cut-away view of the ATLAS calorimeters [43].

Hadronic Calorimeter

The goal of Hadronic Calorimeters is to absorb particles that manage to
escape the EMCs. In particular, as shown in Fig. 2.7, hadrons are the one
absorbed here, while muons are revealed by the most external layer in the
detector. ATLAS has a Hadronic Calorimeter system composed of three
different calorimeters: the Tile Calorimeter, the LAr Hadronic End-Cap
Calorimeter (HEC) and the LAr Forward Calorimeter (FCAL).

The Tile Calorimeter measures particle energy in the region |n| < 1.7, outside
the LAr EM calorimeter. The active material here is plastic polystyrene in
the form of tiles, while the absorbing material is steel. It consists of a central
barrel, 5.8 m long and the extended barrels of 2.6 m. The region between
the barrel and the extended barrels is built with modules that allow partial
recovery of the missing energy due to the crack regions.

The LAr Hadronic Calorimeter covers the region immediately after the Tile
Calorimeter, 1.5 < |n| < 3.2, and is very similar to the EMCs since it is a
liquid Argon calorimeter. In fact, it shares the cryostat with both the EMEC
and the FCAL. It is composed of two wheels for each end-cap cryostat, in
particular a front wheel (HEC1), closest to the IP and composed of 25 mm
parallel copper plates and a rear wheel (HEC2), made of 50 mm parallel
copper plates.
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mLIons

fan
Detector

Figure 2.7: A scheme of how the particles interact with the ATLAS detector: the straight
lines are the track that get reconstructed, while the branches at the end of some lines
indicate where the particles decay and get absorbed.

The resolution of the hadronic calorimeter is %2 = ‘E% @ 3% [56].

Forward Calorimeter

The Forward Calorimeter (FCAL) works as both an electromagnetic and
hadronic calorimeter. It is divided in three sections in each endcap: a copper
section used for electromagnetic measurements and two sections in which
tungsten is used as passive material, used to measure the energy of hadronic
showers. It covers the region 3.1 < |n| < 4.9, which is really close to the beam
pipe. The FCAL is exposed to high particle flux and is therefore built with
an electrode structure of small diameter rods, centered in tubes parallel to
the beam axis.

The target resolution for the FCAL is % = \/% @ 0.035 [57].

2.2.5 Muon Spectrometer

Since muons have a very low interaction rate, they go through both the
ID and the calorimeters without losing much of their energy, so a different
detector is needed to reveal them: the Muon Spectrometer (MS) fulfils this
need. It is the biggest and most external detector in ATLAS and its goals are
identificating muons, measuring momentum, and triggering of particles not
fully absorbed by the calorimeters, like the ones produced in hadron showers.
The magnetic field produced by the barrel solenoid and the end-cap toroidal
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magnets is used to reveal muons in the regions || < 1.4 and 1.6 < |n| < 2.7
respectively. These magnetic fields are designed to be orthogonal to the muon
trajectories.

There are four systems in the Muon Spectrometer: the Monitored Drift Tube,
the Cathode Strip Chambers, the Resistive plate chamber and the Thin Gap
Chambers.

The MS’s overall resolution is CZ’—TT = 4% at 5 GeV and (%T =1% at 1 TeV
[58].

Monitored Drift Tube

The Monitored Drift Tube (MDT) chambers are used to precisely measure
momentum in the regions |n| < 1.1 (barrel) and 1.1 < |n| < 2.7 (end-caps).
They are built with aluminium tubes with a 3 cm diameter, filled with a
pressurized mixture of 93% Ar and 7% CO,. At the center of these tubes, a 50
pm tungsten-rhenium acts as an anode that collects the electrons generated
by the muons passing inside the gas. Momentum measurements are obtained
by precisely measuring the drift time (and consequently the drift distance).
Each MDT chamber consists of two multilayers of tubes, three in the barrel
and four in the end-caps, for a total of 1150 modules.

The MTD has a 80 um spatial resolution per tube layer, while the typical drift
time is about 700 ns. Because of the magnitude of the drift time, the MDT
is not suitable for triggering, but a great precision is achieved in momentum
measurements obtained using this detector.

Cathode Strip Chambers

The Cathode Strip Chambers (CSCs) cover the region 2.0 < |n| < 2.7 and
provide more precise track measurements when compared to the MDT. The
CSC system is composed of two disks, each containing eight chambers, which
in turn contain four CSC planes. CSCs are multi-wired proportional chambers
where the wires are positioned in the radial direction with respect to the
beam axis. These are composed of arrays of positively charged wires, crossed
with negatively charged strips, acting as anodes and cathodes respectively,
immersed in a gas mixture (30% Ar, 50% COq, 20% CFy).

The track position is obtained interpolating the electron avalanche originated
by the passing muons when they ionize the gas mixture. The CSCs have a
spatial resolution of 60 pm.
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Resistive Plate Chambers

The Resistive Plate Chambers (RPCs) provide the trigger for muons in the
barrel region. These are gaseous detectors (94.7% CoHsFy, 5% Iso-C4Hyo,
0.3% SFg) that consist of two parallel plates, one positively charged and one
negatively charged, which act as anodes and cathodes respectively. The plates
are made of resistive bakelite and distanced by polycarbonate spacers at 2
mm. When a particle passes through the gas, the mixture is ionized, which
in turn causes an electron avalanche since the detector is immersed in a 4.9
kV/mm electric field. These electrons are then collected by external metallic
strips.

RPC trigger chambers consist of two rectangular detector layers, each of
which has two orthogonal series of strips to collect electrons: strips parallel
to the MTD wires are used for n measurements, while the ones which are
orthogonal to the MTD strips provide ¢ measurements.

The spatial resolution of the RPCs is of ~ 1 ¢m, while their time resolution
is 1 ns.

Thin Gap Chambers

The Thin Gap Chambers (TGCs) are situated in the end-cap regions and
are used to obtain trigger information and ¢ measurements. There are four
chambers in each end-cap, providing measures in the 1 < |n| < 2.7 region.
Each of these chambers consists of two grounded planes which act as cathodes
inside which a positively charged plane of closely spaced wires is located. The
wires are distanced by 1.8 mm, while the distance between the anode and the
cathodes is 1.4 mm. The gas in which the plates are immersed is a highly
quenching mixture (55% COq and 45% n-C;H;2). The TGCs have a spacial
resolution of ~ 5 mm and a time resolution of 4 ns.

2.2.6 Forward Detectors

Apart from the main detectors just described, ATLAS has some special-
purpose detectors in the forward region:

o LUminosity measurement using Cherenkov Integrating Detector (LU-
CID) [59] is a Cherenkov detector that covers the region 5.6 < |n| < 6.
This is placed at 17 m from the interaction point. Since LUCID consists
of aluminium tubes filled with C4F;o that emit Cherenkov radiation
when they are crossed by particles, it is used to monitor the luminosity
of ATLAS. An estimate of the instantaneous luminosity is obtained
from the average number of interactions per bunch crossing, which in
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turn is measured when the Cherenkov photons are collected by the
photomultipliers at the end of each tube.

« Beam Conditions Monitor (BCM) [60] is used to check the beam condi-
tions and potential detector damage caused by anomalies. It is composed
of two stations placed symmetrically around the beam at n = +4.2.

o Zero Degree Calorimeter (ZDC) [61] detects forward (|n| > 8.3) neutri-
nos which are used to determine the centrality of heavy-ion collisions.
It is placed at a distance of 140 m from the interaction point.

« Absolute Luminosity For ATLAS (ALFA) [62] measures the absolute
luminosity using measurements of elastic scattering at small angles. It
is located at a distance of 240 m from the IP.

2.2.7 Trigger and Data Acquisition System

In ATLAS protons collide with a frequency of 40 MHz, which corresponds to
roughly 60 TB/s of raw data acquired. For an amount of data this big, the
LHC storage system is not enough. Moreover, the processes studied at the
LHC hav lower cross-sections when compared to other processes that could
happen in pp collisions, as Fig. 2.8 shows. Therefore a triggering mechanism
has been put in place to filter the raw data and lower the amount of data
that is ultimately saved.

Triggers

The ATLAS trigger system is composed of two levels, one hardware-based
trigger called L1 and a software-based trigger system called High Level Filter,
which are used to reduce the event rate from 40 MHz to 1 kHz. More in
detail:

o The L1 layer uses information from the calorimeters and the muon
spectrometer, triggering only if an event with high pr is detected. This
operation reduces the event rate to 100 kHz. The L1 is also used to
gain information about the Regions of Interest (Rols) used in the HLF;

o The High Level Filter (HLF) uses algorithms on a computer farm that
reduce the event rate to ~ 1 kHz, allowing the data to be stored.

The L2 trigger and the Event Filter (EF) are used together and form the
High Level Trigger (HLT), which optimizes the use of resources.
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Standard Model Production Cross Section Measurements
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Figure 2.8: Measured cross-sections for different processes at LHC. The most probable is
the inelastic scattering of the protons. The most interesting processes have cross-section of
about 10 order of magnitude lower [63].
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Figure 2.9: Scheme of the data flow from the detector to the storage [64].

Data Acquisition System

When an event passes the L1 trigger, the ReadOut System (ROS) buffers the
data for the time needed by the HLF to run. During this period, the HLF
will exchange data with the ROS. After an event also passes the EF, the data
is stored permanently in the Sub-Farm Output (SFO). Data flow is shown in
Fig. 2.9.

Computing Model

The ATLAS Computing Model [65] is what stores, transfers and processes
recorded data, while also producing and distributing simulated data and
modelling the detector. It is based on the Grid [66] paradigm and built
with high decentralization and resource sharing in mind. Decentralization
is achieved using a tiered model [67], where CERN is the production center
(Tier-0) that distributes data in quasi-real time to 13 Tier-1 centers. These,
in turn, provide services for many associated Tier-2 centers.

Both storage and reprocessing are provided by Tier-1 centers, while also
allowing for scheduled analysis of the processed data by the analysis groups.
Tier-2 facilities are used for analysis and simulation. Tier-3 centers provide
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Figure 2.10: Scheme of the ATLAS Tier system [68].

additional computing resources. The structure of the ATLAS computing
model is schematically represented in Fig. 2.10 The workflow for data (real
and simulated) processing and analysis can be divided in four steps, to allow
easier access and storage:

« Raw Data (RAW) are the unprocessed data, directly stored in the Tier-0
center for processing.

« Event Summary Data (ESD) contain detailed output of the detector
reconstruction.

« Analysis Object Data (AOD) are designed to reduce the size of the
samples for storage and to allow easier physics analyses. These also
contain summaries of the reconstruction and are obtained using the
ATHENA [69] software.

o Derived Analysis Object Data (DAOD) are generated from the xAOD
format and share a similar layout, but contain less information to further
reduce the file size.

2.2.8 ATLAS performance during Run2

During the 2015-2018 data-taking period, known as Run2, LHC delivered
156 fb~! of pp collisions data at a center of mass energy of /s = 13 TeV.
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Out of these, only 147 fb~! were recorded by ATLAS to be used for physics
analyses, corresponding to a data taking efficiency of ~ 94%, and 140 fb~!
were actually used to run physics analyses, as shown in Fig. 2.11.

The difference between delivered and recorded luminosities are due to two
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Figure 2.11: Cumulative luminosity delivered to ATLAS (green), recorded by ATLAS
(yellow), and certified to be good quality data (blue) during stable beams for pp collisions
at 13 TeV centre-of-mass energy in 2015-2018 [70].

main factors which have to be considered: the Data Acquisition System has a
less-than-one efficiency and ATLAS needs time to reach the operative voltage,
due to the so-called warm start.

Pileup Effect

When proton bunches collide multiple pp interactions take place and trying
to reconstruct all these collisions as a single event causes the so-called pileup
effect.

The main source of pileup are:

o In-time pileup: additional pp collisions occur in the same bunch-crossing
as the collision of interest. This is due to the high delivered luminosity,
meaning that the higher the luminosity, the higher the pileup.
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o QOut-of-time pileup: the probability of multiple pp collisions depends on
the spacing between two subsequent bunches. In particular, if the bunch
spacing is shorter than the detectors’ response time, the measurements
for one bunch crossing are affected by the second.

The mean number of interactions per bunch crossing, calculated from the
instantaneous per-bunch luminosity, is

Linst * Oinel

nb'fr

() = (2.7)

where L, is the instantaneous luminosity over a large time, typically larger
than 600 ns, o, is the total cross-section for inelastic scattering (80 mb for 13
TeV collisions), n,, is the number of proton bunches and f, is the frequency of
the circulating beam at LHC, corresponding to 11 kHz. This number is used
to estimate the pileup. The distribution of the mean number of interactions
per bunch crossing (weighted by the luminosity) for the full Run2 is shown in
Fig. 2.12.
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of interactions per crossing calculated for each bunch [70].
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Monte Carlo Simulations and Data
Samples

3.1 Data Sample

To conduct the analysis described in this thesis, data from the so-called Run
2 have been used. In particular these data were collected by the ATLAS
collaboration between 2015 and 2018, at a center-of-mass energy of 13 TeV
and an integrated luminosity of 140 fb~!. All the collected data is divided
in so-called luminosity blocks, spanning about 2 minutes of data-taking; the
portions of these data that may be affected by detector problems are excluded
from the Good Run List (GRL). The data are further partitioned based on
trigger configurations and beam settings.

3.2 Monte Carlo Simulations

Monte Carlo (MC) simulations are an indispensable tool when conducing an
high-energy analysis. In particular, they are used to estimate the detector’s
efficiency and acceptance and evaluate the signal and the background processes
that can give the same final state as the signal.

MC simulations use theoretical predictions together with phenomenological
models to model the interactions that take place in the LHC. The short
distance interactions are well described by perturbative QCD, but when
hadronization and other large distance phenomena have to be taken into
account, only phenomenological models can be used.

An MC simulation consists of different steps: simulation of the hard
scattering, parton shower, hadronization, decay of the unstable particles and
evaluation of the underlying events. These steps will be described in more
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detail in the following sections.

3.2.1 Hard Scattering and Matrix Element generators

The first step in the generation of MC events is evaluating the Matrix Element
(ME) for the considered process, which is then convoluted with the PDFs to
evaluate the hard scattering cross-section. The ME is calculated at a fixed
order in perturbation theory, in the case of LHC this is the NLO in o, and
the considered process is the interaction of two partons going into n particles.
This cross-section can be written as:

a:/nUB—i-/naR—i-/nav (3.1)

where o® is the Born level diagram, which contains only the diagrams with
exactly n particles in the final state, of* contains the diagrams describing
a final state with n+41 particles, indicating the real contribution, while "
describes the virtual contribution. The Born level and real emission cross-
sections contribute both at LO and NLO, while the virtual emission piece is
only included in the NLO diagrams.

When matrix elements are calculated at higher orders, higher precision is
achieved in the description of the considered processes. In the present thesis,
the ME generator used a calculation at the NLO level, but recently a new
NNLO ME generator has been developed [37] and used for ¢t production
processes.

3.2.2 Parton Shower

After the evaluation of the Matrix Element, the Parton Shower (PS) takes
place, which is a way to simulate QCD radiation. In this step the involved
partons radiate other partons with an energy that spans the range from hard-
scattering scales up to hadronization scale; this is due to higher-order QCD
effects. The process of partons emitting radiation is known as splitting and
its description comes from the Altarelli-Parisi splitting functions P;(a, u?)
mentioned in Section 1.2.3.

3.2.3 Underlying Events and Additional Processes

After the hard-scattering, the remaining pieces of the interacting hadrons,
called remnants, can interact and therefore generate distinct scatters, together
with multiple parton interactions; these interactions generate soft processes,
collectively known as Underlying Event (UE). The UE can interfere with the
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hard processes, and therefore needs to be modeled to obtain a precise estimate
of the signal for the considered process. Since the UE cannot be modeled
using perturbative QCD), describing it requires the use of phenomenological
models in which a data-driven [71] process is used to tune the parameters.

Another factor that has to be accounted for is the pile-up described in
Section 2.2.8, caused by secondary interactions or effects such as beam halo,
cavern background and overlapping detector responses.

3.2.4 Hadronization

After the simulation of the parton shower and the underlying event, the partons
that have been produced are bound together in colorless particles called
hadrons, divided in baryons and mesons. This process is called hadronization.
Since the partons considered in this step have low energy and are separated
by large distances, pQCD cannot be used, therefore requiring the use of
non-perturbative methods and models. The most known and successful of
such models are the cluster fragmentation model [72] and the Lund string
model [73], for which a schematical representation can be seen in Fig. 3.1(a)
and Fig. 3.1(b), respectively:

o Cluster fragmentation model: assuming that color confinement exists,
perturbative QCD predicts [74, 75] that in hard processes, confine-
ment of partons is local in colour and independent of the the hard
scale (). This means that there is a “preconfinement” of the partons.
After the parton shower stage, all the remaining gluons are split non-
perturbatively in colour-singlet couples of quark and anti-quarks, which
follow the “preconfinement”. The obtained cluster are then decomposed
into hadrons; if the cluster is too light to decay into two hadrons, it
is considered to be the lightest hadron with its flavour and, through a
momentum exchange with the closest cluster, its mass is set to the ap-
propriate value. The other clusters are iteratively decayed into hadrons
until only stable clusters remain.

e Lund string model: in this model, quarks and gluons are represented as
points moving along a one-dimensional string-like object, which is called
flux tube. The interactions between quarks and gluons are described
by the dynamics of this tube, which can stretch, bend, and break as
the quarks and gluons move; when the tube breaks, a new ¢q couple is
formed. The model also includes a “string tension”, which represents
the strong force that holds quarks together inside hadrons. This is
again an iterative procedure which stops when the strings are too light
to create new ¢g pairs.
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(a) (b)

Figure 3.1: Representation of the cluster model (a) and the string model (b) used to
describe the hadronization process.

3.2.5 Detector Simulation

After the hadronization step, the interactions of the final state particles with
the ATLAS detector have to be simulated. This is performed using the Geant4
[76] toolkit, which provides an accurate way to model the ATLAS detector,
taking into account the materials with which the detector is built and the
geometry of the sub-detectors.

The Geant4 toolkit requires a considerable amount of time to run, there-
fore the samples can be both produced with the full detector simulation
(ATLASFullSim) or using what is known as ATLASFastlIl (AFII), in which
the calorimeters showers are generated using a parametrization.

Multiplicative scale factors (SF) are applied to the MC generated events
in order to obtain a more precise description of the reconstructed quantities.
These are defined as:

SF = Sdata (3.2)
EMC

where €q.1. is the efficiency in reconstruction and identification of physics
objects measured in data, while €y¢ is the same quantity, evaluated for the
simulated events. The per-event correction procedure in which the SF are
applied is known as calibration.

3.2.6 Production Campaign

The production of Monte Carlo samples is divided into so-called campaigns,
in which LHC and ATLAS configurations during a data-taking run such as
geometry and center-of-mass energy are used. Usually different campaigns
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cover different years, but the difference can also be in trigger, pile-up sim-
ulation and reconstruction software. In this analysis, the MC16a, MC16d
and MC16e campaigns have been used, corresponding respectively to the
data-taking periods 2015-2016, 2017 and 2018.

3.3 Monte Carlo Generators

Different Monte Carlo generators are aimed at different part of the generation,
in particular they are used to calculate either the hard subprocess or the
parton shower and hadronization, as described in the following paragraphs.

Hard Subprocess Generators

« POWHEGBOX [77] uses POWHEG (Positive Weight Hardest Emission
Generator) [39, 41] to generate the hard subprocess through an NLO
calculation. A large number of physics processes are supported. To
obtain a complete event simulation, a procedure called matching has to
be implemented between the hard process and the parton shower. This
is to avoid possible double counting when going from one step of the
generation to the other. Two of the most important parameters that
can be changed (the best values are found through a procedure known
as MC tuning) are hgamp which governs the pr of the first additional
emission and phd, which regulates the definition of the vetoed region
of the showering, which is important to avoid hole/overlap in the phase
space filled by POwHEGBOX and PYTHIA 8.

o MADGRAPH5_aMC@NLO [78] is capable of automatically calculate
the matrix element up to NLO. This also need a matching procedure
with a parton shower generator, this follows the MC@QNLO method
[41]

Multi-purpose Generators

o PyTHIA 8 [79] can simulate the hard scattering at LO for a multitude of
physics processes. It can be interfaced with a hard-scattering generator
to simulate parton shower, hadronization and decay of the emitted
particles. PYTHIA uses a PS model based on the Lund string model,
in which the emissions are ordered by their pr.

o HERWIG [80] too can provide PS and hadronization model when inter-
faced with a hard process generator. The parton shower model used
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follows the cluster model and orders the emissions by their opening
angle.

Multi-purpose Generators includin NLO Matrix Element

e SHERPA [81] (Simulation of High-Energy Reactions of PArticles) can
provide calculations up to NLO for the hard process and perform the PS
and hadronization steps. The hadronization model used is the cluster
model.

3.3.1 MC samples used in the analysis

In the following section the MC samples used in the analysis will be described.
MC samples were used both to study the signal and to generate background
events. Only the so-called fakes background is determined in a different way,
using a data-driven approach, described in later chapters.

The corrections due to pile-up were estimated using a variable number
of simulated inelastic pp collisions, generated using PYTHIA 8 (v8.186) with
the ATLAS set of tuned parameters for minimum-bias events (A3 tune) [82]
and the NNPDF2.3 LO PDF set [83]; these samples were overlayed with
the nominal one and then reweighed as to match the average number of pp
collisions per bunch crossing observed in the data.

All the samples used in this analysis and their tunings have been summarized
in Table 3.1.

Process Generator + Tune PDF set Cross-section
fragmentation /hadronization normalisation

Nominal samples

tt PowHEGBOX v2 + PYTHIA 8.230 Al4 NNPDF3.0NLO NNLO+NNLL
single-top PowHEGBOX v2 + PyTHIA 8.230 Al4 NNPDF3.0NLO  NLO-+NNLL
V+jets SHERPA 2.2.1 SHERPA NNPDF3.ONNLO NNLO
Dibosons SHERPA 2.2.2 SHERPA NNPDF3. ONNLO NLO
tt+V MADGRAPHS5 aMC@NLO + PyTHIA 8.230 Al4 NNPDF2.3L0 NLO
tt+ H MADGRAPH5 aMC@NLO + PyTHIA 8.230 Al4 NNPDF2.3L0 NLO

Alternative samples

tt PowHEGBOX v2 + HERWIG 7.7.1.3 H7.1-Default NNPDF3.0NLO NNLO+NNLL
tt MADGRAPH5 aMC@NLO v2.3.3.1 + PyTHIA 8.230 Al4 NNPDF3.0NLO NNLO+NNLL
tt PowHEGBOX v2 + PyTHIA 8.230 Ald+pthard=1 NNPDF3.0NLO NNLO+NNLL
tt PowHEGBOX v2 + PYTHIA 8 MiNNLOPS Al4 NNPDF3.0NLO NNLO+NNLL

Table 3.1: Summary of the nominal and alternative simulated event samples used for this
analysis.
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Nominal ¢t sample

The POWHEGBOX v2 generator with the NNPDF3.0NLO [84] PDF set was used
to simulate the NLO ME for the ¢t signal, which was used as the nominal
sample. Parton shower, hadronization and underlying events were generated
using PyTHIA 8 (v8.230) [85] with the NNPDF2.3L0 [86] PDF sets and the
A14 tune [87]. Events in which both the top quark and the anti-top decay
hadronically were excluded.

The mass of the top-quark was set to 172.5 GeV, while its decay width
to 1.32 GeV [39]. The hgamp parameter, which controls the pr of the first
emitted quark or gluon when going beyond the Born level diagrams, is set to
1.5m, [88].

Using a k—factor, the sample was normalized to NNLO+NNLL in pQCD.
In particular, the cross-section used to evaluate the k—factor is o7 = 832f§8
(scale) £35 (PDF, ay) +23 (m;) pb, and was calculated using the Top++2.0
program at NNLO in pQCD, including resummation at NNLL [29, 89-94]
with a top-quark mass of m; = 172.5 GeV.

Alternative tt signal samples

To estimate the impact of the tuning of the MC parameters, as well as PDF
choice, underlying events, hadronization and parton shower, together with the
variations in the amount of additional radiation, additional MC ¢t samples
have been generated. All these alternative samples have been normalized to
the same k-factor as the nominal one.

These are:

» Events generated using the same POWHEGBOX v2 setup, but interfaced
with HERWIG 7.7.1.3 [80, 95], which includes an angle-ordered parton
shower model. In this sample the H7.1-Default tune [96] was used
together with the MMHT2014L0 PDF set [97].

o Events generated with the nominal settings, but the pthard parameter
set to 1, instead of 0.

« Events generated with the nominal settings, but the hgamp parameter
set to 3m;.

o Events generated with the nominal settings, but with m;, = 169 GeV
and m; = 176 GeV.

» FEvents generated using the MiNNLOPS event generator with the setup
described in [37, 38].
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Background samples

Since some physics processes share a similar final state with ¢¢ production
and due to the possibility of misreconstruction of some objects, which could
satisfy the selection criteria, it is important to estimate background processes,
in order to remove events that are not part of the signal.

The best MC-estimated backgrounds are single top quark production, the
production of a vector boson together with a jet, the diboson final state and
the production of a tt pair with an associated Higgs boson or vector boson.

A more detailed description of these backgrounds follows:

« Single Top: single top-quarks in the ¢-channel, s-channel or together with
a W boson were modelled using POWHEGBOX (NLO in pQCD). The
parton shower and hadronization steps were modelled using PYTHIA 8
8.230 using the A14 tune and the NNPDF2.3L0 PDF set. The diagram-
removal (DR) [98] scheme was used in the ¢tWW samples to account
for the interference with ¢ production [88]. The cross-section in the
tW channel was normalized to its NLO+NNLL predictions, while t-
and s-channel predictions were normalized to the corresponding NLO
prediction[99-103].

o V+jets: Events in which W and Z bosons were produced together
with jets were simulated using SHERPA 2.2.1 [81], using NLO matrix
elements for events containing up to two jets, while LO MEs for the ones
containing up to four jets were calculated using the Comix [104] and
OpenLoops [105] libraries. The aforementioned libraries were interfaced
with the SHERPA parton-shower [106] model using the MEPSQNLO
prescription [107]. The tune developed by the SHERPA authors with
the NNPDF3.0NNLO PDF set were used. These samples were normalized
to their NNLO cross-sections [108, 109].

o Diboson: SHERPA 2.2.2 was used to model diboson samples in which
one of the bosons decayed hadronically and the other in the leptonic
channel. The matrix elements were computed at NLO in pQCD for up
to one additional parton and at LO for up to three extra partons. The
PDF set used was NNPDF3.0NNLQ. The cross-section evaluated by the
generator was used to normalize these samples.

o ttV: The samples for the production of a tf pair associated with a W or
Z boson were modelled at NLO using the MADGRAPHS _aMC@QNLO
2.3.3 generator and the NNPDF3.0NNLO PDF set. The parton shower
step was modelled using PYTHIA 8 8.230 with the A14 tune and the
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NNPDF2.3L0 PDFs. The cross-section calculated by the generator was
used for the normalization of these samples.

o ttH: POWHEGBOX v2 was used to simulate the samples in which a
tt pair is produced together with a H boson. The NNPDF3.0ME PDF
set was used. The parton shower step was modelled using PYTHIA 8
8.230 with the A14 tune and the NNPDF2.3L0 PDFs. The cross-section
calculated by the generator was used for the normalization of these
samples.

To evaluate systematic uncertainties, alternative samples were generated for
some of the backgrounds:

e Single Top: An alternative sample was generated using the diagram
subtraction method [110] (DS) instead of the diagram-removal one.

e Diboson: Samples with 4/, 3/v, (/vv and ¢3v were also produced.

o ttV: Samples with tZ, tttt, ttWW and tW Z were also produced.
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Object Definition

To distinguish the final state of the considered process from all the similar ones
it is paramount to identify the physics objects characterizing the interaction
of the particles with the ATLAS detector.

In this analysis, the final state consists of both heavy- and light-flavour
jets, leptons and neutrinos coming from hadronization and decay of the
particles produced in a tt event, respectively. These objects are represented
schematically in Fig. 4.1.

jet

b-jet

Figure 4.1: Sketch of the objects produced in a tf event in the ¢+jets channel.

4.1 Tracks and Primary Vertices

When particles pass through the Inner Tracker (IT), they interact with
the detector giving information on where exactly they have passed, the
reconstructed paths are called tracks. These objects are used by the tracking
reconstruction algorithm [111, 112] to reconstruct the particles’ trajectories.

The trajectory of a charged particle in the magnetic field of the ATLAS
detector can be parametrized using five observables: (do, zo, @, 0, q/|p]),
where dy and 2y are the longitudinal and transverse impact parameters, ¢
and 6 are the azimuthal and polar angles respectively, while ¢/|p] is the ratio
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of the particle’s charge and the absolute value of its momentum. A pattern
recognition algorithm is applied to the hits in the IT. Clusters of hits are
created using timing information and deposits in both the Pixel Detector
and the SCT. An algorithm called inside-out [111] is then used on the IT
hits which finds the tracks and extend them to the TRT. A similar approach,
called outside-in procedure, is then used to perform back-tracking, which
takes into account all the remaining hits, starting from the TRT and going
towards the Pixel Detector.

Tracks compatible with the interaction region, are used in the reconstruc-
tion of the Primary Vertex (PV), through a so-called vertex finder [113, 114].
In this algorithm the only tracks taken into account are the ones with an
associated pr > 400 MeV, in order to improve the resolution. To be chosen
as a PV, the candidate vertex has to have at least two associated tracks and
the highest > p%. Remaining vertices are considered pile-up, while the ver-
tices not associated with the beam-collision region are considered Secondary
Vertices.

4.2 Electrons

In ATLAS, electrons are reconstructed tracks with deposits in the EM calor-
imeter in the region with || < 2.47 but neglecting the transition region
between the end-cap and the barrel EM calorimeter (1.37 < |n| < 1.52). The
reconstruction process can be divided in three main steps:

o Identification and clustering, which produces electrons superclusters
[115] and it is performed in two steps: the first step is testing EM
topo-clusters as candidates for seed cluster, which are the base of
the superclusters; in the second step the topo-cluster near the seed
candidates are identified as satellite clusters candidates, which can be
due to bremsstrahlung radiation or topo-cluster splitting. After the
satellite candidates have been identified they are added to the seed
clusters to form superclusters if they pass the selection criteria.

o Matching of the tracks, in which the clusters are matched to the previ-
ously reconstructed tracks in the ID. The last reconstructed point in
the ID and the clusters in the EM are used to extrapolate the tracks,
while the angular coordinates of the deposits in the electromagnetic
calorimeter are compared to the extrapolated n and ¢. If the distance
between the impact point of the track and the barycenter of the cluster
satisfies the requirement |n| < 0.05, the track si considered matched.
If no matching happens the cluster is considered to have come from a
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converted or unconverted photon, whether it comes from the primary
or the secondary vertices. Additional requirements are used to further
improve the matching, in particular for track parameters it is required
that |dy|/o4, < b and |zpsinf| < 0.5. To take into account the pos-
sibility of bremsstrahlung loss effects, clusters are extended in the ¢
direction.

Reconstruction of the electrons. In particular, identifying the so-called
prompt electrons, the ones coming from the hard scattering interaction,
is paramount in order to reduce background contamination. To separate
between real and fake electrons, an identification algorithm [116] is used.
This is based on a likelihood (LH) method in which a multivariate
analysis is run using information on the candidate electrons (track
quality, information on calorimeters and TRT, track-cluster matching)
as input and combining them into a discriminant. Following this
approach, three sets of cuts have been chosen to identify loose, medium
and tight electrons, going from lower to higher background-rejection
power, and therefore higher to lower identification efficiency. In this
analysis, a tightLH operating point has been used.

A further requirement on isolation, based on both calorimeter and
tracking, is used to reduce background contamination coming from jets
misidentified as prompt leptons or semileptonic decays of heavy-flavour
hadrons [117]. These requirement use two variables: E$"¢ which is
the sum of the transverse energy of the clusters in the electromagnetic
calorimeter within a radius of AR = 0.2 from the electron candidate,
which is required to be E7"¢ < 0.06; the second variable is related to
track isolation, py*°"¢, defined as the sum of transverse momenta of
all the tracks within a cone of AR = min(0.2,10) GeV /Er from the
track of the electron candidate coming from the PV, with a requirement
of pyreore/pr < 0.06. These criteria are collectively referred to as
FCltight. Electron reconstruction efficiency depends on the transverse
energy of the electrons, varying from 97% at Er = 15 GeV to 99% at
E7r > 50 GeV. For this analysis, the isolation efficiency varies from 90%
to 99% when pr > 25 GeV and pr > 60 GeV respectively. A per-event
scale factor is used to account for differences between MC-estimated
isolation efficiencies and data-measured ones.
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4.3 Muons

Muons are reconstructed in a similar way to what is done with electrons,
using information coming from the ID and the Muon Spectrometer. First the
tracks are reconstructed separately in the ID and in the Muon Spectrometer.
The reconstruction of tracks in the inner detector follow the same steps as
the electron ones. In the Muon Spectrometer, tracks that may form a pattern
are matched in every muon chamber. A Hough transformation [118] is used
to search for hits aligned to a trajectory in the bending plane of the detectors
in the MDTs. Hits in the RPC and TGC are used to measure the coordinate
orthogonal to the bending plane. Segments of tracks in the planes identified
by the polar coordinates n and ¢ are reconstructed using hits in the CSC. As a
final step, all the hits are fitted together to form the muon candidates. Tracks
are built requiring at least two matching segments, except for the transition
region between the barrel and the end-cap in which a single, high-quality,
segment can be used together with n and ¢ information. To maintain the
efficiency high also for close muons, the tracks are chosen using the following
prescription: if they have segments in three different layers of the muon
spectrometer, they are kept if identical in two out of the three layers only if
they don’t share any hits in the outermost layer [119]. Several algorithms have
been developed to combine muon tracks that differ based on the subsector is
used in the reconstruction:

» Combined Muons (CB): tracks are separately reconstructed in the ID
and the MS, and then combined trough a global fit procedure. The
majority of the muons are reconstructed starting from the hits in the
Muon Spectrometer and moving inward to the inner detector hits.

o Segment-Tagged Muons (ST): Usually used when there is only one track
segment in the MS, due to low pr of the muon or the fact it passed
through the reduced acceptance region. In this algorithm, a track in
the inner detector is classified as a muon if it can be matched to at leas
one segment in either the MDT or CSC chambers.

 Calorimeter-Tagged Muons (CT): if an energy deposit in the calorimeters
can be matched to a track in the inner detector, this is classified as a
muon. This algorithm gives the lowest purity, but it is reliable when
considering low-pr muons or muons passing through the region with
reduced acceptance.

o Extrapolated Muons (ME): muons are reconstructed using only inform-
ation on the MS tracks with a loose requirement on compatibility with
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the origin being the interaction point. This particular algorithm is used
to include the region 2.5 < |n| < 2.7, not covered by the ID.

A representation of the four algorithms used to reconstruct the muons is
shown in Figure 4.2.

Similarly to what is done for the electrons, the muons are then identified
in order to improve the separation between prompt and fake muons. This
process is done using these variables:

|C]/P1D - C]/pMs|

Vo2(q/po) + 0%(q/pus)
termined from the track curvature, p is the muon momentum, measured

both in the ID and in the MS.

 ¢/p compatibility = , where ¢ is the charge de-

r_ |pT,ID - pT,MS|

, where prip and pr s are the transverse momenta
pr.cB
measured in the ID and the MS, respectively, while pp cp is the value

resulting from the combined track fit.
o the normalized x? of the combined track fit [119].

Identification requirements are defined using the variables just mentioned,
in particular in the present analysis the muons are required to satisfy a
LHMedium working point.

Similarly to what is done with electrons, to increase the discrimination
between prompt and non-prompt muons, further requirement are used: an isol-
ation requirement on E$"/pr < 0.15 in the calorimeter and a track isolation
requirement, which is p°"/pr < 0.04 with AR = min(0.3,10 GeV/Er)
when p'" < 50 GeV and AR = min(0.2,10 GeV/E7r) otherwise. The recon-
struction efficiency for the muons is at least 95% and goes up to 99% with
increasing pr [119].

4.4 Jets

Jets formed after the hadronization of gluons and quarks are observed as
narrow cones of hadrons and other particles. These objects can be used to
thoroughly investigate the kinematics of the partons that generated them.

4.4.1 Jet Reconstruction

A good definition of a jet, should give similar results when it is applied to
data, MC and parton-level calculations. Some general properties that allow
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Combined Muon Extrapolated Muon

Systom Calo D

Segment-Tagged Muon Calo-Tagged Muon

Figure 4.2: Reconstruction of the muons using different algorithms.

a jet reconstruction algorithm to follow this rule are known as Snowmass
accord [120]:

o Simple to implement in an experimental analysis;

o Simple to implement in theoretical calculations;

e Defined at all orders in perturbation theory;

« cross-sections calculated using the algorithm should be finite;

« cross-sections calculated using the algorithm should be relatively insens-
itive to hadronization.

A good jet algorithm should also be Infrared and Collinear (IRC) safe, this
means that it should be invariant under p; — p; + pr whenever p; and pj
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(a) (b)

Figure 4.3: Pictorical depiction of collinear safety (a) and infra-red safety (b).

are parallel (collinear) or one of them is small (infrared), see Fig. 4.3. This
property is important for a number of reasons:

o Non-perturbative effects and fragmentation of the hadrons always in-
volve the production of collinear particles. Moreover, soft particles can
be produced both in perturbative and non-perturbative QCD processes.

o Asexplained in Section 1.2.2, when infrared or collinear divergences arise
in fixed order pQCD calculations, these are cancelled if the observable is
inclusive enough. The same is not true for jet algorithms that are IRC
unsafe. This happens because tree-level splitting and loop diagrams
may result in two different sets of jets that do not cancel out, resulting
in infinite cross-sections.

o The fact that the experimental apparatus used to measure physical
observables has a finite resolution provides a natural cut-off to the
(minimum) measurable energy and separation between particles. This
means that results obtained using IRC unsafe algorithms cannot be
compared to experimental measurements.

To reconstruct the jets in the ATLAS detector, the energy deposits in the
calorimeters are clustered together using an iterative procedure [121], starting
from the most significant one and combining the nearby cells. At the end of
this procedure the so-called topo-clusters (topological clusters) are obtained.
These are the starting point, the proto-jets, for jet reconstruction algorithms.

In this analysis, the anti-k; jet reconstruction algorithm [122] has been
used, which satisfies all the aforementioned requirements for IRC safety. This
algorithm iteratively combines the proto-jets based on their properties, in
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particular:
. 1 1 JAVY
1
dip = 75~ 4.2
PR, (4.2)
Aij = (i = m)* + (6 — ¢;)° (4.3)

where d;; is the distance between proto-jets ¢ and j, d;p is the distance of
proto-jet ¢ from the beam pipe, kr; is the transverse momentum of proto-jet
1 and R is the jet radius, a parameter used by the algorithm to control the
size of the jets. The steps of the anti-k; algorithm are as follows:

« compare d;; and d;p for every pair of jets;
« if d;p > d;; the two proto-jets are combined in a new proto-jet;
 if d;p < d;; the proto-jet is considered a jet.

In this analysis R is set to 0.4.

4.4.2 Jet Calibration and Jet Energy Resolution

A jet calibration procedure [123] has to be carried out in order to correct
the measurements taking place in the hadronic calorimeters so that they
can be traced back to their generating partons. The procedure to calibrate
the reconstructed jets consists of several steps. The first one consists in the
correction of the jet’s direction so that it points toward the primary vertex.
Right after this step, the jet energy is corrected to account for pileup effects,
so the extra energy deposits are removed. This is done using a method [124]
that uses p, the per-event pileup density in the n x ¢ plane, and the area of
the projection of the jet in this plane, A’®*. The correction is defined in terms
of the jet momentum as follows:

ot .
pg_?rr :p]; —p X A_]et.

After correcting for pileup effects, jet energy scale (JES) and 7 corrections are
applied using MC simulations. In particular the JES correction consists in
correcting the reconstructed energy to the scale of the particle-level jets. This
is done parametrizing the ratio of the energies of particle-level jets matched to
the reconstructed ones and of the reconstructed jets as a function of py and 7.
After this function is extracted, its inverse is applied as a correction factor to
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the energy of the reconstructed jets. After the JES calibration a step called
Global Sequential Calibration (GSC), which is a track-based correction aimed
at reducing the difference between quark-initiated jets and gluon-initiated
ones. The calibration procedure ends with data-related corrections, which are
called in-situ corrections. These corrections aim to remove all the remaining
pseudorapidity differences in the jets after the MC calibration, correct the
absolute pr in the central region and to calibrate high-py jets. This is done
deriving the n-intercalibration with dijet events, the balance of v and Z
bosons recoiling against the jets and using events in which low-pr jets recoil
against a high-pr jet respectively.

Using the width of the distribution of the asymmetry between jets and
photons or Z bosons it is possible to measure the Jet Energy Resolution
(JER) using data. For high-pr jets or jets falling in the very forward |n|
regions, asymmetry in dijet events is used.

4.4.3 Jet Vertex Trigger

To separate jets coming from the hard interactions from the ones originated
by pileup activity, a likelihood discriminant called the Jet Vertex Tagger
(JVT) [125] is used. This is obtained in a multivariate analysis in which dijet
events are used to extract kinematic variables which in turn enter into the
discriminant. In the present analysis, the cut JVT> 0.59 is applied to jets
with pr < 60 GeV and |y| < 2.4.

4.5 b-tagging

Since the final state of tf events contains two jets originated by b-quarks,
identification of the b-jets, the so-called b-tagging, is of major importance in
order to separate top-quark pair events from background ones.

Algorithms aimed at identifying b-jets make extensive use of the property
of b-hadrons of being long-lived (7 ~ 1.5 ps) when differentiating them from
c-jets or light-flavour jets (containing u, d, s). The long lifetime of these
particles results in a long flight distance and therefore a secondary vertex is
observed, as shown in Fig. 4.4.

In this analysis, the DL1r' [126] has been used. This algorithm uses
a deep neural network to combine the outputs of three different sets of
low-level b-tagging algorithms into a single discriminant. The first set of
algorithms combines transverse and longitudinal impact parameters, together

IDL1r is an extension of the DL1 algorithm, in which a new low-level tagger has been
added that uses the correlations between track impact parameters.
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—%  tracks b jet
------ b hadron \
------ impact

parameter

=8 secondary
/ vertex

\ (__7 &mary vertex

Figure 4.4: A scheme of the typical topology of a decaying b-hadron.

with their correlations, into a single likelihood discriminant. The second
low-level tagger takes into account the reconstruction and identification of a
displaced secondary vertex and its properties. In the last algorithm, using
the Kalman filter [127] implemented in the JetFitter [128] algorithm, the
topological structure of b-hadrons and c-hadrons is exploited. The output
of these three low-level taggers, together with the py and |n| of the jet, are
given as input to the DL1r neural network, which combines these information
in a discriminant used to separate different jet flavours. Working points are
defined using the efficiency of b-tagging in tt events, with a single cut-value
on the discriminant. This analysis uses a working point of 70%.

A procedure called b-tagging calibration has to be carried over to correct
for differences between simulated and measured data. This is done using scale
factors derived from the observed differences in efficiency (as a function of pr)
between the two, and take the form of a scale factor, applied on a per-event
basis to the MC:

l()lata
SF = O (4.4)
b
where €l is the efficiency measured in the data, while eI is the predicted

efficiency obtained with the MC.

The b-tagging calibration is mainly done using ¢t samples in the dileptonic
channel, since it gives the lowest background contamination. The methods
used to perform the calibration are the likelihood method (LH) and the tag-
and-probe method (T&P) [129]. In order to extend the pr range, semileptonic
tt samples are used [130], due to their increased statistics with respect to the
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dileptonic ones. Even higher prs can be reached extrapolating the SFs from
MC simulations [131].

4.6 Missing Transverse Energy

Since the total momentum has to be conserved, the sum of all the transverse
momenta should be zero. If this sum is not exactly zero, the missing part is
known as missing transverse momentum EX5 [132]. The presence of missing
transverse momentum implies the presence of particles that have not been
detected; in the SM these are represented by neutrinos.

The missing energy is measured taking the absolute value of the sum
of the momenta of all calibrated and reconstructed objects, with additional
terms coming from tracking [133]. The missing transverse energy in the x
and y directions is calculated in the following way:

Emlss _ Emiss,e + Emiss,u + Emlss,T + Emiss,7 + Emiss,jets + Emiss,soft (45)

z(y) z(y) z(y) z(y) z(y) z(y) z(y)

where every term, except the soft one, is the sum of the momenta for the
corresponding calibrated object projected in the considered direction (x or y).
The soft term is reconstructed from transverse momentum deposits in the
detector that are not associated with any reconstructed hard object. This is
done using two types of methods: Calorimeter Soft Term (CST), based on
calorimeter information, and track-based methods known as Track Soft Term
(TST).
The total missing energy is then calculated in the following manner:

Ejn}iss — \/(Eﬂrﬁniss)Q + (EzllniSS)Q (46)

4.7 Overlap Removal

It may happen that a reconstructed object satisfies multiple selection criteria.
Since every object needs to be associate with only one physics object, a
procedure known as overlap removal was devised:

o [Ifamuon and an electron share the same track, there is a high probability
the electron has originated from bremmstrhalung effects and is therefore
discarded.

o If an electron and a jet are close, it could happen that the energy
deposits due to the electron in the calorimeters are double counted as a
jet. To remove this double counting, the jet closest to the electron is
discarded if AR(jet,e) < 0.2.
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« Moreover, if AR(jet,e) < 0.4, the electron is discarded, to reduce
non-prompt electron contamination.

o If AR(jet, ) < 0.4 and the number of tracks for the jet is less than
three, the jet is discarded, otherwise is the muon that is removed.
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Event Selection and Reconstruction

5.1 Event Selection

After detector-level objects have been reconstructed, as explained in Chapter 4,
a set of requirements is applied to these same objects, this is called event
selection.

In order to pass the selection, the events are required to have at least
two tracks matched to the primary vertex and additionally a lepton with
pr > 27 GeV. Single-lepton triggers are used in the selection, where the
read-out in the detector is triggered by either an electron or a muon in the
HLT, as described in Section 2.2.7. Three triggers are used for e+jets events
and two for u+jets ones. Different sets of triggers are used for the 2015 and
2016-2018 data-taking periods and are listed in Table 5.1. The final selection
is done using a logical OR between all the triggers. A further request is made
for the events to be selected: it has to have at least four jets with py > 25 GeV
and |y| < 2.5 of which at least two have to be b-tagged using the DL1r tagger
with a WP of 70%. The Pseudo-Top algorithm is the one used to reconstruct
tt events and it will be described in the following sections.

Object 2015 2016-2018
HLT_e24_lhmedium_ L1EM20VH | HLT_e26_ Ihtight_ nod0_ ivarloose
electron HLT e60 lhmedium HLT e60 lhmedium nod0
HLT 120 lhloose HLT 140 lhloose nod0O
on HLT mu20 iloose L1IMU15 HLT mu26 ivarmedium
HLT mub0 HLT mub0

Table 5.1: Single lepton triggers used in the analysis. The identification operating points
are represented by [htight, lhmedium, lhloose and loose, while the isolation operating points
are represented by ivarloose and warmedium
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5.2 Parton-level definition

At parton-level, the objects are defined for MC simulations. At this level,
the selection of the top and anti-top quarks happens, based on their decay
products, a W boson and a b-quark. Another requirement is that one of the
top quarks decays in the leptonic channel, while the other does so in the
hadronic channel. Dileptonic events are excluded in the parton-level selection.

5.3 Background Determination

It can happen that events that are not originated by a tf pair pass the
selection. This is because their final state is similar to the signal final state.
These events have to be accounted for as a background. Most of these events
include a lepton in the final state and their number is estimated using MC
simulations. A much smaller fraction of background events is due to objects
misreconstructed as leptons, these are estimated using data-driven methods
due to the lack of precise simulations. Events in which both the top quarks
decay leptonically could also pass the selection and are therefore, at this stage,
considered as signal. The total estimated background is then subtracted from
the data samples.

5.3.1 MC-based Background

The biggest contribution to backgrounds are single-top events, since the asso-
ciated final state is similar to the one for the ¢ production. Other background
sources are events in which a W or Z boson is produced together with jets.
W +jets events give a bigger contribution than Z+jets ones. Diboson events
can also contribute to backgrounds if one of the bosons decays leptonically,
while the other one generates hadrons. Lastly, the smallest background con-
tributions, due to their small cross-sections, are given by events in which a tt
pair is produced in association with a vector boson or H boson.

5.3.2 Data-driven Background

Processes in which a number of jets are produced, called multijet, which
include the hadronic channel for ¢¢ production, have final states that could
pass the selection criteria for the /+jets channel. In particular, this is due to
the presence of objects misidentified as leptons or non-prompt real leptons.
This background is called multijet /fakes background and is estimated from
data using the Matrix Method [134].
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This method consists in three steps:

Two requirements on leptons are defined: loose and tight, which is the
one used in this analysis, as explained in Chapter 4.

Data samples are then split in two subsets, T and L, depending on
whether they pass or not the tight selection criteria. Another way
to divide the data sample S is to identify the two subsets R and F,
containing real and fake leptons, respectively. Now the data sample can
be decomposed as S =T + L = R+ F, with the intersection between
T and F being the fake leptons that contribute to the background. A
matrix relation between the subsets can therefore be written as

(nr) € €f nr
= (5.1)
(nr) €& € \nr

where (n) is the expected number of events in the subset, while the €
coefficients are the probabilities for a lepton of a determinate subset to
pass the tight criteria. The € coefficients are defined as € =1 — e.

Assuming €, # €f, Eq. (5.1) can be inverted, therefore obtaining an
estimate for the number of fake leptons passing the tight selection:

R 1 & —er\ ((nr)
= (5.2)
np) T\ & (nL)
obtaining therefore an estimate for nyp:
Nrp = EfﬁF = (er(nT + nL) — TLT>. (53)

€ — €

In this analysis, the fake lepton efficiency was estimated using control regions
in which the dominant background was the multijet one, after the background
due to non-prompt real leptons was subtracted using MC-generated events.
In particular the real-lepton efficiency was extracted using leptons coming
from the decay of Z bosons and applying a tag-and-probe technique.

5.4 Event Yields and Control Plots

In the present analysis both data and MC samples are split, depending on
the final state lepton, in an e+jets and a p+jets sample. The selection is
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sample e+jets \ ujets
tt 2041959 (91.14% ) 2052925 (90.45% )
SingleTop 96279 (4.3% ) 95916 (4.23% )
Wijets 49185 (2.2% ) 52855 (2.33% )
fakes 21131 (0.94% ) 44498 (1.96% )
Zjets 22330 (1.0% ) 14290 (0.63% )
ttV 6630 (0.3% ) 6432 (0.28% )
Diboson 3043 (0.14% ) 2886 (0.13% )
Total Prediction 2240557 2269802
Data 2232302 2219459
Data/Prediction 0.996 0.978

Table 5.2: Observed and expected number of events in the e+jets and p+jets channels.
The percentage impact of each sample to the total MC prediction is also shown.

done separately on these two samples and they are then combined in a /+jets
sample. This is only consistent if the yields of both samples are similar, which
is true for this analysis, as shown in Table 5.2. In Table 5.3, the cumulative
yields for the (+jets sample are shown.

Control plots for the combined ¢+jets channel are shown in Figs. 5.1
and 5.2. The same kind of control plots for the separate e+jets and u-+jets
channels can be found in Appendix A. A reasonable agreement between data
and MC prediction can be observed in all the distributions. A tendency of
the MC nominal sample to overestimate the data is found both in the high
pr and high- R distributions: this could be due to missing higher order
corrections in the simulation, since the used MC generator is NLO in pQCD.

5.5 Reconstruction of top-quark kinematic proper-
ties

Once all the objects have been reconstructed and after the selection is applied,
they are used in the reconstruction of top-quarks, which are the focal point
of this analysis. There are several algorithms capable of reconstructing the
kinematic properties of the top-quarks produced in a pp interaction. These
make use of the kinematic properties of the objects in the final state. A
description of the algorithm used in the present analysis is given in the
following section.
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Figure 5.1: Comparison of measured data and Monte Carlo simulations for basic kinematic
observables in the [+jets channel at detector level: (a) multiplicity of jets, (b) multiplicity
of b—jets, (c) pseudorapidity of the jets, (d) transverse momentum of the jets, (e) pseu-
dorapidity of the b—jets, (f) transverse momentum of the b—jets. The data, represented
by the dots in the plots, is directly compared with the total Monte Carlo simulations,
represented by the different colors stacked histograms. The uncertainty band represents
the statistical uncertainty in the MC sample, while bars on data points represent the
uncertainty on data.
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sample \ (+jets
tt 4094884 (90.79% )
SingleTop 192196 (4.26% )
Wiets 102040 (2.26% )
fakes 65629 (1.46% )
Zjets 36620 (0.81% )
ttV 13062 (0.29% )
Diboson 5929 (0.13% )
Total Prediction 4510359
Data 4451761
Data/Prediction 0.987

Table 5.3: Observed and expected number of events in the [4jets channel. The percentage
impact of each sample to the total MC prediction is also shown.
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Figure 5.2: Comparison of measured data and Monte Carlo simulations for basic kinematic
observables in the [+jets channel at detector level: (a) pseudorapidity of the produced
lepton, (b) transverse momentum of the produced lepton, (c¢) missing transverse energy.
The data, represented by the dots in the plots, is directly compared with the total Monte
Carlo simulations, represented by the different colors stacked histograms. The uncertainty
band represents the statistical uncertainty in the MC sample, while bars on data points
represent the uncertainty on data.
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5.5.1 Pseudo-Top reconstruction algorithm

The Pseudo-Top algorithm [135] is the one used in this analysis for the
reconstruction of top-quarks. This algorithm uses information on the final
state objects, meaning the charged lepton (electron or muon), the EX5 and
the four jets, of which two b-tagged, to reconstruct the top-quarks’ full decay
chain. The steps performed by the algorithm are the following:

o Exactly two b-jets are chosen. If more than two jets have been identified
as being originated by a b-quark, only the hardest two jets, the ones
with higher pr are chosen, while the others are considered light jets.

o Between the remaining jets, the ones coming from the decay of the W
boson are chosen. This is done comparing the invariant mass of each
pair of jets and comparing it to the mass of the W boson, then choosing
the pair with the invariant mass closest to it.

o Using the constraint my, = my,, the z component of the neutrino’s four-
momentum is calculated. If the quadratic equation obtained imposing
this constraint has two real solutions, the one with the smallest p, is
chosen. If the solutions are complex, only the real part is considered.
The EX is used to calculate the other four-momentum components,
while the mass is approximated to zero.

e The W boson that decays in the leptonic channel is reconstructed from
the system composed by the lepton and the neutrino.

o To reconstruct the top-quark that decayed leptonically, the leptonically
decaying W is used together with the closest (in AR = /(An)? + (A¢)?)
b-jet to the lepton, chosen from the two highest-py b-jets.

o The two non-b-tagged jets whose invariant mass is closer to the mass of
the W boson are used to reconstruct the hadronically decaying W.

o The hadronically decaying top-quark is reconstructed using the hadronic
W boson and the b-jet that was not chosen in the reconstruction of the
leptonic top.

A comparison between data and the nominal Monte Carlo generator sample
is shown for the kinematic observables of the hadronically and leptonically
decaying top quarks, reconstructed using the Pseudo-Top algorithm, in Fig. 5.3.
A similar comparison for the kinematic observables of the ¢t pairs is shown in
Fig. 5.4.
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A good agreement between MC and data is observed for all the distribu-
tions, with the exception of the transverse momentum of both hadronic tops
and tt pairs. In these distributions, in fact, Monte Carlo simulations overes-
timate data in the high-pr range. The source of this excess is a consequence
of non-optimal modelling of the top-quark pr spectrum, which in turn affects
all observed distributions due to an explicit py cut in event selection. As a
result the ratio between data and MC lies in the range between 5 and 20%
in almost all the bins for the measured distributions, although the shape
agreement is generally good. A similar trend is observed in previous analyses
[136].

The shape agreement is worse at high jet and b-jet multiplicities, as
shown in figure Figs. 5.1(a) and 5.1(b) where there is a noticeable positive
slope in data/MC ratios. Poorer modelling is somewhat anticipated in higher
multiplicity regions. The underestimation of events with high numbers of
b-jets, observed in Fig. 5.1(b), is also consistent with other ¢f measurements
that include multiple b-jets in the final state [137].
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Figure 5.3: Kinematic observables for the leptonically and hadronically decaying top quarks
reconstructed with the Pseudo-Top algorithm: (a) transverse momentum and (b) rapidity
of the hadronic top; (a) transverse momentum and (b) rapidity of the leptonic top. The
data, represented by the dots in the plots, is directly compared with the total Monte Carlo
simulations, represented by the different colors stacked histograms. The uncertainty band
represents the statistical uncertainty in the MC sample, while bars on data points represent
the uncertainty on data.
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Figure 5.4: Kinematic observables for the # system reconstructed with the Pseudo-Top
algorithm: transverse momentum (a), rapidity (b), invariant mass (c) and the azimuthal
angle difference (d). The data, represented by the dots in the plots, is directly compared with
the total Monte Carlo simulations, represented by the different colors stacked histograms.
The uncertainty band represents the statistical uncertainty in the MC sample, while bars
on data points represent the uncertainty on data.
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Chapter 6

Cross-Section Measurement

6.1 Unfolding

Measurements made in high-energy physics suffer from distortion effects due
to the detectors, which don’t allow a direct comparison with theoretical
predictions. The procedure devised to correct for these effects is called
unfolding. In particular, the finiteness of the detector’s resolution causes a
smearing in the measurements. A way to model this problem mathematically
is the Fredholm integral equation [138]:

oy) = / A y) f(2)dz + bly) (6.1)

where g(y) represents the measured distribution, while f(x) corresponds to
the true one. A(zx,y) is known as resolution function and represents the
aforementioned distortion effects. The function b(y) represents background
contributions to the measurement. The unfolding procedure aims to extract
the function f(x) by inverting this equation and, therefore, obtaining the
inverse of the resolution function, A=(z,y).

All these distributions are estimated using Monte Carlo simulations,
therefore they assume the form of histograms, while A(x,y) is represented by
a matrix, called Migration Matrix if it normalized, Response Matrix otherwise.
Thus, the problem becomes an algebraic system of equations:

y=Ax+b (6.2)

where y and b are now vectors of n elements and represent the histograms of
measured and background distributions. A is now an n x m Response Matrix
that multiplies the true vector x, with dimension m.

The Response Matrix is seldom diagonal, since events in bin j can be
reconstructed in the i¢th bin, with ¢ # 7, which is known as migration. Since
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the inverse of the matrix A might not exist, different techniques have been
devised to get around this problem. There are four main unfolding methods
used in HEP:

o Bin-by-bin: Correction factors are extracted bin-by-bin from the ratio of
number of reconstructed events in the bin over the number of true-level
events. Using this techniques does not account for migration effects.

e Simple matrix inversion: The matrix is numerically inverted with
conventional methods.

« Single Value Decomposition (SVD) [139]: The migration matrix is
decomposed in three sub-matrices, which makes the inversion problem
simpler to solve. It is an extension of the simple matrix inversion.

o Tterative Bayesian [140]: Technique based on the Bayes theorem. This
is the way the matrix are inverted in the present analysis and it is
treated more in-depth in the following sections.

6.1.1 Iterative Bayesian Unfolding

The Iterative Bayesian Unfolding (IBU) is an unfolding approach based on the
Bayes theorem [141] and it gives a cause-effect interpretation to the unfolding
in which the causes are the true events C;, while the effects are represented
by the measured events £;. Effects are measured, but it is impossible to say
which cause generated a particular effect, so this has to be estimated using
MC generators. In order to do this, the probability P(C;|E;) that a C; was
the cause of £ can be estimated in the following way:

P(E;|Ci) - Po(Cy)
o1 P(Ej|Ck) - Po(Ck)

where Py(C;) is the prior (a-priori) probability for the cause Cj, n¢ is the
number of possible causes and P(E;|C;) is the conditional probability of the
E; being caused by cause C;. An estimator for the number of causes in the
i-th bin can be written as

. RS

(G = =3 n(Ey) - P(CIE) (6.4

i

where n(FE}) is the number of events in the j-th bin and ¢; is the efficiency
for each bin
o (BN
€ = E — (6.5)
= n(Cy)MC
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both measured in MC simulations. The inverse of the migration matrix can
be then written as

P(E;|Ci) - Po(Cy)

M= = " : 6.6
T S PG iy PUB|C) - G 00
so that Eq. (6.4) assumes the form:
ng
wC) =Y M;;'n(E;) (6.7)
j=1
The a posteriori probability for a cause C; is therefore
pey 1) (6.8)

22 1(C5)

The bayesian unfolding is an iterative procedure. This is necessary in order
to obtain a stable solution. The starting point is a polynomial fit of the
posterior distribution, which is then used as a prior for the next iteration.
Every iteration will make the solution better, and the procedure stops when
no improvement is observed in subsequent iterations.

6.1.2 Unfolding-related biases

The use of IBU, as with any unfolding technique, can introduce biases if
certain assumptions are not satisfied. One of the main sources of bias in
IBU is the choice of prior, which can affect the reconstructed distribution,
especially in regions where the data are sparse or where the prior is poorly
constrained. Another source of bias is the modeling of the detector response,
which can introduce systematic effects and distort the measured distribution.
The iterative nature of IBU can also lead to biases if the iterations are not
converged or if the stopping criterion is not well-defined. Based on the
experience gained in previously performed analyses [136], these effects are
small and under control.

6.2 Binning Choice

The measurements presented in this thesis follow a similar binning strategy
as the one used in a previously published analysis [136] in which the same
observables were measured with a luminosity of 36 fb~. The binning optimiz-
ation strategy for the previous analysis and for the present one are described
in the following sections.
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6.2.1 Binning optimization in the previous analysis

The binning optimization was done using the following formula:

Ty — T

0 R(pp-1) > Tl (6.9)

where R(p,—1) is the resolution function of the considered observable in the
middle point of the bin whose edges are z,_; and x,,. The parameter §
accounts for the non-gaussian shape of the resolution distribution usually
chosen to be grater than 1. A further request is applied to the statistical

uncertainty associated with each bin, which should be smaller than 5%.

6.2.2 Binning optimization strategy for the present analysis

For the measurements presented in this thesis, a similar choice of binning
as the one used in the partial Run 2 analysis has been used in the case of
single and double differential cross-sections, expanding however the limit in
the high-mass and high-momenta regions.

In the case of triple differential cross-sections, the approach was to require a
less-than-5% statistical uncertainty in regions already covered by the published
analysis, while minimizing the other systematic uncertainties.

6.3 Correction Evaluation

Kinematic properties related to physics objects are measured with an associ-
ated uncertainty, due to the finiteness of the detector’s resolution and coverage.
Moreover, as explained in Chapter 5, some kinematic cuts are applied in order
to reduce background contamination. Due to the less-than-100% accuracy in
the measurements, the yields have to be corrected. The correction factors
can be estimated using MC simulations. It is therefore paramount to have a
well-defined truth-level, in which particles have not yet interacted with the
detector.

6.3.1 Parton-level

When defining the truth-level, to which the measurement is unfolded, there
are different aspects that have to be accounted for. In order to correctly
identify both the leptonic and hadronic top-quarks, the contribution of the
dileptonic tt events is discarded. This is done using a correction factor, fdilep,

defined as:

NrecoA€+'ets
fdilep NreCOJ . (6 10)
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This represents the fraction of detector-level ¢t events that decay in the
(+jets decay channel (Nyeconetiets) int the total detector-level sample (Nyeco)-
The produced lepton can be either an electron, a muon or a 7 lepton. W
bosons producing 7 leptons are treated as signal, independent of what the 7
decays into. The cross-sections are measured using the kinematic properties
of the top-quarks before the decay process and after the QCD radiation. The
hadronic top properties are used to measure top-quark-related properties.

Another thing that has to be taken into account is the efficiency of the
detector. This is done using a correction factor, €, that corrects for events
generated at truth-level, which don’t pass the selection at the detector-level.
This is again estimated using Monte Carlo simulations:

Nreco/\é—l—jets (611)

€
NZJrjets

where Nyjets is the number of events generated at truth-level.

Lastly, using information on parton-level events that pass the detector-level
selection, the migration matrix is built, considering only semileptonic events.
Correction factors derived from ¢t MC simulations for single differential spectra
are shown in Figs. 6.1 to 6.5, together with migration matrices. Figs. 6.6
to 6.9 show the migration matrices for the double differential spectra.

6.4 Unfolding Procedure

After the correction have been applied and the background has been subtrac-
ted, data are unfolded using the iterative bayesian unfolding as implemented
in the RooUnfold package [142].

After the response matrix has been built, using events that passed both
the truth-level and reco-level selections in the nominal sample, the matrix is
normalized so that the entries on every row sum up to 1. The result of this
procedure is called migration matrix.

In order to estimate the statistical uncertainty in the MC samples, due to
the finiteness of their size, pseudo-experiments are performed by smearing
every bin with a gaussian shift and then taking the envelope of the results.
The total statistical uncertainty for the Monte Carlo samples is found to be
below 0.5% in all the measured spectra.
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Figure 6.1: The (a) dilepton and (b) efficiency corrections, and the (c) detector-to-parton
level migration matrix for the hadronic top-quark transverse momentum in the resolved
topology at parton level.
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Figure 6.2: The (a) dilepton and (b) efficiency corrections, and the (c¢) detector-to-parton
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Figure 6.5: The (a) dilepton and (b) efficiency corrections, and the (c) detector-to-parton
level migration matrix for the absolute ¢ rapidity in the resolved topology at parton level.
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Figure 6.6: Detector-to-parton level migration matrix for the double differential cross-
section as a function of the transverse momentum of the hadronic top in bins of the mass
of the tf system.

6.5 Cross-section extraction
The extraction of the cross-sections can be divided into two main steps:

1. The following formula
Niunf - BRE Z Mljlfdllep ( reco Nékg) (612)

is used to obtain the number of events in bin ¢ at truth-level. The index
J runs over bins at reco-level and the matrix ./\/l;j1 is the inverse of the
migration matrix, obtained using the IBU. BR represents the branching
ratio for the /+4jets channel, used to extrapolate the results to the full
phase-space.

2. Eq. (6.12) can be used to extract single, double and triple differential
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Figure 6.7: Detector-to-parton level migration matrix for the double differential cross-
section as a function of the absolute rapidity of the ¢ system in bins of the mass of the ¢t

system.

cross-sections using the following formulas:

do 1 un
=~ = 7ax i f (6.13)
d?’o 1
= N 14
dX;dY; — LAX;AY; Y (6.14)
3
1
"o Nzt (6.15)

dX,dY;dZ; ~ LAX,AY,AZ, "

where the index i (j, k) runs over bins of X (Y, Z) at reco-level, AX;
(AY;, AZy) is the bin width and £ is the integrated luminosity.

The procedure just described is used for single, double and triple differen-
tial distributions. The only difference in the cross-section extraction between
these cases is that in the double and triple differential case, the N"™ vector is
obtained concatenating all the bins, starting from the internal variables, and
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Figure 6.8: Detector-to-parton level migration matrix for the double differential cross-
section as a function of the transverse momentum of the ¢t system in bins of the absolute
rapidity of the ¢ system.

going up to the most external variable. The size of this vector will therefore
be m = > "X ny; in the case of double differential cross-sections, where ny is
the number of bins of the variable X and ny; is the number of ¥ bins in the
i-th bin of the variable X. The dimension of the vector is | = > "% ;le nz;
in the triple differential case, with a similar meaning as before for nx, ny;

and ny ;.
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Figure 6.9: Detector-to-parton level migration matrix for the double differential cross-
section as a function of the transverse momentum of the ¢f system in bins of the mass of
the tt system.
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Chapter 7

Systematic Uncertainties

The measured cross-sections are affected by different sources of systematic
uncertainty, the main ones coming from background and signal modelling and
from the detector.

For every observable, the uncertainties are evaluated after the unfolding
procedure has been carried out. This is done varying the reconstructed
nominal MC sample bin-by-bin for each source of systematic uncertainty.
This varied samples are then used as if they were the nominal ones during
the unfolding procedure. After the unfolding, the nominal cross-section and
the one obtained with the varied sample are subtracted and their difference
is used as uncertainty. In some cases only a +1¢ variation is available and
in that case the procedure is carried out with this single variation and then
symmetrized to obtain a +10 uncertainty estimate.

For uncertainties due to modelling, alternative MC samples are used as
nominal in a procedure similar to the one described above.

In the following sections, a more thorough description of the uncertainty
sources is given.

7.1 Detector Systematics

Detector-related systematics are evaluated using Monte Carlo samples that
model the way in which the detector responds to different reconstructed
objects. These uncertainties are evaluated using samples containing varied
signal and backgrounds. After the nominal background is subtracted (N7,

Ngkg in Eq. (6.12)) from the varied sample, it is unfolded using nominal
correction factors.
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7.1.1 Lepton Reconstruction

Uncertainties such as triggering, momentum resolution, reconstruction effi-
ciency and identification energy of the electrons and muons are estimated
using Z — ee/upu, J/1p — ee/up and W — ev samples, with the procedure
described in [119, 143]. These uncertainties are observed to have an impact
of less than 1% across all the measured spectra.

7.1.2 Jet Reconstruction

The uncertainty related to the Jet Energy Scale (JES) is estimated using
the uncertainties derived from simulation and in-situ calibration [144] and
varying the jet energies accordingly. This systematic uncertainty consists
of 30 uncorrelated components, coming from jet flavour composition, pile-
up, single-particle response, and effects due to jets not contained in the
calorimeters.

One of the main uncertainty source is the one related to Jet Energy Resolu-
tion (JER) differences between data and MC events. In order to evaluate this
uncertainty, the MC jet transverse momentum is smeared according to the jet
resolution as a function of the jet pr and 7 [145]. The estimated uncertainty
is about 5% in all the spectra, with slight reduction with increasing mass and
pr of the tt system.

7.1.3 b-tagging

The uncertainties related to b-tagging algorithms are divided in three different
categories: b-tagging efficiency and mis-tag efficiencies for ¢- and light-jets
tagged as b-jets [146-148]. These are parametrized with a set of 19 parameters
depending on jet 1 and py. These uncertainties are estimated from data, in
particular from correction factors that correct data-to-simulation differences.
The b-tagging uncertainty is about 4% across all the spectra.

7.1.4 Missing Transverse Energy

Eiss measurements are affected by uncertainties in reconstructed objects and
the so-called soft-terms, i.e. presence of low-pr jets and calorimeter cells not
included in the object reconstruction. These uncertainties are estimated from
data using Z — pp events and from the symmetry between hard and soft
component of the F¥s [149]. The uncertainty related to EX is found to be
less than 1%.
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7.1.5 Luminosity

The uncertainty in the combined 20152018 integrated luminosity is 0.83%
[150], obtained using the LUCID-2 detector [151] for the primary luminosity
measurements, complemented by measurements using the inner detector and
calorimeters.

7.2 Signal Modelling Uncertainties

7.2.1 MC generator

Uncertainties related to the MC generator used to calculate the ME and
to model the Parton Shower are described in the following paragraphs,
component-by-component. In order to estimate these uncertainties, the
MC samples described in Section 3.3.1 have been used.

Hard Scattering

The uncertainty due to the choice of the MC generator used for the implement-
ation of the hard scattering model is computed by comparing the parton level
distributions of an alternative signal sample generated with POWHEGBOX
interfaced with PYTHIA 8, where the pi®d parameter is set to 1 following the
prescription described in [152]. Both the nominal and alternative samples
used for this uncertainty are simulated with the AFII settings, in order to
save computation and storage resources. The uncertainty due to the hard
scattering model is the dominant uncertainty in these measurements. It is
found to increase with increasing m* values.

Hadronization and Parton Shower

The uncertainties coming from the choice of the hadronization and parton-
shower model are assessed in a similar way of the Matrix Element uncertainty.
The alternative sample used is generated with POWHEGBOX interfaced with
HERWIG. Also for this uncertainty the fast simulation samples have been
used.

The uncertainty related to the parton shower is calculated using samples
obtained with POWHEG+PYTHIA 8 where the ph#'d parameter is set to 1
instead of 0, like in the nominal sample.
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7.2.2 Initial- and final-state QCD radiation for the signal
sample

The amount of ISR/FSR changes the number of jets in the event as well
as the transverse momemtum of the ¢ system. In order to evaluate the
uncertainty linked to the modeling of the ISR/FSR, t¢ MC samples with
modified ISR/FSR modeling were used. This is evaluated using a prediction
obtained with POWHEG+PYTHIA 8 | where pp and pp in the hard scatter are
varied simultaneously by a factor 0.5 and 2.0 and the scales in the showering
are varied accordingly to the Var3c eigentune of the A14 tune [153]. These
variations affects mainly ISR. Another parameter affecting ISR is hgamp. The
uncertainty due to the choice of this parameter is estimated independently
from the other ISR components using a dedicated POWHEG+PYTHIA 8
sample where hgamp is multiplied by a factor 1.5 with respect to the nominal
value.

The uncertainty due to the FSR simulation is obtained using a sample
obtained using POWHEG+PYTHIA 8 where the renormalization scale used
in the final-state shower is varied by a factor 2 and 0.5 with respect to the
nominal value.

7.2.3 Parton distribution functions

The impact of the choice of different PDF sets has been assessed by apply-
ing an event-by-event reweighting procedure to a tt sample generated with
PowHEGH+PyYTHIA 8 using the 30 PDF set of the PDFALHC15 prescription
[154].

The effect of a different PDF choice modifies the efficiency, acceptance
and potentially also the response matrix, i.e. the corrections used to cor-
rect the spectrum at the detector level to the particle and parton levels
levels. The PDF choice effect has been evaluated by unfolding the nominal
PowHEGH+PYTHIA 8 sample using differently PDF-reweighted corrections.
The so-called “intra-PDF” variations using the PDFALHC15 were combined
to define a relative uncertainty as

> (Ui Ry —Tp)’

i1€sets

5intra = T
0

where the 0 (i) subscripts denotes the PDFALHC15 central (varied) PDF set,
R represents the distribution at the detector level while T' symbolizes the
distribution at the particle level, and the unfolding procedure is shortened
into the U factor, with subscript on each characterizing the PDF set used

97—



7.3. Background Modelling Systematics

to evaluate the spectrum or the corrections. The resulting uncertainties are
found to be at the sub-percent level.

7.2.4 Top-quark mass uncertainty

Since the kinematics of the decay products (and therefore the probability
of passing the selection) depend on the the mass of the top-quark, which is
known with a precision of around 0.5 GeV [155], a corresponding uncertainty
is estimated. This is done using two additional MC samples, in which the
value of the top-quark mass is set to 169 and 176 GeV. The setup of these two
samples is, except for the mass of the top-quark, the same as the nominal one.
The uncertainty is evaluated using the unfolded distributions obtained with
the varied mass samples, in the same way as the other modelling uncertainties.
The obtained result is then scaled by 1/7 to match the effect of the £0.5 GeV
shift in the top-quark mass.

7.3 Background Modelling Systematics

The background in Monte Carlo simulations is also affected by both theoretical
and experimental uncertainties. These uncertainties affect the unfolding
procedure too, since the background is subtracted from the data.

To estimate these uncertainties, varied background samples are used, in
samples that contain the nominal signal and the varied background, from
which the nominal background is subtracted and then are unfolded using the
nominal correction factors.

7.3.1 W+jets and Z+jets

The uncertainty on W+jets and Z+jets events is a conservative 50% variation
that takes into account uncertainties coming from PDFs, ag, ur and pp. The
varied sample is unfolded and compared with the nominal one to estimate a
one-sided uncertainty, which is then symmetrized. Uncertainties for W +jets
samples are found to be larger in the mass of the ¢t system cross-sections,
with respect to other spectra. This is due to the large fractional contribution
of these samples in this kinematic region.

7.3.2 Single Top

Since the tW production channel is the who contributes most to the single
top background, an uncertainty on the method used to handle interference
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between tW and tt production was determined by comparing simulated tWW/
sample that uses the DS method with the nominal one based on the DR
scheme. Furthermore an overall uncertainty is applied separately to the s-,
t- and tW-channels in order to take into account the uncertainties on PDFs,

ag, g and pp.

7.3.3 Diboson and ttV

A 40% uncertainty is considered for Diboson samples, so as to cover both
the cross-section uncertainty and the uncertainty due to two extra jets being
present.

A 14% uncertainty is considered for the tfV samples, so as to cover
uncertainties coming from scale, oy and the PDFs.

Both the samples undergo a procedure similar to the one used for the
V+jets ones in order to estimate their uncertainties.

A more detailed breakup of the systematic uncertainties which affect the
measurements is given in Chapter 8.
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Results

In this chapter the measurements are presented in the form of single, double
and, for the very first time, triple differential cross-sections. These are
presented as a function of several kinematic variables related to the top-
quark and the ¢t system. In particular, the chosen observables are the mass,
transverse momentum and rapidity of the ¢ system (mf, p and y*), while for
the hadronically decaying top quark, the transverse momentum and rapidity
have been chosen (pi™?, yt-had),

The measured cross-sections have been compared with event generator
MC predictions, in particular with POWHEG+PYTHIA 8 and MiNNLOPS
predictions. In order to compare the results with available fixed-order predic-
tions, a slightly different binning choice has been used. These predictions are
NNLO in pQCD and are obtained using the MATRIX [36] program or provided
by Czakon, Mitov and Papanastasiou [156]. The MATRIX calculations have
been performed at NNLO with a numerical precision of 0.1%, using the
NNPDF3.1 set. The renormalization and factorization scales have been set to
pur = prp = Hp /4, where Hr is the scalar sum of the transverse momenta of
all the final state objects. For the pr of the hadronically decaying top, the
scales were set to jup = pp = mi, where m¥ is the transverse mass of the
tt system. This choices were made to reflect the setting of the previously
provided theoretical predictions.

8.1 Full phase-space cross-sections

8.1.1 Single differential cross-sections

Single differential cross-sections are reported in Fig. 8.1 as a function of
top-quark-related kinematic observables, and in Fig. 8.3 as a function of
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kinematic observables related to the tf system. In Figs. 8.2 and 8.4 the
fractional uncertainties for the same cross-sections are shown, with a complete
breakdown of the systematic uncertainty components; the same results are
shown, in tabular form in Appendix B. A good agreement with MC generators
predictions is observed overall. A tendency of all NLO MC predictions to
overestimate the data in the high-pr and high-m regions is observed, which is
somewhat mitigated (especially in the p spectrum, Fig. 8.3(a)) when using
the MiNNLOPS predictions. The largest contribution to systematic uncertainties
comes from background estimation, b-tagging, jet energy scale and resolution
and initial and final state radiation.

A novelty aspect of this analysis is that, for the first time, single differential
cross-sections have been measured in the high-m® region (2 TeV < m* < 5
TeV). The upper limit for both the transverse momentum of the ¢¢ system and
the hadronic top-quark have also been extended with respect to a previously
published analysis [136]. MC predictions show a very good agreement with
data and between themselves in both rapidity distributions.
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Figure 8.1: Parton-level differential cross-sections as a function of (a) the transverse
momentum and (b) the rapidity of the top quark, compared with the POWHEG+PYTHIA
8 (PP8), POWHEGH+HERWIG?7 (PWGHT) and MiNNLOPS Monte Carlo generators. The
gray bands indicate the total uncertainty on the data in each bin. Data points are placed
at the center of each bin.

Comparison with NNLO fixed order and MC predictions

The same single differential cross-sections are here presented in comparison
with fixed order NNLO predictions and the nominal signal sample in Figs. 8.5
and 8.6. A different binning was used in order to compare the results with
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Figure 8.2: Fractional uncertainties for parton-level differential cross-sections as a function
of (a) the transverse momentum and (b) the rapidity of the top quark. The gray bands
indicate the total uncertainty on the data in each bin.

available fixed order predictions. The overall agreement is good, between
uncertainties, with both fixed order predictions, which are in better agreement
with data than NLO MC samples in the high-mass and high-momentum region.
The uncertainties due to choices of the factorization and renormalization
scales, pup and pg, in the perturbative QCD calculations are evaluated by
calculating the cross-sections varying these scales independently by a factor of
2 or 0.5. This procedure results in seven variations: (ug,ur) = ((1,1),(2,1),
(1,2),(0.5,1),(1,0.5),(0.5,0.5), (2,2)). The envelope of all the variation is
used as uncertainty.

8.1.2 Double differential cross-sections

The double differential cross-sections are shown in Figs. 8.7 to 8.10. These are
presented as a function of the aforementioned kinematic observables relative
to the tf system and the hadronic top-quark.

The measured double differential cross-sections show a good overall agree-
ment with the MC predictions, in particular in the distributions presented as
a function of the rapidity of the ¢ system. In the distributions including the
transverse momentum of the ¢f system, it can be seen that the MiNNLOPS MC
predictions describe data much better than the other (NLO) MC generators.
A similar, less pronounced, effect is observed in the distributions expressed
as functions of the transverse momentum of the hadronic top. All the MC
predictions show a general tendency to overestimate the data in the high-mass
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Figure 8.3: Parton-level differential cross-sections as a function of (a) the transverse
momentum, (b) the invariant mass and (c) the absolute rapidity of the t¢ system, compared
with the POWHEG+PYTHIA 8 (PP8), POWHEG+HERWIG? (PWGHT) and MiNNLOPS
Monte Carlo generators. The gray bands indicate the total uncertainty on the data in each
bin. Data points are placed at the center of each bin.

region, which increases with increasing mass and increasing pr.

8.1.3 Triple differential cross-sections

The triple differential cross-sections as a function of the hadronic top pr
and rapidity and as functions of the mass, rapidity and momentum of the ¢
system are shown in Figs. 8.11 to 8.13, while Figs. 8.14 and 8.15 show the
ratio of various MC predictions with respect to the measured data and the
breakdown of the uncertainties for the triple differential cross-section as a
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Figure 8.4: Fractional uncertainties for parton-level differential cross-sections as a function
of (a) the transverse momentum, (b) the invariant mass and (c) the absolute rapidity of
the tt system. The gray bands indicate the total uncertainty on the data in each bin.

t,had

function of m® in bins of p"*® in bins of |y®had|,

respectively.

A good agreement is observed between the measured triple differential
cross-sections and predictions obtained using MC event generators, both NLO
and NNLO. In these distributions, differences with MC predictions tend to
increase with increasing m!, increasing p'"™?, and increasing |y*"4|. This
effect could be due to low statistics of the MC samples in these regions of
the phase space. The total uncertainty assess to less than 20% in most of the
bins, and less than 40% everywhere, with a statistical uncertainty well below

5% in all the regions of the phase space.
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Figure 8.5: Parton-level differential cross-sections as a function of (a) the transverse
momentum and (b) the rapidity of the top quark, compared with the NNLO predictions
and the POWHEG+PYTHIA 8 (PP8) Monte Carlo generator. The gray bands indicate
the total uncertainty on the data in each bin and the blue etched band is the uncertainty
on the choice of the scales for the MATRIX predictions. Data points are placed at the center
of each bin.

8.2 Future developments

The measurements performed in this analysis probe some (until now) unex-
plored regions of the phase space, while also being very precise. Both these
aspects could be exploited in future phenomenological analyses.

In particular, a global PDF fit could greatly benefit from such a precise
measurement, especially from using triple differential cross-sections. The
information contained in ¢t data could be particularly useful in constraining
the gluon PDF, helping in reducing PDF uncertainties.

An analysis focusing on the extraction of a fundamental quantity of the
SM such as the top-quark mass, m;, could also exploit these data. This would
be done performing a x? fit in which the preferred value for this parameter
would be inferred from data.

While this thesis focuses on the measurements performed at parton-level,
a similar particle-level one is being performed by the ATLAS collaboration.
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Figure 8.6: Parton-level differential cross-sections as a function of (a) the transverse
momentum, (b) the invariant mass and (c) the rapidity of the tf system, compared with
the NNLO predictions and the POWHEG+PYTHIA 8 (PP8) Monte Carlo generator. The
gray bands indicate the total uncertainty on the data in each bin and the blue etched band
is the uncertainty on the choice of the scales for the MATRIX predictions. Data points are

placed at the center of each bin.
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Figure 8.7: Parton-level double differential cross-sections as a function of the transverse
momentum of the ¢ system in bins of the invariant mass of the ¢f system. The cross-sections
shown in (a) are scaled for plotting purposes. The cross-sections are compared to the
nominal MC prediction. The plot in (b) is the ratio of various MC predictions with respect
to the measured cross-sections for each m!* bin.
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Figure 8.8: Parton-level double differential cross-sections as a function of the absolute
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Figure 8.10: Parton-level double differential cross-sections as a function of the transverse
momentum of the ¢f system in bins of the absolute rapidity of the tf system. The cross-
sections shown in (a) are scaled for plotting purposes. The cross-sections are compared
with the nominal MC prediction. The plot in (b) is the ratio of various MC prediction
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total uncertainty on the data in each bin.
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Figure 8.11: Parton-level triple differential cross-sections as a function of m! in bins of
ptjlhad in bins of |y*"*d|. The cross-sections shown are scaled for plotting purposes.
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8.2. Future developments
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Conclusions

In this thesis, single, double and triple differential cross-sections have been
measured for ¢t production at a CoM of /s = 13 TeV using data collected dur-
ing the full Run 2 by the ATLAS detector. These correspond to an integrated
luminosity of 140 fb~!. The analysis was performed using semileptonic tf
events, i.e. events in which one of the produced top quarks decays leptonically,
while the other decays hadronically. To select these events, at least four jets
were required to pass the selection, together with the requirement of exactly
one lepton in the final state. A further b-tagging-based requirement was
applied to improve the purity of the semileptonic events.

Single, double and triple differential cross-sections were measured in the
full phase-space and are presented in this thesis as a function of kinematic
observables related to the hadronic top or the ¢t system. Double and triple
differential cross-sections give more detailed information on the properties of
the top-quark and its production.

The main goal of this analysis is to provide a precise measurement suit-
able for the extraction of parton distribution functions of the proton and
fundamental properties of the top-quark, while also providing a stringent test
of pQCD fixed-order and new MC predictions.

The measured observables were compared with predictions obtained the
most recent open-source program MATRIX and the state-of-the-art Monte
Carlo generator at the NNLO level MiNNLOPS. The same measurements were
also compared with other available MC predictions. These comparisons show
a good overall agreement with both fixed-order and Monte Carlo predictions,
with some of the single differential distributions, namely the mass of the
tt system and the transverse momenta, showing trends that are however
generally covered by the uncertainties except in the very high-mass and
high-pr regions. The differences with MC predictions are generally improved
by using the MiNNLOPS generator. Similar trends are observed in double and
triple differential cross-sections, to which the same considerations apply.

Finally, differences between standard ATLAS decay tables for the EVTGEN
MC generator and new ones made available by the BELLE II collaboration
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Chapter 8. Results

were studied (Appendix C). The biggest differences were observed in distribu-
tions related to the multiplicity of decay products coming from heavy flavour
hadrons. Differences up to 40% were also observed when comparing the
results with different MC event generators. In order to validate the changes in
the decay tables and compare the results with other Monte Carlo simulations,
a Rivet routine was prepared that contains all the relevant distributions.
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Appendix A

e+jets and p-+jets control plots

In this appendix the data-to-Monte Carlo control plots are presented separately
for the e+jets channel, Figures A.1, A.2, A.3, A.4, and for the pu+jets channel,
Figures A.5, A.6, A.7, A.8.

The data-Monte Carlo agreement is the same in both the channel, with
the exception of the angular observables in which there is the contribution
due to the crack region.
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Appendix A. e+jets and u+jets control plots
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Figure A.1: Comparison of measured data and Monte Carlo simulations for basic kinematic
observables in the e+jets channel at detector level: (a) multiplicity of jets, (b) multiplicity
of b—jets, (c) pseudorapidity of the jets, (d) transverse momentum of the jets, (e) pseu-
dorapidity of the b—jets, (f) transverse momentum of the b—jets. The data, represented
by the dots in the plots, is directly compared with the total Monte Carlo simulations,
represented by the different colors stacked histograms. The uncertainty band represents
the statistical uncertainty in the MC sample, while bars on data points represent the
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Figure A.2: Comparison of measured data and Monte Carlo simulations for basic kinematic
observables in the e+jets channel at detector level: (a) pseudorapidity of the produced
lepton, (b) transverse momentum of the produced lepton, (¢) missing transverse energy.
The data, represented by the dots in the plots, is directly compared with the total Monte
Carlo simulations, represented by the different colors stacked histograms. The uncertainty
band represents the statistical uncertainty in the MC sample, while bars on data points
represent the uncertainty on data.
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Figure A.3: Kinematic observables for the leptonically and hadronically decaying top
quarks reconstructed with the Pseudo-Top algorithm: (a) transverse momentum and (b)
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the leptonic top. The data, represented by the dots in the plots, is directly compared with
the total Monte Carlo simulations, represented by the different colors stacked histograms.
The uncertainty band represents the statistical uncertainty in the MC sample, while bars
on data points represent the uncertainty on data.
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Figure A.4: Kinematic observables for the ¢t system reconstructed with the Pseudo-Top
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Figure A.5: Comparison of measured data and Monte Carlo simulations for basic kinematic
observables in the p+jets channel at detector level: (a) multiplicity of jets, (b) multiplicity
of b—jets, (c) pseudorapidity of the jets, (d) transverse momentum of the jets, (e) pseu-
dorapidity of the b—jets, (f) transverse momentum of the b—jets. The data, represented
by the dots in the plots, is directly compared with the total Monte Carlo simulations,
represented by the different colors stacked histograms. The uncertainty band represents
the statistical uncertainty in the MC sample, while bars on data points represent the
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Figure A.6: Comparison of measured data and Monte Carlo simulations for basic kinematic
observables in the u+jets channel at detector level: (a) pseudorapidity of the produced
lepton, (b) transverse momentum of the produced lepton, (¢) missing transverse energy.
The data, represented by the dots in the plots, is directly compared with the total Monte
Carlo simulations, represented by the different colors stacked histograms. The uncertainty
band represents the statistical uncertainty in the MC sample, while bars on data points
represent the uncertainty on data.
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Figure A.7: Kinematic observables for the leptonically and hadronically decaying top
quarks reconstructed with the Pseudo-Top algorithm: (a) transverse momentum and (b)
rapidity of the hadronic top; (a) transverse momentum and (b) rapidity of the leptonic top.
The data, represented by the dots in the plots, is directly compared with the total Monte
Carlo simulations, represented by the different colors stacked histograms. The uncertainty
band represents the statistical uncertainty in the MC sample, while bars on data points
represent the uncertainty on data.
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Figure A.8: Kinematic observables for the tf system reconstructed with the Pseudo-Top
algorithm: transverse momentum (a), rapidity (b), invariant mass (c) and the azimuthal
angle difference (d). The data, represented by the dots in the plots, is directly compared with
the total Monte Carlo simulations, represented by the different colors stacked histograms.
The uncertainty band represents the statistical uncertainty in the MC sample, while bars
on data points represent the uncertainty on data.
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Appendix B

Systematic tables

In this appendix, the systematic tables with the impact of the uncertainties
for the single and double differential cross-sections are presented. Each table
describes the impact of each group of uncertainties with their three largest
components in the correspondant bin.

B.1 Single differential cross-sections

Bins [GeV] 0-50 50-100 100-160  160-225 225-300 300-360 360-475 475-600 600-1200
do / dpf [pb/GeV] 2.70-10° 5.29-10° 3.94-10° 1.79-10° 6.34-1077 2.26-10~" 7.15-10"2 1.53-107% 1.07-107%
Total Uncertainty [%] T o g4 7 i3
Statistics [%)] +0.1 +0.0 +0.0
Systematics [%)] 3 ity s
Background [%] +2.27 +1.90 +1.46
SingleTop_tW_ DS [%] < 0.05 < 0.05 F0.17
Wijets_norm [%] £2.00 £1.58 +1.07
SingleTop_norm [%] +£0.24 +£0.22
IFSR + PDF [%] aa i
fsr_muR_syst [%] i o
scale_muR_syst [%] 019 o
isr_alphaS_ _syst [%] i ik
JES/JER [%] i it
CategoryReduction JET Pileup RhoTopology [%] Taer 557
CategoryReduction JET_Etalntercalibration_Modelling [%] i S
CategoryReduction_JET_Flavor_Response [%] ol i
Flavour tagging [%] i} e
weight_ bTagSF_DLIr 70 _extrapolation [%] < 0.05 < 0.05
weight bTagSF DLIr 70 _eigenvar F0.64 F0.89
weight bTagSF_DLIr 70 _eigenvars i 34
Modelling [%] +5.44 +1.79
HardScattering [%] +0.33 < 0.05
Hadronization [%] +£5.41 171
mtop [%] i 0%
Leptons [%] +0.72 B
weight_leptonSF_EL_SF_ID [%] +0.38 +0.37
weight_leptonSF_MU_SF_ Trigger SYST [%] S038 R F F0.35
weight_leptonSF_ MU_SF_Isol SYST [%] +0.45 +0.31 .24 .2 .2 .23 +0.27

Table B.1: Table of systematics for the differential cross-section at the parton level for the

t,had
p7*" observable.
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B.1. Single differential cross-sections

Bins [ Unit [y"™I] ] 0-0.30  0.30-0.60 0.60-0.90 0.90-1.40 1.40-1.70 1.70-2.50
do / d[y*™[ [pb/ Unit [y*M] ] 4.88-10%7 4.67-10° 4.27-10> 3.54-107 2.68-10° 1.47-107
Total Uncertainty [%] i 38 3 : 5

Statistics [%]
Systematics [%)]

+0.1

JES/JER [%]

CategoryReduction JET_Pileup_ RhoTopology [%]

CategoryReduction JET Flavor Response [%)]

CategoryReduction JET Etalntercalibration Modelling [%]

Flavour tagging [%]

weight bTagSF_DLI1r 70 _eigenvars B0 [%

weight_bTagSF_DL1r_70_eigenvars B_1 [%

weight_bTagSF_DLI1r_70_eigenvars_B_2 [%

IFSR + PDF (%)

fsr muR_ syst [%]

IntraPDF [%]

isr_alphaS Var3c syst [%]

Background [%)]

Wijets_norm [%]

Zjets norm [%]

SingleTop_ tW_ DS [%)]

Modelling [%]

Hadronization [%)]

mtop [%]

HardScattering [%]

Leptons [%]

weight leptonSF_EL SF ID [%)]

weight leptonSF MU SF _ Trigger SYST [%]

—0.3:
+0.34

weight leptonSF MU SF_Isol SYST [%]

+0.33

Table B.2: Table of systematics for the differential cross-section at the parton level for the

|yt-hed| observable.

Bins [GeV] 325-400  400-480 480580 580-700 700-860 860-1020  1020-1250 1250-1500 1500-2000 20005000

do [ dm™ [pb/GeV] 2.46-10° 3.19- 10" 1.52-10% 343-10° 9.26-10°

Total Uncertainty [% i3t a5 s s

Statistics [%] +0.1 i}i.ll +0.6 +1.2

Systematics %] iyt M i s

Background [%] +1.18  +1.08 +9.80 +152
SingleTop_tW_DS [%] £021 _ +0.13 F7.64 F12.6
Wiets_norm [%] +0.90 +0.79 +5.68 +8.02 +12.3
SingleTop_norm [%] +0.15 +0.16 +0.98 +1.37 +2.09

Modelling [%] o £323 112 £20.0
Hadronization [%] +4.68 +3.20 F11.1 F20.0
HardScattering [% < 0.05 +0.37 F1.31 F1.09
mfop [7] i) o011 0 B

IFSR + PDF [%] ] i T ity
scale_muR_syst [%] T S0z Sion s
for_muR_syst [%] T Ton e gty
scale_muF_syst [%] Ton o e s

JES/JER [%] 2 By i i
CategoryReduction_JET_Etalntercalibration_Modelling [%] B oo iy iy
CategoryReduction_JET_Pileup_RhoTopology [%] T i s
CategoryReduction_JET_Etalntercalibration_NonClosure_2018data [%] o2 < 0.05 fidh]

Flavour tagging [1] o S i
weight_bTagSF_DLIr_70_extrapolation [%] <005 <005 <005 T
weight_I DLIr_70_e B_1[%] F0.57 F0.75 i
weight_F DLIr_70_cigenvars_B_0 [%] i ooy F1.59

Leptons [%] e £0.67 R
weight_leptonSF_EL_SF_ID [%] +0.34 +0.35 RS
EG_SCALE_ALL [%] <005 <005 " i
weight_leptonSF_MU_SF_Trigger_SYST [% o e = F0.33 o R o

Table B.3: Table of systematics for the differential cross-section at the parton level for the
m? observable.
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Appendix B. Systematic tables

Bins [GeV] 040 1090 90 150 150 230 230 310 310390 390 470 470 600 _ 600 1000
do / dpf [pb/GeV] 982-10° 481-10° 1.75-10° 6.22-10 ' 221-10 ' 871-102 3.74-102 137-102 1.95-10 7
Total Uncertainty [%] a0 T eT Rt 3 o o0 e o s
Statistics [%)] +0.0 +0.3 +0.4 +0.6 +0.9
Systematics [%] ot M o by 5
Modelling [%] +7.05 +5.61 +4.01 +3.58 il
Hadronization [%] F6.98 £5.39 £3.85 +£3.25 +3.60
HardScattering [%] +0.85 F1.47 F1.29
top (%] T i i
JES/JER [%] o5 e hiir)
CategoryReduction_JET_Pileup_RhoTopology [%] T *55%
CategoryReduction JET Flavor Response [%] 1320 2308
CategoryReduction JET Etalntercalibration Modelling [%] ! i i
IFSR + PDF [%] B S i
fsr_muR_syst [%] i R i
scale_muR_syst [%] +0.06 <] 2
isr_alphaS_Var3c_syst [%] S on e
Flavour tagging [%] i B3 B!
weight bTagSF_DLIr_70_cigenvars B 0 % o 0 3
weight_bTagSF_DLIr_70_eigenvars B_1 [% F0.97 1o Ti%6
weight bTagSF_DLIr 70 eigenvars B_2 [% iR o +0.48
Background [%] +1.62 +2.14 +2.79
Wiets_norm [%] +1.45 +1.66 +1.92
SingleTop_tW_DS [%] F0.07 F0.82 F1.87
Zjets_norm [%] +0.56 +0.31 +0.30
Leptons [%] i o6 “oa
weight_leptonSF_EL_SF_ID [%] +0.40 +0.46 +0.66
weight_leptonSF_MU_SF_Trigger SYST [%] F0.34 e oad
weight leptonSF__MU_SF_Tsol SYST [%] +0.34 +0.27 +0.23

Table B.4: Table of systematics for the differential cross-section at the parton level for the
pit observable.

Bins [ Unit [y"] ] 0-0.20  0.20-0.40 0.40-0.60 0.60-0.80  0.80-1 1-1.30  1.30-1.60  1.60-2 2-2.50
do / d[y"| [pb/ Unit [y"] ] 5.79-10> 5.64-10> 534-10> 4.92-10> 4.37-10° 3.60-10° 2.64-10> 1.62-10*> 6.51- 10
Total Uncertainty [%] T EGH 12 3 T3l fsH T

Statistics [%] A +0.1

Systematics [%] sy
JES/JER (%) i
CategoryReduction JET Pileup RhoTopology [%] e
CategoryReduction JET Flavor_Response [%] e
CategoryReduction JET Etalntercalibration Modelling [%] an 5
TFSR + PDF [%] e i3
fsr_muR_syst [%] i EE
TutraPDF %] T0.14 1333
ist_alphaS_Var3c_syst [%] iR o
Flavour tagging [%)] e i
weight bTagSF DLIr 70 eigenvars B 0 [% R Ry
weight bTagSF_DLIr 70 eigenvars B 1 [% F0.98 F1.00
weight bTagSF_DLIr_70_eigenvars B_2 [% The +0.86 it
Background [%] +1.52 +1.40 +1.35
Wiets_norm [%] +1.19 +1.15 +1.19
Zjets_norm [%] +0.40 +0.38 +0.38
SingleTop tW DS [% F0.33 F0.26 +0.45
Modelling [%] £1.20 £0.91 S
Hadronization [%] +1.03 +0.63 F0.34
mtop [%] +0.52 R i
HardScattering [%] F0.31 +0.35 F1.09
Leptons [%] e e B
weight_leptonSF_EL_SF_1D [%] +0.42 +0.48 +0.79
weight leptonSF_MU_SF_Trigger SYST [%] F0.37 o 0 o

weight_leptonSF_MU_SF_Tsol_SYST [%] +0.33 +0.33 +0.30 +0.28

Table B.5: Table of systematics for the differential cross-section at the parton level for the
lytt| observable.
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B.2. Double differential cross-sections

B.2 Double differential cross-sections

B [ [ 0T 5003000 00000000 ToG0 150150 TS0 T3S0 0110 000300 20802002150 2000700 230 5000000 S0 OSu O0 0200 00000 00080190190 10000 5000
T T [P = Ty T W 2% im0 i on T N S RS A N W TS T R E R Vil TR TN N R T (TR A IR
Total Uncortainy [ T i il ™ T T T i T T T 7
Statis 01 01 2 03 0 i 02 12 03 s i Li

odaling [1]
T

Tioriz 7 T

Tackaromd (7]
SnaleTop W DS

S TR

o7 1w} B

Tiets no
65 TR 7]
C

Toction TET Ty T
TET
Fouction_JET Flavor

or_ iyt 1]
e e Varde

DT
e _TepronSF U _SF_Trigser SYST
- ST

Table B.6: Table of systematics for the differential cross-section at the parton level for the
observable pY in bins of m'.

Bins [GoV] 0030 0300650651 1115 105250 250270 270205 295315 315310 340365 3655 5520 520510 500 560 560 585

Il .05 6.0 6.0 750
52 10° 129 10° 375 10° 132100 135 10° 516 10" 103 10° 437 10°_ 360 10"

o/l A" b 10°_ 116 100725 10" 603 10" 630100

71 100310 10"

Total Uncertainty [ 0 5 7% B i T it it e
Statistics [%] +0.1 101 102 103 2 +0.4 +0.4 0. £
Systematics [% i N t 5 i 39
JES/JER [7] P e E z

CategoryReduction JET Piloup_RhoTopology [] By £ I - v I

CategoryReduction JET Eralutercalbration Modclling [ i : ; o

CategoryReduction JET_Flavor_Response [ & 2 i o
IFSR + PDF [%] g i = i =

Tor R syt [4] i i 2 : e i

TutraPDF (77 021 017 E128 3043 0.0 0.10

scale_muF_syst [] i i F0.12 i i T i i i
Nodelling [%] F352 %33 2 % F101 08 =130 i F443 450

Hadronization [7 E305 3331 3210 1.07 5061 T8 12 151 7431 3ib

HardScattern B F0T0 5029 5030 015 F196___ 5050

ntop (7] i 5020 T T T .
Flavour tagging [4] i

weight_bTagSF_DLIr 70 cigevars B0 i > o 5]

weight DTagSF_DLIr_70_eigemars BT =078 I =128 5

weight_bTagSF_DLIr 70 cigemvars B2 i 2050 =081 S 5050
Background [7] 120 EWERE S S E N Y N At EPEE (] F510___E501

Wiets_norm [] 050 090 F112_ F162 _EL6 0L F163___EL71 E335___ 3.2

StugleTop_tW_DS [7] 0.00 005 <005 5073 5078 081 ESNERN ) EERTNNNESE

Zicts_norm [ 013 0303037 000 20004007 F001 038 07070
Teptons [7] 059 ) =091 e i B ] i} ] hie

weight _loptonSF_EL =031 F085 3057 =050 £0.42 F051 3041 F062 060

Welght TeptonSF MU F0H w i I ¢ W E S A O = =T ™

weight_ToptonSF_MU F033 3031 3035 035 052 3025 3025 £027 2026 F025  F021 F020 025 021 H023 %022

Table B.7: Table of systematics for the differential cross-section at the parton level for the
observable |y?| in bins of m®.

FET) ETy

Table B.8: Table of systematics for the differential cross-section at the parton level for the
observable p%had in bins of m!t.
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Appendix B. Systematic tables

B [CoV 075 7517 10300300500 500 1000 1000 1075 1075 1170 1170 13001300 1500 1500 2000 3000 3075 2075 2170 2170 23002300 2500 2500 3000 3000 3075 3075 3180 3180 4000
/APy [ph/GeY 263 100 650 10 102101 247 10 180 100 262 10" 63110 13110 218 10° 111 10> 161 10" 36810 70710 102 10° 525 100 80010 130101 37610~
Total Uncertainty 7] o T T 3 B B I T T el e i i
Statistics [7] 03 6 2 01 9 305

CategoryReduction JET Pilenp_RhoTopology [ ; o
CategoryReduction JET Flavor_Response z
CategoryReduction JET Etalutercalibration_Vodelim =335 :

Modellng 7] 3 o it ]
Hadronization ES T g AT} £6.60
ardScattering 7] 5 7 T 3085 ESNE] F192
top [7] T T Ty

TERAPOR R mm R —w e ———ww———w———w———aw————n i = i

7 S B s N I A s s S 5 . i

scale iR _syst [7] B o i I
TatraPDF [7] B 3 5 028 0 2712250
Flavour taagiog (7] i1 i3 bt
weight_TagSF_DLIr_70_cigenvars B0 [7 i ¥l
weight B TagSF_DLIr 70 _cigonvars B 17 7 70,97
weighi BTagSF_DLIr 70 cigonvars B 2 Iy 083 3070

Background (%] 222 130 183
Wiets _norui [% =101 T8 100
SugleTop W _DS 07 011 03
Ziets worm 7 =036 035 030

Teptons [/] =% Tm 01 07
weight_leptonSF_EL_SF =001 065___+078
weight_leptonSF_MU_SF_Trigger SYST 7 F0a1_
weight_leptonSF_MU_SF_Tsol_SYST [7] 2026 2030097

Table B.9: Table of systematics for the differential cross-section at the

observable pf in bins of |y*f|.
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Appendix C

Update of the EvtGen decay models
and branching ratios, together with
mass tables for heavy flavour
hadrons decay

C.1 Introduction

Final states that include heavy flavour (bottom and charm) hadrons are
important for the study of many processes at the LHC [157]. Examples of
these processes include top quark pair (¢f) production, Higgs production
and searches for physics beyond the Standard Model (SM). To fully exploit
the large data samples that have been collected during Run IT at the LHC,
a reduction in systematic uncertainties associated with the modelling of
heavy flavour (HF) hadron production and decay will be needed. Although
data-driven methods are likely to play a major part in the effort to reduce
these uncertainties, improvements in the Monte Carlo (MC) models used to
determine reconstruction efficiencies will also be necessary.

The BELLE II [158] collaboration has provided new models and updated
decay tables, with major updates pertaining HF hadrons, therefore the focus
of this work has been studying distributions that could give detailed info
on how these changes affect Monte Carlo samples. These new models have
been compiled into a modified version of EVTGEN 1.7 [159] and compared
to the results obtained using the default ATLAS tables as well as other MC
generators. The BELLE II collaboration also provided updated mass tables
with the most recent measurements from the PDG [160].
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Appendix C. Update of the EvtGen decay models and branching ratios,
together with mass tables for heavy flavour hadrons decay

C.2 Monte Carlo samples and Rivet routine

The versions of the generators studied here were PYTHIA 8.244 [79] and
PyTHiA 8.3 [161], HERWIG 7.2.1 [162], POWHEG [163] and SHERPA 2.2.11 [81].
In all samples except SHERPA, EVTGEN has been used to redecay the heavy
flavour hadrons. All pp samples have been generated at the center-of-mass
energy of /s = 13 TeV. The studied process is inclusive top-pair production,
therefore no requirements are made for the W bosons decay channel.

The Rivet [164] routine, prepared to validate the new EVTGEN decay
tables from the BELLE II collaboration, includes the following HF jets and
hadrons related observables:

e Stable and charged stable particle multiplicities for BT, B, BY A9
D°, D+, D+ A*.

e Production fractions for HF hadrons.
« Stable charged particle multiplicity in b- and c-jets.

« Fragmentation functions (FFs) for HF jets, calculated as a function of

Phadron * pjet (C ' 1)

z =
P )
pjet

where Phadron and pjey are the 3-momentum of the HF hadron and of
the reconstructed jet, respectively.

In this study 2z was measured for anti-k;, (R=0.4) jets with rapidity
77| < 2.5 and transverse momentum p' > 25 GeV. Jets are defined
to be heavy flavour jets if there is a HF hadron with momentum

pr > 5 GeV within AR = /A¢? + An? < 0.3 of the jet direction.

The following distributions were included in the routine:
o FFs for HF jets in the region 500 GeV < pr < 1000 GeV.
o FFs for HF jets with exactly 1 HF hadron.

o pr and pr, distributions for leptons in b- and c-jets, where pr is
calculated as

pr, = Plen X Pt (C.2)
rel |ﬁjet’

Here again pje is the 3-momentum of the considered jet, while pie, is
the one associated with the lepton.
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C.3. Results

« Differential and integrated jet shapes. The differential jet shape p(r) in
an annulus of inner radius r — Ar/2 and outer radius r + Ar/2 from
the axis of a given jet ! is defined as

1 pr(r—Ar/2,r + Ar/2)
p(T) = A_T pT(();R) 5

(C.3)

where pr(a,b) is the total pr of the particles found in an annulus of
inner radius a and outer radius b. In a similar way, the integrated jet
shape is defined to be:

gy =220 oo (C.4)

pT(O, R)

o Jet width W, obtained as a distribution of the distance AR from the
center of the jet weighted by the jet constituent (stable) particles’ pr

in the following way:

W =
Zi P,
had

o Jet pp and p7*®. Here pr is the transverse momentum of the jet, while
phadron jg the transverse momentum of the HF included in the jet.

(C.5)

The routine also includes the distributions of the following observables:
o differential jet shape,
 lepton pr, for b- and c-jets,
» stable charged particle multiplicity in HF jets,
divided in the following jet pr bins:
{25, 30, 50, 70, 100, 150, 300, 500, 1000} GeV.

In this study, only jets with a py > 25 GeV were considered. The routine
has been added to the Rivet repository under the name MC HFDECAYS.

C.3 Results

A good agreement was found between the new BELLE IT models/decay tables
and the standard ATLAS ones. HERWIG and SHERPA, on the other hand,
while in reasonable agreement in the b-jet fragmentation function and in the
core of the c-jet one (0.2 < z < 0.9), showed a difference of ~ 40% in the
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Appendix C. Update of the EvtGen decay models and branching ratios,
together with mass tables for heavy flavour hadrons decay

Fragmentation function for B jets Fragmentation function for C jets
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Figure C.1: Fragmentation functions for b- (a) and c-jets (b).

low- and high-z regions, as can be seen in Fig. C.1. The pr,, distribution
of the leptons contained in the HF jets, shown in Fig. C.2, showed a good
overall agreement between different generators, except for SHERPA 2.2.11,
which differed from the others by more than 40% in most of the bins. As

Pl distribution for leptons in B jets pr,, distribution for leptons in C jets
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Figure C.2: pr._, distributions for leptons in b- (a) and c-jets (b).

IThe jet axis is defined to be the direction of the momentum of the jet from the anti-k;
(R=0.4) algorithm
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C.3. Results

for the differential jet shape (Fig. C.3), for both b- and c-jets the agreement
was very good between all the considered MC samples, reaching differences
not bigger than ~ 10% in all the bins. Comparing the results obtained with
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Figure C.3: Differential jet shape (p) distributions for b- (a) and c-jets (b).

different generators for distributions divided in pr bins (e.g. the pr, of the
leptons in the HF jet), all the generators were in good agreement, even in
low-statistics bins considering the large uncertainties. SHERPA was the only
one which differed by more than 40% in most of the py,_ bins. However, as
shown in Fig. C.5, in the high-pr bins (pr > 300 GeV), this difference became
smaller and disappeared in the last one, where 500 GeV < pr < 1000 GeV
Fig. C.5(h).

Since the biggest changes in the EVTGEN tables were made in the HF
hadrons decays, part of the study has been dedicated to investigate how these
changes affect the production fractions and multiplicities of neutral stable
and stable charged decay products of these hadrons.

Charged multiplicities and decay multiplicities showed quite clearly the
differences between the default and updated tables, together with some
differences with other generators. In particular SHERPA, which however has
not been interfaced with EVTGEN, differed by ~ 40% with respect to other
generators in the low-multiplicity bins of the charged multiplicity distribution
when looking at b-jets (Fig. C.4), while HERwIG differed by ~ 50% in the
high-multiplicities region.
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Appendix C. Update of the EvtGen decay models and branching ratios,
together with mass tables for heavy flavour hadrons decay

Charged particles mult B jets 20GeV < pr < 30GeV/ Charged particles mult B jets 30GeV < p Charged particles mult for B jets 50GeV < pr < 70GeV
2 025 T T IITTY g 0as [T T T Raans: B I e A A BRammasss
E y8.244EG1.7 by —— 1y £ f
H £ —4+— Py8.244EG17.B H £ —4+— Py8.244EG17.B H £ —— Py8.244EG17B
R —4— PhPy8.244EG1.7 £ 20 —4— PhPy8.244EG1.7 £ 20 —4— PhPy8.244EG1.7
£ £ —+— PhH7.21EG17 £ £ —+— PhH7.21EG17 £ £ —+— PhH7.21EG17
—+— Shaza1 E —+— Sh2z11 3 o015 - —— Sh2z11 =
= = n = =
£ -
b e o | L o bl ol | | |
S .9 - 1§ B UIRARERREES:
E 3 = 13 =
= 12 = 12 oo =
R = o 11 E g 11 oy segaiiad 0l L =
k] . 5 ol n . 5 o) vttt ~
= 08 = 08 =
= 85 = 85 =
| P D T 88 | Ll I [ 88 P I S ISR It Y (IR T
23 30 35 4 o 5 10 15 20 2 o 35 40 3 0 15 20 25 o 35 40
Multiplicity Multiplicity Multiplicity
(a) (b) (c)
Charged particles mult B jets 70GeV < pr < 100GeV Charged particles multi B jets 100GeV < pr < 150GeV’ Charged particles mult B jets 150GeV < pr < 300GeV
P s mana Aan s anan Aaans nanan naanananse BRSSO iAn Raanananss B PRa a  p o A ARaAs RaRRs Aaaa)
5 £ —4— Py8.244EG17 ] 5 E —4— PyB.244EG17 ] 5 £ —4— PyB.244EG17 ]
£ £ —— Py8.244EG17.B £ —— Py8.244EG17.B £ £ —— Py8.244EG17.B
£ o —4+— PhPy8.244EG1.7 £ o —4+— PhPy8.244EG1.7 £ o2 —+— PhPy8.244EG1.7
£ —+— PhH7.21EG17 ] £ —+— PhH7.21EG17 £ £ —+— PhH7.21EG17 1
o1 —+— Sh2z2a1 E —+— Sh2z211 o5 - —+— Sh2z2a1 E
5 1 5 1
£ - £
o1 s % 3 3 o | 3
ER F
* L
oos - ¥ i‘ o005 [
F#* hS L 1
O R A/ T CASMTEE iz o BT
M T T T \++ T UNHHE e T T T R
= + = E - §es &
= Joe s = E 12f BUURSES SN evs 3
g HETs 11 ::;:4‘2‘#4. 3 oz s s SeaessNeRecIeesioine:
3 gasog \as = 3 I S o PRI HH
gt T R s I
= E 87 By + i
T Ul leh [ SSEl 1
5 10 15 20 25 3 35 40 o 5 10 15 20 25 30 35 40 o 5 10 15 20 25 30 35 40
Multiplicity Multiplicity Multiplicity
(d) (e) ()

Figure C.4: Charged particle multiplicities for b-jets in different pr regions.

C.4 Conclusion

The differences between the standard ATLAS decay tables used by EVTGEN
and an updated version of them made available by the BELLE II collaboration
were studied, together with new decay models. Since the changes were mostly
important in heavy flavour hadrons decays, the studied distributions refer to
either b- or c-jets. No major change was observed in fragmentation functions,
jet width/shape, nor pr,_, distributions, while it was clear (and expected)
that the updated tables affect the neutral stable and charged stable decay
products multiplicities for HF hadrons.

Some differences have been observed between HERWIG, SHERPA and
PyTHIA, in particular in distributions like fragmentation functions, where
differences ranged from 10 to 40% for both SHERPA and HERWIG, and pr,
distributions where SHERPA differed from the other generators by as much
as 50%. Large differences were also observed in the production fractions of
heavy flavour hadrons.

To investigate the difference between different generators and versions of
both decay models and tables, a Rivet routine was prepared which contains
most of the distributions shown in a previous work [165] and more were
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Figure C.5: pr, for leptons contained in b-jets, in different pr regions.

added.
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