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Sommario

La teoria del campo effettivo del Modello Standard (SMEFT) offre un metodo efficiente di teoria
dei campi per raccogliere prove sperimentali della nuova fisica, indipendentemente dalla scelta del
modello teorico sottostante. Questo metodo tratta il Modello Standard (SM) come una manifesta-
zione a bassa energia di una teoria fondamentale pit ampia e consente di codificare gli effetti a piu
alta energia aggiungendo alla lagrangiana operatori di dimensione piti alta. Pertanto, adattando i
coefficienti di questi operatori per mezzo dei dati di alta precisione ottenuti negli esperimenti, & pos-
sibile vincolare un insieme di modelli teorici a cui potrebbe appartenere un modello piti completo
della realta. Il modo pitt naturale per cercare effetti di nuova fisica € sicuramente quello di analizzare
i dati ottenuti dagli esperimenti ad alta energia del Large Hadron Collider (LHC) e in particolare i
dati della produzione del quark top.

In questa tesi, le espressioni delle osservabili chiave, come la sezione d’urto differenziale e totale,
sono determinate analiticamente a livello LO nella SMEFT a 6 dimensioni, per la produzione di coppie
quark-antiquark top tramite collisioni di protoni al’LHC. Sono inoltre riportate le espressioni non
solo per i termini lineari dei coefficienti di Wilson, ma anche per i loro termini quadratici. I dati di
simulazione ottenuti con tali osservabili sono poi confrontati con le simulazioni di MadGraph5.






Abstract

The Standard Model Effective Field Theory (SMEFT) offers an efficient field theory method for
collecting experimental evidence of the New Physics, regardless of the choice of underlying theoretical
model. This method treats the Standard Model (SM) as a low energy manifestation of a broader
fundamental theory and allows higher energy effects to be encoded by adding higher-dimensional
operators to the Lagrangian. Therefore, by fitting the coefficients of these operators by the high-
precision data obtained in experiments, it is possible to constrain a set of theoretical models to which
a more complete model of reality might belong. The most natural way to look for New Physics effects
is certainly to analyse the data obtained from the high energy experiments at the Large Hadron
Collider (LHC) and in particular the data of the top quark production.

In this thesis, the expressions of key observables, such as the differential and total cross section,
are determined analytically at the LO level in the 6-dimensional SMEFT, for the production of top
quark-antiquark pairs by proton collisions at the LHC. Expressions are found not only for the linear
terms of the Wilson coefficients but also for their quadratic terms. The simulation data obtained with
these observables are then compared with simulations retrieved with MadGraphS5.
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INTRODUCTION

The scope of this dissertation is to study top quark-antiquark pair (¢£) production at the Large
Hadron Collider (LHC) through the lens of the Standard Model Effective Field Theories (SMEFT)
approach. We perform the computation, at the leading order (LO) in perturbative expansion, of key
physical observables characterising the ¢t final state and consider their sensitiveness to new physics
effects parametrised by the SMEFT.

After a brief description of the basic physics concepts necessary to frame our work, we detail the
methods used to obtain the relevant observables in the production of the ¢t pair at the LHC. Our
analytical results are then compared and validated against a fully numerical approach as obtained
through MadGraph5_aMC@NLO. Finally, we present a first evaluation of the sensitivity of the various
SMEFT contributions to these observables.

Why Effective Field Theories?

In the context of High Energy Physics (HEP), the Standard Model (SM) of particles and elementary
interactions, based on a gauge quantum field theory, is certainly the most powerful framework to
describe the nature of a broad set of phenomena. However, there are several reasons, based on both
theoretical as well as experimental and observational arguments, that suggest that the SM might not
be complete. Evidence of dark matter and dark energy, the observed asymmetry between matter
and antimatter, the strong CP-violation problem, the problem of hierarchy between the Planck and
the Electro-Weak (EW) scale, gravity not yet been integrated with the SM and other issues, all point
to the existence of physics Beyond the SM (BSM). This leads to many ongoing searches for BSM,
often conducted through the development of specific Ultra-Violet (UV) models, highly dependent on
theoretical assumptions and very often difficult to characterise.

Run 3 has just started at LHC [1], and no significant evidence for New Physics (NP) has been

collected despite the numerous signatures proposed in the context of a variety of BSM models. This
suggests using an approach that does not contain such strong assumptions about UV physics, apart
from its consistency with the SM at low scales and the general principles of Quantum Field Theory
(QFT). This way of attacking the problem is often called model independent.
Among these, Effective Field Theories (EFTs) offer an especially powerful tool, being them largely
agnostic about UV physics yet capturing low-energy effects consistently. The SMEFT is the EFT asso-
ciated to consider the SM as a linearly realised gauge theory and extending it to higher dimensions,
adding all operators that are consistent with the SM gauge symmetries.
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INTRODUCTION EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

The main idea, implicit in all physical descriptions, is that the phenomena are typically described
in a certain range of distances/energy and that such descriptions are by definition only effective
theories. A fundamental premise of effective theories is that the dynamics at low energies (or large
distances) does not depend on the details of the dynamics at high energies (or short distances).
Consequently, low-energy physics can be described using an effective theory that contains only a few
necessary degrees of freedom, ignoring the additional degrees present at higher energies. What is
relevant in an effective theory is the determination of its scale of application and the dependence
of its parameters from the same scale. The underlying purpose behind effective theories is that it is
possible to develop a simplified model without knowing the overall exact theory. [2][3]
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Figure 0.1: For example on the Earth, if the height of an object is less than the
Radius scale the gravitational field could be approximated by a uniform function.

Nature contains an abundance of physical scales: from the Hubble scale to the Planck scale. In
order to make sense of a given physical problem, we need first to identify the appropriate scale, for
example, we do not need to know the composition of planets to calculate their orbital motion or we
do not need to know the short-distance properties of Electro-Weak (EW) theory to calculated the
Hydrogen energy levels (at least to a very good level of precision). In HEP, we use QFT to compute
scattering amplitudes which then enter the determination of collider cross sections, decay rates, etc.
In this case, the relevant scales are characterised by particle masses, collider energies, momentum
transfers, etc. The key point is to be able to exploit large-scale separations at our advantage, by simply
noting that not all of them are relevant to study a specific problem. For example, in a scattering
amplitude of two particles with a different mass scale (one light m and one heavy M) with the centre
of mass energy E where E? ~ m? < M?, the "heavy physics" should not have a big impact on low
energy phenomena but their small contributions could be evaluated with arbitrary precision thanks
to power counting expansion terms of m?/M? or E?/M?. Theoretical support for this concept is
formalised in the Decoupling Theorem by Appelquist & Carrazzone (1975) [4].

An FFT efficiently describes phenomena within a certain range as the effects of higher-scale
physics are absorbed into parameters of higher-dimensional interactions. The development of an
EFT involves two different types of approach: the top-down approach by which we start from the
knowledge of the theory or models at higher scales and the interest is to more efficiently and reliably
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determine results of experiments performed at lower scales and the bottom-up approach by which
we start from known phenomena and models which describe the data to eventually deduce more
complex models capable of describing physics at higher scales. [5]

The EFT is a fully-fledged quantum field theory and, like any other QFT, requires a regularisation
and renormalization scheme necessary to deal with ultraviolet (UV) divergences. From this theory,
it is then possible to calculate any observable starting from its Lagrangian, without any additional
external input, in analogy to what can be done with the Quantum Electrodynamics (QED) theory. In
many cases, an EFT is the low energy limit of a more fundamental theory (which could itself be an
EFT), often called a "complete theory" or "UV theory". In particular, the SMEFT is an EFT built on top
of the SM fields and interactions and is used to analyse the deviations from the SM in order to look
for the NP. In general, the scale at which the SMEFT operators are associated is not known but it is
still possible to develop calculations in terms of power counting terms relevant to ratios of this scale.

In this work, we have used the SMEFT Lagrangian up to dimension six to develop the expressions
of the observables able to be compared with experimental results obtained in the ¢t production process
which, at the energy involved at the LHC, is one of the most relevant final states.

Relevance of the top quark

The top quark ¢ is currently the most massive elementary particle ever observed (it is forty times
heavier than the bottom quark and at the same scale as the W*, Z° and Higgs bosons). Its mass
derives from the Yukawa coupling to the Higgs boson. This coupling, very close to unity, represents
the largest of the SM at the SM energy scale. After its prediction in 1977, as the weak isospin partner
of the bottom quark and the sixth completion quark of the SM three generations, the top quark was
finally discovered in 1995 by the CDF and D@ experiments at the Tevatron collider located in Fermilab
(Batavia, US-IL).

The top quark is a spin !/2 fermion, has an electrical charge of + 2/3¢, has three possible strong
colour charges, has a mass value of (171.77 + 0.38) GeV (dated April 19, 2022, from 2016 CMS-
LHC experimental data [6]). Like other quarks, it participates in all four fundamental interactions:
gravitation, electromagnetism, weak interactions and strong interactions, being a quark, it would be
subject to colour confinement.

However, due to its large mass, the lifetime of the top quark is roughly 5 - 1072%s [7]. This
value is about one-twentieth of the time scale of strong interactions, so the top quark decays before
starting to have hadronised, as opposed to other quarks, thus giving a unique opportunity to study
it individually through its decay products. Its typical low-order decay process by weak force is the
following: ¢ — W*b. This characteristic allows us to study experimentally in detail the effects of
strong interactions (QCD) in its production.

Another question related to the heavy mass of the top quark is what is called the "stability of the
Universe". In fact, the mass of the Higgs boson, whose value determines the absolute stability of
the vacuum is strongly dependent on the mass of the top quark. Therefore, it is very important to
measure the latter with high precision [8].
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Figure 0.2: Regions of absolute stability, meta-stability and instability of the SM
vacuum in the top quark - Higgs boson mass plane [8].

Given their large mass, top quarks can be produced only through very high-energy collisions.
These occur naturally in the Earth’s upper atmosphere when cosmic rays collide with particles in the
air or can be produced in a controlled manner by a particle accelerator. After the Tevatron finished its
operations, the Large Hadron Collider remains the only accelerator with enough energy to produce
top quarks. There are two main types of production processes: top-pair production and single-top
production.

The most common production process is the top-antitop quark pair generation via strong interac-
tions. In a typical collision (i.e. hadron collision as at the LHC), two highly energetic gluons (g9 — tt)
or a highly energetic quark-antiquark pair (¢q — tt) could fuse and turn into a top and antitop pair
of quarks, as shown in Figure 0.3. It is also possible to produce pairs of top-antitop through the an-
nihilation of an intermediate virtual photon or Z° boson, even if, these processes are predicted to be
much rarer and are normally neglected.

g @ ’ @ q @

g q
CIENE A ®
Figure 0.3: Top quark-antiquark pair production at LO, diagrams representing

the three different channels (s-, ¢- and u-channel) for gluon fusion and a single
channel for quark-antiquark annihilation are shown.

Although with less frequency than a top pair production, in a hadronic collision of suitable energy,
it is possible to produce also single top quarks through weak interaction with processes shown in
Figure 0.4.
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Figure 0.4: Single top quark production at LO, diagrams representing the three
different channels (s-, t- and W associated) are shown.

Currently, the goal of the research of the experimental collaborations at the LHC is to improve the
level of precision of the measures of the characteristics and interactions of a particle as unique as the
top quark, to bring out the signs of new physics.

The Large Hadron Collider

Where can we see signs of the NP in a controlled way? Of course, the Large Hadron Collider
(LHQ) is a perfect laboratory to explore the HEP phenomena and detect any evidence of undiscovered
interactions or resonances.

To date, the LHC synchrotron, at CERN in Geneva, is the largest and most powerful particle ac-
celerator ever built. It is installed inside a 27 km ring tunnel positioned 100 m underground in the
countryside around Geneva, between Switzerland and France [9]. It is a hadron-hadron (protons or
lead ions) collider, where two separated particle beams are injected and repeatedly accelerated in op-
posite directions inside two dedicated ultrahigh vacuum pipes, reaching a velocity close to the speed
of light. These two beams finally collide in four different positions around the ring, corresponding to
the four main experiments: CMS, ATLAS, ALICE and LHCb.
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Figure 0.5: LHC scheme - source by CERN.

The two beams are obtained thanks to a complex pre-acceleration system that injects particles
into the biggest ring and also thanks to a complex system of radio frequency acceleration cavities and
superconducting bending and focusing magnets that allow the boost of protons up to 7 TeV nominal
energy per beam (/s = 14 TeV mass centre energy of collision). This last part is surely the most deli-
cate, constituted by 9300 multi-pole Ni-Ti alloy superconducting magnets cooled at 1.9 K by hundred
tonnes of superfluid helium-4.

In case the colliding particles are protons, nominally, each beam along the ring could hold up to
2808 packets of 1.15 - 10'! particles, called bunches, for a total of 3 - 10'* particles per beam. At the
maximum collision energy, the elapsed time between two bunches is 25 ns, with a distance between
them of 7m. This corresponds to a collision frequency of 40 MHz.

The CERN accelerator complex
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Figure 0.6: Complex chain of accelerators and sectors of the main ring - source
by CERN.

Hadrons are not elementary particles, so their collisions at LHC energies are essentially complex
interactions between their components, called partons (quarks, antiquarks and gluons). Despite the
complexity of the activated processes, it is preferable to use hadrons compared to other elementary
particles such as leptons, since having a significantly greater mass than other types of particles, they
are less strongly affected by the loss of energy along the acceleration ring. It is known that a charged
particle in circular motion loses energy by radiation inversely to the value of the mass of the particle
to the fourth.

Page 6 of 141 March 9, 2023



EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC INTRODUCTION

Each collision (e.g. proton-proton collision) together with all its produced particles is called the
event. Many scattering processes take place at each event, as schematised in Figure 0.7. The most
interesting part of the event is certainly the hard scattering interaction of the incoming partons of
the two proton beams (represented in the figure by a large dark red spot), i.e. the part characterised
by high momentum transfer. The outgoing partons, produced by hard scattering, undergo a decay
process (small red spots) contributing to forming what is called the partons shower (red filaments).
The remaining partons hadronise (light green spots) forming hadrons in a colour singlet state. The
unstable hadrons subsequently decay (dark green spots) further into lighter particles. The radiation
of photons (yellow filaments) could occur at any stage. At the same time as the hard scattering, the
secondary hard scattering process (purple spots) involves the interaction of the remaining partons,
that were not directly involved in the primary hard scattering interaction. These processes in the
detection phase disturb the tentative reconstruction of the hard scattering process.

Figure 0.7: LHC event - source by SHERPA [10].

As can be clearly understood, the main parameter of experiments in a collider is the centre of
mass energy +/s of the colliding particles. The value of this parameter represents an upper limit to
the various types of particles that can be produced by the collision or can bring out the interference
effects due to hypothetical even heavier particles. The last energy value reached at the LHC during
Run II (/s = 13 TeV) is now superseded by the current new Run III phase value, i.e. /s = 13.6 TeV.

Another fundamental parameter, for the LHC and in any case for a collider in general, is the
instantaneous luminosity L, which provides a measure of the rate of revealed events in a collision
experiment. In fact, the number of events of a specific interaction, detected during an elapsed period
of time, is given by the product of the instantaneous luminosity, integrated in the same period, by the
cross section o of the interaction process. It is evident that a high luminosity allows the detection of
rare processes, a typical characteristic of weak processes. This parameter depends on a lot of factors,
i.e. the number of particles per bunch, the number of bunches per beam, the revolution frequency,
the velocity of particles and also by the geometric shape of bunching beams, etc. The LHC design
instantaneous luminosity is roughly of the order of L = 1-10% ecm=2s~! = 1-1072 (pb) 's~L. At
present, the High-Luminosity Large Hadron Collider (HL-LHC) project is a current program that aims
to increase the integrated luminosity by a factor of 10 beyond the LHC design value.

March 9, 2023 Page 7 of 141



INTRODUCTION EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

The events generated by the huge number of collisions are identified using large detectors capable
of reconstructing the processes involved. The detectors are analogous to three-dimensional digital
cameras that can take millions of snapshots per second. For this purpose, the detectors are built with
different types of layers, each of them having the task of detecting specific particles together with
their kinematic characteristics. Each of the four main LHC experiments, in which particles are made
to collide, is essentially constituted of a specific type of detector. These are:

* Compact Muon Solenoid (CMS): is a generic detector designed to observe a wide range of
physics and to discover new phenomena;

* A Toroidal LHC Apparatus (ATLAS): is the second general-purpose detector of the LHC with
physical objectives similar to CMS, but with a different design and technical implementation;

* ALarge Ion Collider Experiment (ALICE): specialises in studying the properties of quark-gluon
plasma by analysing lead ion collisions;

* Large Hadron Collider beauty (LHCb): is to study the slight asymmetry between matter and
antimatter by analysing the interactions of the bottom quark.

The large number of collision events that arise in each experiment produces an enormous amount
of data generated by each individual detector. One of the main problems is certainly represented by
the instantaneous processing of all these data in order to identify potentially significant processes.
The Trigger system is part of each experiment that uses simple criteria to rapidly decide which is the
right one to be recorded. Anyway, collectively, the LHC experiments produce about 15 PB of raw data
each year that must be stored, processed, and analysed.
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Chapter 1

EFT AND SMEFT APPROACH

In this chapter, we briefly present a summary of the theoretical description of particle physics given
by the SM, a short application of EFT and the minimal elements of SMEFT to conduct the calculation
for top quark-antiquark pair production.

1.1 Brief summary of the Standard Model (SM)

The SM represents one of the largest and longest efforts in the history of physics to successfully de-
scribe and organise the basic constituent elements of Nature. It is a coherent theoretical construction
that has been hugely successful in explaining essentially most of the phenomenology of high energy
and particle physics. The birth of SM could be traced back to the discoveries of the first elementary
particles, which began as early as the end of the 19™ Century, although it is more appropriate to iden-
tify its birth with the advent of the first hypotheses on gauge theories, developed between the 1950s
and the 1970s. Its great success in the scientific community is certainly due to the self-consistency
of the constituent theoretical elements demonstrated so far and mainly to its ability to provide ex-
tremely accurate predictions of numerous experimental phenomena. However, some aspects of the
SM remain mysterious while some observations seem not to account for the SM framework. This
suggests that the SM should be expanded in some way.

The SM of particles and their interactions is a QFT implementation, whose fields, correspond-
ing to the currently discovered particles, are conventionally represented and organised as shown in
Figure 1.1. This set of particles is divided into fermions (spinorial fields), the basic constituents of
matter, and bosons (vector fields), mediators of the fundamental forces of Nature as described by
gauge interactions: electromagnetic force (photon ), the weak force (three vector bosons W+, W~
and Z°) and strong force (eight gluons ¢). The Higgs particle, being a scalar, is the carrier of a differ-
ent force, which we call Yukawa interaction. Fermions are divided into quarks (six flavours of quarks
divided into three generations, each of them further divided into up and down flavours), which inter-
act through all forces, therefore they are endowed with electric charge, weak charge (weak isospin
charge) and strong charge (colour charge) and leptons (divided into three generations, each of them
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further divided into neutrinos and leptons properly said), which interact only with the electroweak
force and therefore are endowed with an electric charge and a weak charge. In particular, neutrinos
have zero electric charge. As already mentioned, a further subdivision of fermions is in families, said
also generations, which have similar characteristics except for the mass of the constituent particles.
Finally, there remains the Higgs boson, whose interactions with other SM particles are governed by
their mass, or rather, it is the interaction with this newly discovered boson that determines the mass
of each individual particle.

As predicted by the Dirac theory, each fermion particle has its own anti-particle, with an opposite
charge.

Some typical characteristics of the SM particles:

* leptons appear in nature as free particles, although only the electron and neutrinos (apart
from the neutrinos oscillation) appear to be stable, while all the others decay via electroweak
interactions;

* all quarks (except for the top quark) and gluons can only be studied indirectly since they
cannot appear isolated in nature, but only in colourless bound states called hadrons (mesons
and baryons), states of two or three quarks "tied" by gluons: this phenomenon is called colour
confinement;

* photons are the only long-range stable bosons, the other weak bosons, endowed with mass,
also decay due to electroweak interactions.
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Figure 1.1: Standard Model - source by Carsten Burgard [11].
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The SM field theory is a renormalisable non-Abelian gauge symmetry theory based on the trans-
formation groups SU(3)c x SU(2)1, x U(1)y !, with partial symmetry breaking induced by the Brout-
Englert-Higgs (BEH) mechanism in the electroweak sector SU(2)r, x U(1)y. The bosons are chirally
coupled to the three families of fermions and explicit mass terms are not allowed, as these terms
would explicitly break the gauge symmetry. For the same reason, mass terms are also not allowed for
fermions. The masses of the bosons as well as of fermions emerge from the BEH mechanism. In this
strict version, the SM describes massless neutrinos. While we know neutrinos are actually massive, for
the sake of the study presented here whose applications are meant for the LHC, this is an extremely
good approximation.

To mathematically describe the SM it is necessary to correctly set the parameters in its Lagrangian
and to identify its scalar, vector and spinor field components of the Minkowski space-time.

Considering the lepton fields, | € {v¢,v,, v, e, u, 7}, and the quark fields, ¢ € {u,c,t,d, s, b}, it is
useful to organise them in the following compact chiral structures:

_ Ve-_ _-UL-_
er, dL
- eRr -z uR dp
v c
« L= ||| R= |p Q= ||| U= |er| D= |sr],
1225 SL
: TR Lo tr br
Vr tL
TL br,

where different dynamics must be considered for each chiral component, left-handed f;, = (1—~°)f/2
and right-handed fr = (1+~°)f/2, of each fermion field f since SM is supposed to be a chiral theory.
Neutrinos are left-handed only.

We have also to take into account that leptons and neutrinos are represented by only one simple
Dirac spinorial field, while each quark requires three spinorial fields to represent it, each for all
three possible colours. So, a generic quark ¢ can be represented by the following field structure
q = (¢, ¢®, ¢®). Conventionally, the three possible colour charge values are "r": red, "g": green
and "b": blue.

All the above fermion fields are measured in [Energy]l/ * [Length] " for physical units or in [Energy]3/ 2

for natural units (where 7 = ¢ = 1) or more simply indicating the only exponent: [f] = 3/2.
For the force mediators, the following vector fields are considered:

* A, for the photon v;

* W, and W, for the two W and W~ weak bosons and Z,, for the Z° weak boson;

. éu = (G}L, s Gi) for the eight gluons g, corresponding to the eight generators of SU(3)c
group.

Instead of the above-mentioned photon field A, and weak fields W/f, Z,,, for the theory it is preferable
to use the following rotating fields, corresponding to the whole electroweak sector:

1O stands for colour, L stands for left-handed and Y stands for hyper-charge
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. W, =W w2

o Vo

generators of SU(2);, x U(1)y group:

W2) and B, to cover the four electroweak bosons, corresponding to the four

Wir+Ww, ,
W, = % W2 = Ausinbw + Z, cos Oy
+ — >
w? = uz B, = A,cosOw — Z,sinf
woo= \/i o= H w H w

where 0y is the Weinberg angle.

Related to the Higgs boson we have to consider the following complex scalar doublet field (four real
scalar fields):

All of these boson fields are measured in [Energy]l/ 2 [Length}_l/ ? for physical units or in [Energy]"
for natural units (where 77 = ¢ = 1) or more simply indicating the only exponent: [A,] = [[Wlﬂ =

[2,] = [C.] = [2] = 1.

1.1.1 Gauge theory

The key point of the SM gauge theory is to ensure the local invariance related to the SU(3)¢ x
SU(2)r, x U(1)y transformation group because thanks of this principle emerge the interaction be-
tween the constituents of the basic matter and the force mediators. For this purpose it is necessary
to assign the following charge scheme to each field:

field generations charge
fermions I I I B colour \iveak isospin hyper | electric
J e J 3 Y Q
ur, cr tr 7/2 rgb | | +1/2 +1/3 +2/3
quarks dr 5L | | 72 rgp | 7 {—1 /2 | 413 | —1/3
qe wr | er | te | 72 rgb | o0 0 +4/3 | +2/3
dr SR br 7/2 rghb 0 0 -2/3 -1/3
leptons Ve Vu Vr 0 - /2 {+1/2 -1 0
Ve v vy er, L TI 0 — -1/2 -1 -1
o en | wr | ™ 0 - 0 0 ) 1

Table 1.1: Charge scheme for fermions.
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charge
bosons fields colour weak isospin hyper | electric

e i g3 Y Q

eight gluons g é u colour/anticolour 0 0 0 0
photon ~ A, - 0 0 0 0
three weak Wi - +1 0 +1
bosons W+ Z° Z, - 0 0 0
o — 1/2 1 1

Higgs boson H o a/2 +1/ * +
o - —1/2 +1 0

Table 1.2: Charge scheme for bosons.

The electric charge Q (not to be confused with the left-handed quark symbol Q) is defined in terms
of weak isospin charge J3 (i.e. the third part of the weak isospin vector) and hyper-charge Y by the
well-known "weak Gell-Mann-Nishijima relation" also said Weinberg relation 2:

Q 553—1—2.

5 (1.1.1.1)

These charge schemes allow the building of the following local transformation, for which the SM
theory should be invariant:

U = exp (igsj-ﬁ + igT i + z‘g’gc) , (1.1.1.2)
where {gs, 9,9’} are the gauge coupling, measured in [Energy]_l/ 2 [Length}_l/ ? for physical units or
in [1] for natural units (where i = ¢ = 1), 7 = (71, ...,7%) are the eight 3 x 3 Gell-Mann matrices,
corresponding to the eight symmetry generators J of the SU (3)¢ group, & = (o',0% 0%) are the
three 2 x 2 Pauli matrices, corresponding to the three symmetry generators J of the SU (2)r, group

and {, 77, C} are the gauge parameter transformations, varying over space-time.

In order to respect the gauge principle and make the kinetic terms invariant for local transforma-
tion in SM Lagrange expression, it is necessary to modify the derivative through the minimal coupling
principle, by introducing the following covariant derivative:

D, =0, —ig.J-G, — igT- W, — ig’%BH, (1.1.1.3)
hence for each type of field:
DL = 3,L — ig%-WuL + ig/%BML — Jy=0 WL :% Y(L) = —1,
DR = ,R + ig'B,R — JR=0 TR =0 YR =-2,
. _ ) . .
DuQ = 0,Q — igsy -GuQ —igT WuQ — ig (BQ = Q=7 Q=3 ¥Q=+3,
DU = 9,U — igsg-GMU — g BU = Jw) :% JU)=0 YU)=+-,
D,D = 9,D zgs% -G.D + ig’=B,D — J(D) :% J(D)=0 Y(D)= —g,
D@ = 9,8 — ige  W,® — ig'=B, = j@) =0 i@ =% Y(@) = +1.

2The analysis of broken and un-broken generators of the BEH mechanism leads to this formula.
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The above derivative Formula 1.1.1.3 is gauge covariant for transformations like Formula 1.1.1.2
if gauge boson fields transform in the following manner:

G, — UGU '+ i @, UW)U'  where G,=7-G, and U=exp (igS J- 5) ,
1gs

9s
1 - o .
W, — uw,ut+ v (@ uyu-t where W,=7-W, and U=exp (ig 7,
B, — B,+ gaﬂg where U = exp (ig’ 2@“) .
(1.1.1.4)

Imposing the validity of the gauge theory, the fermions kinetic terms fi@f, where § = 0, must
be changed in the following way:

fiDf, (1.1.1.5)

for each chiral structure of fermion fields f € {L, R, Q,U, D} and where P =~+*D,,.

In addition to kinetic terms, the above covariant derivative also introduces couplings between fermions
and bosons and allows mixing between different flavour fermions: f(g,J-G utgl Wu +9'Y/2B,)f.

For the above relations, boson fields are called gauge fields and for each of them it is necessary to
introduce the following strength tensor fields to take into account the kinetic terms in the Lagrangian
expression:

Gs, = 0,G% — 8,G% + g, feGLGE for SU(3) gauge field ,

Wi, = 0,W} — o,W} + ge, WiW}  for SU(2) gauge field, (1.1.1.6)
B,, = 0,B, — 0,B, for U(1) gauge field ,

where f. and ¢, are the constant structure of SU(3) and SU(2) which verify the following commu-
tation relations:

[r¢/2 | 7°/2] = (19/2)(7°/2) — (7°/2)(7%/2) = if?*(r¢/2) where a,b,c=1,..,8,

[0'/2]07/2]

(6/2)(07/2) — (07/2)(c%/2) = i€l (o*/2) where i,j,k=1,2,3.
In Formula 1.1.1.6 we can clearly see non-linear terms, as prescribed by Yang-Mills (YM) theory,

typical of non-Abelian SU(N) gauge theories.

For the above YM theory, the kinetic terms for the gauge bosons included in the SM Lagrangian can
be written as follows:

Lae_Llimpe _1ioe
- = - - ——|B 1.1.1.
G- e - s, (1117)
where for simplicity we have put:  |G|? = Ge.,GhY, W2 = Wi Wk, |B]* = B, B".

As an additional note, it can be shown that the charge assignment system (Table 1.1 and Table 1.2)
of the gauge theory, as set up in the SM, verifies the cancellation of the gauge anomalies, preserving
the classical symmetry also at the quantum level and guaranteeing renormalisability.
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1.1.2 Spontaneous symmetry breaking

By imposing the gauge principle, it is easy to demonstrate that in the Lagrangian expression,
explicit mass terms cannot be present for bosons like W+ and Z° (i.e. 1/2 m2,|W|? or 1/2 m%|B|?),
despite experimental evidence clearly shows they are massive. In fact, the presence of these terms
would explicitly "break" the gauge symmetry as they are not gauge invariant. Especially for non-
Abelian theories. For this reason, a spontaneous symmetry-breaking principle is proposed for the SM
in the SU(2); x U(1)y sector through the BEH mechanism that brings out the appropriate mass
terms while maintaining the gauge invariance.

This mechanism works with complex scalar doublet field ® and it foresees in the SM Lagrangian
a kinetic term |D®|?> = (D,®)'D ®, where gauge boson mass terms emerge, and a potential term
V(®) = —p2|®|> + \|@|* with 2, X > 0, responsible of spontaneous symmetry breaking. For construc-
tion, these terms are clearly gauge invariant but, the ground state (GS), identified by the minimum of
the potential, is not. In this case, it is said the symmetry is spontaneously broken. By construction of &,
the broken symmetry involves only the electroweak sector SU(2);, x U(1)y, since  is "transparent"
for the strong sector SU(3)c.

The GS is calculated by min {V (®)} giving: |®gs|? = p?/2). Itis clearly a degenerate variable, hence
for simplicity, we can arbitrarily fix it as:

0 . .
bgs = Lf/\@] ,  Where v:u/\f)\ with > 0. (1.1.2.1)

This status in not symmetric because for a generic SU(2)., x U(1)y gauge transformation we obtain:

. 1
exp <lg 5+ ig' 24)%5 # ®gs , (1.1.2.2)

in fact, reformulating the argument of the exponential in the following way:

i . o3+ 1
+ (igns + lQIC)T )

0'3—]1
4

. . g1 . g2 . .
i+ ig ¢ = igm— + ige + (igns —ig'¢)

(1.1.2.3)

and considering the exponential expansion, we can identify three of the four generators of the sym-
metry SU(2)r x U(1)y which instead "break" the symmetry of the GS:

g1 g9
—& 0o —o 0
5 Pas # 5 2os #

o3+ 1
4

®cs # 0 "broken" generators
(1.1.2.4)

®gs =0 "unbroken" generator that suggests Formula 1.1.1.1 .

Looking at the above generators, we can re-parameterise around the GS in the following manner:

- 0 I 0
. c 3 — val
$d = exp (iX U) v+ H equivalentto @ := exp (zXUX3> v+ H | , (1.1.2.5)
v v —_—
V2 V2

where H and ¥ = (x1, x2, x3) are four auxiliary fields.

March 9, 2023 Page 15 of 141



EFT AND SMEFT APPROACH EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

For simplicity, being in a gauge theory, we can work with a gauge transformation of SU(2);, x U(1)y,
called unitary gauge, which "absorbs" the exponential part of this last parametrization, putting:

. 2X
n o )
gu
_ 2

/

gv

(1.1.2.6)

Apply this transformation and consider the rotating boson fields, the mass terms m%Vle' W and
1/2m%Z,,Z" emerge. Due to the partiality of broken symmetry, the photon has no mass terms, as
expected. The BEH mechanism also reveals spurious terms of Higgs boson interactions.

The obtained eigenstates, due to the unitary gauge transformation, are called gauge eigenstates.

1.1.3 Yukawa terms

As mentioned above, also the explicit mass terms for the fermions break the SU(2)r x U(1)y
symmetry, hence to introduce masses it is hypothesised the presence of gauge-invariant Yukawa terms
in the SM Lagrangian that for leptons is:

- <L<1>y<L>R + h.c.> , (1.1.3.1)

where y(%) is the Yukawa coupling matrix.

In general, y(%) is a 3 x 3 complex matrix, with the same physical dimension of the gauge coupling
constants, which could be diagonalised with positive eigenstates thanks to a bi-unitary transforma-
tion. This transformation changes the gauge eigenstates in new states called for this occasion mass
eigenstates.

Thanks to the specific leptons structure, L and R, where neutrinos are assumed to be massless and
only left-handled, after applying the unitary gauge transformation and subsequently the bi-unitary
transformation to the Formula 1.1.3.1, the leptons mass terms, i.e. myll for | € {e,u, 7}, emerge.
Where, with m; we have indicated the lepton mass, which can be determinable only by experiments.
Due to the BEH mechanism, in addition to the mass terms, also "spurious" Higgs boson coupling terms
appear, as (m;/v)HIl for | € {e, u, T}, pointing out the interaction between the massive leptons with
Higgs boson.

Despite the transition from gauge eigenstates to mass eigenstates, we can show that the possible
interaction between leptons is self-interaction and interaction with their neutrinos [12]. There is no
mixing between families.

For the quarks, the presence of mass for the up quarks as well as for the down quarks complicates
the structure of the relative Yukawa term, making it necessary to introduce an additional term linked
to a complementary field of the complex scalar doublet field, :

— <Qq>y(D>D +Qay VU + h.c.) , (1.1.3.2)

where y(P) and y(U) are generic 3 x 3 complex matrices corresponding to the Yukawa couplings and
¢ = io?®* = ((°)*, —(®")*) is the complex conjugate of & to have Y(&) = —1.
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Also, in this case, it is possible to individuate two bi-unitary transformations, one for each Yukawa
matrix that diagonalises them, with positive eigenstates. m,gq and (m,/v)Hgqwithq € {u,c,t,d, s,b}
emerge. We have to highlight that these bi-unitary transformations bring out also interaction terms
between different quark families. These interaction terms are regulated in the SM Lagrangian by
the Cabibbo-Kobayashi-Maskawa (CKM) not diagonal complex matrix V,, 4, with ¢, € {u,c,t} and
qa € {d, s,b}, which mixes the flavours of the different quarks. This matrix was introduced for three
generations of quarks by Makoto Kobayashi and Toshihide Maskawa, adding one generation to the
matrix initially introduced by Nicola Cabibbo.

It is possible to demonstrate that for three families of quarks, the CKM matrix has one complex
phase and this implies violation of the CP symmetry, experimentally observed for the first time by the
kaon oscillation K — K© system in 1964. Also, this evidence expresses the validity of the SM.

1.1.4 SM Lagrangian

In the end, the SM Lagrangian can be written in the following "compact" manner:

1oy 1 .= 1 _ _ _ _ _
Lsy = 71|G|271|W|271|B|2 + (Lz‘jﬁLJrRiJDR)+(Qi®Q+Uﬂ5U+Dz’ZDD) +

gauge boson kinetic terms fermion kinetic terms including interaction terms with bosons

- (I_Aby(L)R + h.c.) - (C_)be(D)D + Qdy VU + h.c.) + Do + p2|e)* — A|@|*

Yukawa interaction terms Higgs boson doublet dynamics

(1.1.4.1)

After the symmetry-breaking and passing to the mass eigenstates, the SM Lagrangian can be
written in the following explicit way:

Lsm =

1 > v 2 aae (6] v
0.6 = DG @Gy - 0Gr) = B 0,68 - 0,60)GLGY - B fue g aiGiGlGy +

gluons pure kinetic term cubic and quartic gluons self-interaction

- %(aﬂwj C WO — W) %(aﬂzu _0,2)(0" 7" — 2"y +

W= pure kinetic term Z" pure kinetic term

- i(@MAV —0,A,)(0MAY — 9V AM)  +

photon pure kinetic term
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—igz (W, (OPW2 — W) Z, — (0 W,F — W W' ZY — WEW, (942" — 8" ZM)) +

—ige (W, (O*WY —0"WH") A, — (8, W,F — 0,W,)WHAY — W IW, (9+A” — 0" AM)) +

1 4 — U v 4 v — v
—593 esc? Oy (WFWE)? = WEW WEWY) — g2 cot® Ow (WIWEZ, 2" — WIW, Z1Z") +

—g2 cot O (2W,FWHAYZ, — WiW, AV ZF — Wi W, A+ ZY)

cubic and quartic electroweak bosons self-interaction

2

> tiouf  + GZZQW”(QSTG>Q +
f q

fermions kinetic term gluons - quarks interaction

- 1= R
W, E 't gw— I + E @\ 9w — Viygs Jaa| + heo +
l q

W= bosons - fermions interaction
(charged currents)

ANZﬁ”(geQ(f))f + ZMZfV“(ngV(f)fA(fW))f +
s !

photon - fermions interaction Z° boson - fermions interaction

(electrical neutral currents QED) (weak neutral currents)

Sompff o+ Y =LHEF 4+
f f

——

————
fermions mass term

Higgs - fermion interaction

1 1 1 A
SOnHO"H — im%{HQ + ~mo? —AUH?’—ZH‘l +

8

miv

Higgs pure kinetic term, mass term and potential Higgs self-interaction

1 1 1
my WiW:h + om32,2"  +  Sgiy (20H + H) WiW! + 2g7 (20H + H?) 2, 2"

>

W and Z° bosons mass terms W* and Z° bosons - Higgs boson interaction

(1.1.4.2)
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where,

f
l

14

q

qu

qd

gw =9g/V2

ge = gsin by = g’ cos Oy

gz = g/cos Oy

v= ,u/ﬁ

Vauaa

diag(mq) = (v/v2) y™)

diag(mqu/d) = (U/\/é) X([}/D)Q(U/D)Y(U/D)
X(w/p) and Y/ p)

my = V25 = V2

mw = gv/2

mz =+/9%+ 9?2 v/2 = mw /cos Ow
+1/2

—1/2—}—2sin2 Ow

W)= +1/2 — 4/3sin? Oy
—1/2+2/3sin? 0w
Qa(f) = { i_ig

indicates all the fermion fields: {ve, vy, v, €, p, 7, u, ¢, t,d, s,b};
indicates all the proper lepton fields: {e, u, 7};

indicates all the neutrino fields: {ve, v, v, };

indicates all the quark fields: {u, ¢, t,d, s, b};

indicates all the up quark fields only: {u,c,t};

indicates all the down quark fields only: {d, s, b};

indicates W# boson - fermions coupling constant;

indicates photon - fermions coupling constant: electron charge;
indicates Z° boson - fermions coupling constant;

indicates GS also said vacuum expectation value (VEV);

indicates Cabibbo-Kobayashi-Maskawa (CKM) 3 x 3 matrix;

indicates lepton mass 3 x 3 diagonal matrix, neutrino masses are null;
indicates up or down quark mass 3 x 3 diagonal matrix;

indicates bi-unitary matrices that diagonalise 3(V/D);
indicates H boson mass;
indicates W boson mass;
indicates Z° boson mass;
for the following fermions:
for the following fermions:
for the following fermions:
for the following fermions:

fe{ve, v, v ks
fefenth
fe{uct};
fedd, s b}

f € {ve,vu,vr,u,c, t}
fed{ep,7,d, s, b}

for the following fermions:
for the following fermions:

1.1.5 SM is a renormalisable theory

Most of the experiments in HEP involve a collision of particle beams, inducing particle production

and decay. The diffusion data produced by these processes, allow us to study the interactions. The
theoretical analysis of such diffusion can take place thanks to the study of the cross section o for the
collisions or thanks to the study of the decay rate T'. These two observables express the probability
that the diffusion or decay process is detected. These ones, and in particular their differential version,
can be calculated by means of the scattering amplitude matrix M, also said matrix element. As shown
below in Formula 1.1.5.1 and Formula 1.1.5.2.

2m)1 al
Ma 1y @ @ MNPN gy (2m) 5t <P1+P2_Zpi>
7 4\/(191 - Py)? — M2M?2 P
collision: : N B
) 5= M1
, 1 @emy2E;
Ml, P1 o ° mi, P1 (1151)
@ MmN, PN
/‘ N —
\ (27'(' d3 2
\ dl = i M
decay: M,P @=> i 2M g };[1 27r)32E M
(1.1.5.2)
@ Mmi,;m

One way to calculate the scattering amplitude matrix M, exploits the Lehmann-Symanzik-Zimmer-
mann (LSZ) reduction formula, which leads to the formulation of the so-called Feynman graphical
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rules in the momentum space, which represent an efficient diagrammatic method for the calculation
of the functional integrals involved. Please see Appendix A. These rules lead to describe the scatter-
ing amplitude matrices in terms of perturbative expansions of the coupling constants, in which there
is a first low-order term of those coupling constants and subsequent higher-order terms that foresee
loop diagrams, which possibly entail divergent integrals in the momentum space, that need to be first
regularised and then renormalised.

Renormalisation techniques were introduced initially around the biennium 1947-1949 in QED
and in general in the QFTs to treat these theoretic divergent terms introduced with the loops by Hans
Kramers, Hans Bethe, Julian Schwinger, Richard Feynman, Shin’ichiro Tomonaga and systematised
by Freeman Dyson at the end.

These techniques require the introduction of counterterms in the Lagrangian which compensate
for the non-physical divergent terms. In order for the applied QFT to be renormalisable, however,
the number of needed counterterms must be finite at each order in perturbation theory. It can be
demonstrated that this implies a constraint on the dimensions of the coupling constants, which must
have positive or null dimensions. The SM Lagrangian introduced above Formula 1.1.4.2, having just
one positive dimension coupling and all the rest being adimensional, is a good candidate for being
renormalisable.

1.2 Main characteristics of Effective Field Theories (EFT)

In the context of HEP, experiments, conducted at a certain energy, potentially allow the detection
of particles that have masses below this threshold. If the energy at which NP explicitly manifests itself
is higher than the maximum available energy of a given experiment, not being able to directly detect
its states, one can still try to evaluate their indirect effects. Since, currently, we have no clear idea of
what NP might lie at high scales, one is led to adopt the most economical approach, i.e. employing
an EFT. A possible example is described in Figure 1.2 here below.

Rate Known particle

Effective Field
Theory region

@Unknown heavy particle

7/

Energy

Figure 1.2: Traces of NP (dashed red line) can be studied by the EFT approach,
evaluating the deviations from the known theory (solid blue line) in the region
of application of EFT, upper bounded by an energy threshold. - source by Eleni
Vryonidou [13].

An EFT is a QFT whose range of applicability is by construction limited, which approximates

Page 20 of 141 March 9, 2023



EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC EFT AND SMEFT APPROACH

physical models below a typical scale, usually indicated by A. Its power lies in the capability to
compute low-energy dynamics without knowing the high-energy complete Lagrangian.

The founding idea is based on the application of the decoupling theorem of Appelquist and Car-
razzone ® [4], which states that the effects of heavy physics, characterised for example by a certain
mass M, can be decoupled from the effects of low-energy physics, characterised by a certain momen-
tum p. Therefore, in computations, those effects are suppressed by the low-energy renormalisation
constants, allowing for a good arbitrary approximation, with order corrections of at least O(p?/M?).
In this way, phenomena of a hypothetical complete theory (e.g. represented by a Lagrangian L),
which involves "heavy" fields ® and "light" fields ¢, can be approximated below a certain energy scale
by EFT (e.g. represented by a Lagrangian Lgpr) containing only "light" fields ¢: Ly (@, ¢) ~ Lgpr(d).

To understand intuitively an EFT, it is useful to analyse a classic example concerning the Fermi
theory, which explains very well the experimental results of beta decay and similarly also those of
muon decay on a scale of energy below the electroweak scale (~ 80 GeV / 90 GeV).

1.2.1 Fermi theory: one of the most famous EFT applications

Between the 1920s and 1930s, the foundations for the future QED were formulated, but this
theory did not include yet the phenomena related to what will later be defined as weak interaction.
The four-fermion interaction was a "tentative" by Fermi to describe the evidence of such phenomena
that, for example for muon decay, could be expressed by the following Lagrangian term, to be added
to the currently known theory:

G (_ _
Ly = —72 (V;ﬁ‘ (1 - 75) ,U) (e’m (1 - ’75) Ve) > (1.2.1.1)

where Gr = 1.167 - 10~° GeV~? in natural units, is the Fermi coupling constant.

This theory proved to conform to the experimental results, but not being renormalisable, since
[Gr] = [Energy] ” in natural units, clearly could not be the complete one. Its validity is limited to
an energy range much lower than my,. In fact, comparing the predictions of the Fermi theory in
the case of muon decay with the predictions of the more modern EW theory, for the LO case of the
perturbative expansion we have the following scattering amplitudes:

G 5 5
iMp = —Z\/;(Vw“ (1-1°) u) (ew (1-1°) ve> ,
i _ + Pubv i
; — (M, (1P T T m, U _ v 5 ~
iMgw (2\@u,ﬁ (1 y )u) (z 72, ) (2\/56’7 (1 y )1/6> (1.2.1.2)

2
_8222 (Vﬂ’}/“ (1—+°) u) <ev” (1—+°) z/e> with p? < m¥, .
W

Q

3the theorem: For any 1PI Feynman graph with external vector mesons only but containing internal fermions, when all
external momenta (i.e. p2) are small relative to m?, then apart from coupling constant and field strength renormalisation

the graph will be suppressed by some power of m relative to a graph with the same number of external vector mesons but no
internal fermions.
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Figure 1.3: Fermi’s theory and EW theory of muon decay at LO.

Both theories predict the same physics in the infrared (IR), where p* < m¥;,, but differ in the
ultraviolet spectrum (UV), i.e. p? > m%,V, where on-shell W~ boson can occur. The IR regime is

2 2
guaranteed by the fact that m; < mj,.

L represents the EFT approximation of the more complete theory Lgw. The LO matching fixes the

relation between the parameters of the two theories:
2
. g 1
Mg (LO) := Mgw(LO) at energies much below the UV — Gp=-—5—=—-.
r(LO) ew(LO) g F 1 \/Qm%/v /0

(1.2.1.3)

1.2.2 EFT expansion

Before to start showing the generic EFT Lagrangian expression, it is useful to remember some
dimensional characteristics of the involved elements. Working in natural units (where i = ¢ = 1),
which implicate [Energy] = [Mass] = [Length|~! and considering a d space-time dimensions, it is
understood that starting from a generic QFT functional which involves generic spinorial, scalar and
vector fields (i.e. ¢, ¢, A), the functional Z = [ D(¢, ¢, A)e?3(¥:#4) implies that the action § has to
be dimensionless: [8] = [Mass]° and in turn, it implies the Lagrangian density £ (8 = [ d?2£) and
all the additional terms included into it, have to be of d-dimension: [£] = [Mass]?, also indicate with
[£] = d.

As suggested by the previous example and because the effects of any decoupled NP at the high-
energy scale could be approximated by higher-dimensional operators at the low-energy scale, it is
clear that to extend a giving well-known renormalisable theory Ly,own in order to cover not explained
effects in the IR, we can introduce additional 2-dimension operators, with 2 > d, "effective" below
a certain energy scale A, in the following way:

Linown d-dimension known theory
@) O@) OZ@) all possible (ng) 2-dimension operators
Lerr = Lrnown T Z Oi W ()
1<i<ng C; Wilson coefficients, dimensionless
2>d
A cutoff energy scale
(1.2.2.1)

This should realise Ly ~ Lgrr for energies or momenta significantly below the A energy scale, where
L is the Lagrangian of the hypothetical theory whose effects we are trying to simulate.
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Clearly, the EFT Lagrangian is a power series expansion of A~!, potentially involving an infinite
number of operators of arbitrarily high mass dimension that we can truncate to a given order and
use to calculate physical observables with desired precision.

Introducing a higher dimension operator, with terms like C;QJ)O§@j ) /A?i=% contributes with a
power factor of the external momenta to the amplitudes. Thus, if we consider a scattering amplitude
iMgnown in d dimensions, normalised to have zero mass dimension at some typical momentum scale
p, then adding with the EFT a single 2-dimension operator contributes to the order amplitude of the
scattering process in the following way:

Mg ~ (%)@j_d . (1.2.2.2)

Instead, adding a set of higher dimension operators {szj )}, as stated in Formula 1.2.2.1, leads to
scattering amplitude:
D ) > ;(2i=d)

iMgrr ~ (*

1 (1.2.2.3)

where the sum on j is over all the inserted operators.

It is important to highlight Formula 1.2.2.3 that is still valid for any graph, not only for LO diagrams
but also for loops [2].

It is well known that a theory that includes 2-dimension operators, corresponding to Feynman
diagrams with vertices with 2 lines, is a renormalisable theory only if d — 2(d/2 — 1) = 0 [14]. Thus,
being 2 > d and d > 2, an EFT appears obviously not renormalisable.

To understand the impact on the difficulty of letting this theory renormalisable, if we consider for
example an EFT with two operators of dimension 2; and 2, the renormalisation requires counter-
terms of a higher dimensional operator of dimension 2; + 2, to cancel divergent piece. In this way,
EFTs require an infinite number of counter-terms to cancel divergences to all orders.

Anyway considering that EFT could be usefully truncated to a given order, divergences can be can-
celled order-by-order in the A parameter, allowing for a predictive theory.

1.2.3 Toy model example

To understand how the EFT analysis of a generic QFT could be developed, let us consider a hypo-
thetical toy model theory represented by the following Lagrangian:

T 1 1 _
Lo = YD —m) + S|DG* = 5M°¢* — Aguy (1.2.3.1)
——
"light" field "heavy" field coupling

where for simplicity we have set D = v*D,,, |D¢|? = (D, ¢) D*¢ and D, = 9, — ig.Q A,,.

This toy theory, taken as reference from [15], includes an electrically charged massive spinorial
field v, with mass m, which is assumed to be detectable from experiments and a neutral massive scalar
field ¢, with mass M, which we assume to be m < M and not directly detectable by experiments.
Considering the electrical charge Q of the spinorial field, also a gauge vector field A,, (photon) has
been included. We further suppose that the two fields, "light" and "heavy" are coupled by means of a
Yukawa coupling term.
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We would like to demonstrate how an EFT model can "integrate" the effect of the "heavy" field
below its scale M. For example, to achieve this, we can choose two colliding fields, ¢, which scatter

into two other fields of the same type: ¥ — ).

For the complete theory here examined at LO expansion, we have:

usl ’U,S//
N4

us/ us//
pQ\ ) /p4

|

b

I

Y41

/ \p3
u’l’" QTLT//

Figure 1.4: Toy model 1) — 1) scattering due to ¢ interaction.

1

My = ur/f(ps)(—M)uw(pl) (W) usu(p4)<—i/\)usz(p2) - {34 =

_ ﬁ (1 +0 <(p1_p3)2>> u ,,(p3)u /(pl)ﬁ ”(194)“ ’(p2) - {3 AN 4} :
M2 M? " ' ) ’

(1.2.3.2)

The ratio (p; — p3)* /M? is the expansion parameter and we can construct an effective theory to
the desired order in this expansion. Since the effective theory does not include the heavy scalar of
mass M, it is clear that the effective theory must break down when the scattering energy approaches
M. So, itis natural to fix A := M. A minimum operator that could be added is a 6-dimension operator

expressed in the following EFT Lagrangian:

- (6) - _
Lo = DD —m + o5 (50) (50) -

known theory EFT 6-dim. operator

UT" U,T.//

us/ us//
pQ\ /p4
Y41
/ \p-?)
UT’ ’ITLT.//

Figure 1.5: Toy model 1) — 11 scattering studied by EFT interaction.

The matrix element related to the above EFT is the following:

iC(6)

iMgrr = Az U (p3)urs (p1) s (Pa)us (p2) — {3 <> 4} .

(1.2.3.3)

(1.2.3.4)
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So, by matching the two matrix elements Formula 1.2.3.2 and Formula 1.2.3.4 when the module of
momentum value much less than M value, we can fix the relevant Wilson coefficient by C'(6) = A2

If we need an extra order of precision in matching with Formula 1.2.3.2, we can improve the EFT
model by including operators of higher dimensions as we like. For example, including in the EFT
Lagrangian an Formula 1.2.3.3 an 8-dimension operator in the following way:

(8)

_ c® 1 _ _ C _ _
Leger = (i —m)yp + AZ 3 (V) (vo) + F(%M“WW) . (1.2.3.5)

known theory EFT 6-dim. operator EFT 8-dim. operator

For this case the matching has to be performed in the two below matrix elements:

, ix2 —p3)° —p3)"\\ - _
Mear = 32 (1 + Mfg) +0 <<pl Mfg) )) Uprr (p3)ur (p1) s (Pa)us (p2) — {3 > 4},

iMEpT

ic©  _ic®
A2 A

—2—5(n 'p3)> Upr (p3)ur (p1) s (pa)us (p2) — {3 4> 4}

(1.2.3.6)

So, matching the two above matrix elements, after some adjustment calculations, when the mod-
ule of momentum value is much less than M value, we obtain the two needed Wilson coefficients
C©) = X\2(1 +2m?/M?) and C® = \2. This fact is because it is possible to demonstrate EFT can be
systematically improved by higher dimension operators and higher order calculations.

A further way to improve the above 1) — 1) scattering calculation is to compute matching
coefficients at one-loop order. As an example, we can examine the additional effects due to fermions
coupling to the photon with charge g.Q (g. is the electron electric charge value, whence o = g2 /4n),
including Next Leading Order (NLO) QED corrections. This calculation illustrates several important
points about matching.

usl ’LLS//
p2\ : /p4
I
Y41 ‘ p3

Uyt Ps3 1?[,7.// (7

- {34}

US/ ﬂsu usl

’[TL,,J/ u’l"

Figure 1.6: Toy model 1) — 1) scattering due to ¢ and A, interaction.
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For the EFT the situation becomes:

gt

arll ’ET” ’a,’.//
_ _ _ - {3+ 4}
'LLS// ’U,s/ p2 ’U,s// 'LLS//
7
Pa Y22 22
b3 b3 b3
“\
/p1
’ELT// (0 '[Lr// ﬂ'r‘”

Figure 1.7: Toy model 1) — 14 scattering studied at NLO by EFT interaction.

To respect the Lorentz structure a new operator for one-loop correction is needed for EFT, thus further
to the term with C'(®) coefficient of the Formula 1.2.3.3, here below indicated as C’éG), we need to add
a new term with the here below indicated coefficient C(TG) (refer to [15]):

B 0(6) 1 B C(G) 1 - B
Lorr = D —m)y + =55 (¥0) (0v) + =55 (Powy) (vay) , (1.2.3.7)
known theory EFT 6-dim. operator

where o' = [v#|y],

after the appropriate loop integration for the "full" theory and the EFT, then:

. iN2 aQ? /2 m? _ _

iMgan = el (1 + — (e —2In T 1)) Uprr (P3)tpr (P1)Usr (Pa) s (P2) +
-)\2 QQ 2
R <—21n el 2) e (P3)r sty (1) (p) 0™ s (p2) +

— {34},
. iC’éG) aQ? /2 m?2 _ _
iMprr = A2 1+ 1 \e —2In F -1 Uyt (pB)UT’ (pl)us” (p4)us’(p2) +
2

iC’(TG) iC’gS) aQ? 2 L
A2 A2 8rm

P T 1)) U (P3) 0wty (p1)Us (pa) o™ g (p2) +

(1.2.3.8)

where 4 is the regularisation scale and e is the UV divergent pole related to QED renormalisation.
In particular, we can see that in the EFT, the term related to the @, (p3)o .t (p1)tsr (pa)o ue (p2)
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structure leads to a further UV divergent pole terms respect to the full theory, which must be cancelled
by a dedicated counter-term in the renormalisation operation.

Matching the two above matrix elements, setting ;i := M and taking into account that both theories
predict the same IR behaviour while they are not the same in the UV regime, we have ng) = A2 and
C}G) = —3(aQ?/81)A2. That represents the EFT NLO correction, marching the here analysed full
theory in the IR regime.

1.3 Standard Model Effective Field Theories
(SMEFT)

Whereas the SM is a fairly well-understood theory around a relatively low energy scale (parametrised
the VEV of the Higgs boson), thanks to the presence of a well-defined set of low energy degrees of
freedom: {L, R, Q, U, D, v, W%, Z° g, H}, considering that the LHC data seem to indicate a
gap between the results of the SM and those of a presumed BSM Physics, the SM theory it is at least
a good EFT theory.

The SMEFT is a consistent EFT extension of the SM, in the sense that its terms respect the essen-
tial SM symmetries, which are built on the basis of the SU¢(3) x SUL(2) x Uy (1) invariant higher
dimensional operators, developed by SM fields, described in Section 1.1.

The basic idea is that the SMEFT results should be compliant with the effects at low energy of much
heavier NP.

Considering the formulation of a generic EFT Lagrangian and being the SM a four-dimensional
theory, the SMEFT Lagrangian can be represented as follows:

0!
Lowerr = Lom + Y Of@)A_@ - | (1.3.0.1)
1<isng
2>4
(2)

the non-redundant ng operators, O,”’, are suppressed by 2 — 4 powers of the cutoff energy scale A,
which usually is arbitrarily fixed much over the EW scale, while the adimensional Wilson coefficients,
C’i(@), must be chosen to fit the experimental results. Obviously, in order to simplify the calculations,
the above expansion can be limited to a certain dimension of the additional SMEFT operators.

The additional operators above introduce new Feynman rules to be appended to the Feynman
rules of the SM which, for a given process, allow the matrix element of the SMEFT to be calculated
as follows:

M)
Msverr = Msm  + Z CZ(@)A@ 10 (1.3.0.2)

1<isng
2>4

where ME@ ) is the contribution of the SMEFT to the matrix element of the SM.

Due to the dependency of the cross section o by the square of the matrix element |M|?, this
observable in the SMEFT could be written in the following way:
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(2) (2)
g * Ji‘
OSMEFT = OsM + Z QRG[C;@)]ﬁ + z Ci(@) C](@)AQ?;—S +
1<i<ng 1<i,j<ng
2>4 D>4
J(@9’)
(@2)* ~(2") _Tij
+ S a”cl roro—s o (13.03)

1<i<ng, 2>4
1<j<ngr, 2" >4
949’

(2)

where the quantities ;" are given by the interference between the elements of the matrix SM and

E‘”Z), while the quantities agf) and Ugm’)’ including also operators
with different dimensions, are produced by squaring the elements of the purely EFT matrix ME%.
These last terms seem to represent a greater correction than the terms due to the interference because
they are suppressed by a greater power of A. Actually, the squared terms grow more with the energy
values of the experiment, as evidenced by the results of this thesis, so they cannot be superficially

excluded.

the contributions of the operators O

A similar situation we have for the decay rate T'.

1.3.1 Operator basis

In order to develop a higher dimension SMEFT Lagrangian, it is necessary to find a basis of op-
erators, i.e. a set of non-redundant operators, for each dimension, invariant for the SM symmetries.
These operators are compounded by the following set of fields:

09 ~ (gmp) ™ (X#) ™ (D,) ¥ (4)V — [0P] =9 = 3N, +2Nx + N + Ny,
(1.3.1.1)

where ¢ is a generic bilinear of the spinorial field ¢, X" is a gauge field strength, D, is the
covariant derivative and ¢ is a generic scalar field (typically the Higgs field), each one with its relevant
power: Ny, Nx, Np and N.

It is useful also to note that Lorentz invariance requires that fermion appears in bilinear forms written
in terms of chiral spinorial fields and that the power of dimension of the above fields are: [¢] = 3/2,
[X*]=2,[D,] =1and [¢] = 1.

The lowest dimension term in the SMEFT is the unique five-dimension with its h.c. term:

Chn = -
L8 = Lew + @ L) e(@1L) + e, (1.3.1.2)

EFT 5-dim. operator

where m, n are flavour indices, C the charge conjugation operator and C$) the relevant Wilson
coefficient. It could be demonstrated that Formula 1.3.1.2 is the unique five-dimension term in the
SMEFT Lagrangian and it generates a Majorana neutrino mass, proportional to 2 /A when Higgs
field "gets" the VEV. It is important to consider that the unique operator introduced by the 5-dimension
SMEFT Lagrangian violates the lepton number by 2 units (AL = 2). In fact, it can be shown that
invariant operators constructed from SM fields satisfy (AB—AL)/2 = 9 mod 2, thus a 5-dimension
operator and odd-dimension operators in general, cannot conserve both baryon and lepton number
[2]. Considering that we do not have experimental evidence of this violation, i.e. the baryon and
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lepton number conservation seems to be a symmetry of the SM, we prefer to pass to SMEFT operators
with even-dimension.

The smallest even-dimension theory that includes operators that do not violate lepton or baryon

numbers is six-dimension SMEFT.

The first historically studied basis in six dimensions is the Warsaw basis [16], it has 59 types
of independent operators that preserve the number of baryons or leptons and 5 that violate this
symmetry. These types are shown in Table 1.3 and Table 1.4 below.

X3 ¢6 and ¢4DQ ¢31/)2
Oc  fGh,GY Gl 0 (2®)3 Oer  (27®)(Lm®R,)
Of [fGhL.Gy G, Qe (2T®)O(2T®) O (210)(QmdU,)
ow  TEWLLWE Wi Osp  (®1D,@)* (@1 D) Osp  (®7®)(Qm®Dy)
Ow /KWL WY WE
¢2x2 w2¢X ¢2’¢2D
O T a nv T v 2 I (1) ts pag T
[Yel (<I> @)GWJGG Orw (LmO'” Rn) 2 @W‘W o@L (fb t Dy @)(Lm’y‘“Ln)
S 7 ®) & = ol
Osc: (CPT(I))GZVGG OrsB (LmauuRn)q)B/w Os1, (‘DT'L Drp ®)(Lm ?'Y'u[m)
Oew  (®T@)WI, WH Ove (Qma“”%Un)@qu Osr (276 D, )(Rmry"Rn)
~ — ~ > —
Opiy (@T0) WL, WP" Ovw (Quor Un) LW, 05 (211 Dy #)(Qmr*Qn)
I
— - g _ o
O'«‘I)B (‘qu))B,uVB‘L“/ OUB (Qma‘uuUn)q)B,uV 05;2 (‘DTZ @I,u q’)(Qm ?PYHQTL)
O (®1@)B,, B Op6 (Qumo™ Z-Du)eGy, O (817 Dy &) (T Usn)
Osw B (@T%@WJVBW Obw (Qma””Dn)%{:'Wi,, Osp (276 D, )(Dmy" D)
Oniirs (q,t%q,)wiqu Ops  (Qmo™ D,)®B,, Osup (870 D, 8)(Tmy D)

Table 1.3: Six-dimension not four-fermion operators of Warsaw basis.
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(Lyr)(Prir) (YrYR)(YRYR) (PrYr)(YrYR)
OrL (Z”VL’Y#LTL)(Z’W”YMLTL’) ORrr (Rm'YuRn)(Rm"yuRn’) OLr (Lm'Yan)(ém”YMRn’)
O(QIC)Q (Q"L'V/LQH)(Qm"YHQn’) OUU (Um’YHUn)(Um”Y“Un/) OLU (Em’YuLn)(Um”Y‘“Un/)

I
L, ) ) ) )
05 (@m T Q)@ ZQu) 00D (D 3uDa) Dy Du)  O15 (EmuLn) Doy Do)

O(Llc)g (Z’m'V/,LLn)(Qm”YMQn’) Orvu (RWLVuRn)(ﬁm’V”Un’) Oqr (Qm’}’uQn)(Rm"V”Rn’)
O LR 5 5 ) 5 G
oLQ (Lm'V#?Ln)(Qm"Y ?Qn’) Orp (RmVuRn)(Dm"Y Dn’) OQU (Qm'YuQn)(U"b"y Uﬂ’)
_ — ~ Ta — T
OUb  Onnln) Dy D) Oy (@ Qu) Ty 5 Un)

_ Ta _ T — _
OS% (U”TL’YV«EUR)(DW”YM?DTU)O(QI)D (Qm'YuQn)(Dm"Y'an’)

~ Ta . T
05 (@mu5-Qu) Doy D)

(YrYr)(WrYL) and (YLyr) (VLYr) B-violating

0LrD@ (Lm.Ru)(Dm Q") Opuq  €k((Di,)TCUL)(Qh)TenCLE,)

0% ap (QuUn)ews (@ D) 00qu €k (Q5)TenCQL™)(UR,)TCR)

05von (Q%%U")EW(QZ';:DW) 0000 €iik(Qi)TenCQL™) (QEN T ensCLY,)

0 or (Lt Ru)euw (@, Un) O5h0  €ijk(Qi)T (116).CQE™)(QENT (17 ) o €LY, )

0 ror (Lo Rn)ew(Q 0" Un)  Opuu  eji((Di,)TCUL)((UE)TCR,)

Table 1.4: Six-dimension four-fermion operators of Warsaw basis.

The following notations have been used for these tables:

* u, v, p, o are Lorentzian space-time indices;

* a, b, c are eight-values indices to identify the eight colour status of gluons, corresponding to the adjoined
representation of SU(3) symmetry;

e I, J, K are three-values indices corresponding to the adjoined representation of SU(2) symmetry;

* 1, K, 1, 0 are three-value indices to identify the three colour status of quarks, corresponding to the repre-
sentation of SU(3) symmetry;

* i, j, k are two-values indices corresponding to the representation SU(2) symmetry;
* m,n, m',n are three-values indices to identify the fermion flavour;

* Xuv = seuvpo X?7 where €123 = +1;

| =

. ¥ = €ij (<I>j)* where €12 = +1;
. 87§ %H & =o' (D,®) —i (D,o") &;

» 8'i Dy, e =iet 2 (D,8) i (D.e') Te.

The 59 types of operators preserving B and L allow interaction between all fermion families. Com-
bining all the flavours present in the three fermion families, these types give rise to 2499 operators,
denominated flavour general, of which 1350 of them conserve the CP-even and 1149 the CP-odd. Con-
sidering, on the other hand, the interactions within a single fermion family, denominated flavour
universal, 76 operators originate, of which 53 of them retain the CP-even and 23 the CP-odd. We
remember that for non-Hermitian operators O, © + Of is CP-even, and O — O is CP-odd. [2]
Following the Table 1.5 with the Number of operators for each type.
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flavor universal flavor general

Operators CP-even  CP-odd total CP-even  CP-odd total
X3 2 2 4 2 2 4
¢S 1 0 1 0 1
d1D2 2 0 2 2 0 2
P2 X2 4 4 8 4 4 8
312 3 3 6 27 27 54
P2pX 8 8 16 72 72 144
#2492 D 8 1 9 51 30 81
(Pryr)(Yrir) 5 0 5 171 126 297
($rYR)(YRYR) 7 0 7 255 195 450
(brr)(brR) 8 0 8 360 288 648
($rYr)(PripL)+h.c. 1 1 2 81 81 162
(YLYr)(Pryr)+h.c. 4 4 8 324 324 648

total 53 23 76 1350 1149 2499

Table 1.5: Number of conserving B operators of Warsaw basis.

From this basis of operators, only relevant ones will be used to evaluate the impact of the SMEFT
at the LO in the top quark pair production process at the LHC, thus following a proton collision.

1.3.2 6-dimension SMEFT operators for top quark pair production

In a proton-proton collision at the LHC, top quark-antiquark pair production involves gluons fusion
(gg — tt) and quark-antiquark annihilation (¢ — tt) partonic processes. In 6-dimension SMEFT,
the above effective operators contribute to both processes, as shown below [17] [18]:

for gluons fusion:

Oie = (o 1,t) @wa chromomagnetic moment operator
06 = fabe Gy GY? Gt triple gluon field strength operator (1.3.2.1)

Osc =1/2 (<I>WL<I>) GapuyG**”  Higgs-gluon interaction operator

for quark-antiquark annihilation:

o N chromomagnetic
O = (to""7at) @G, } moment operator
0(8 b= ( I’Y,uTaQ31) (C_)w"T“Ql) 08[11) = (Qaqu:’,l) (Ql’Y“Ql)

_ _ _ 8 four- k
(83 = ( quaGIQ:n) (QW“T”UIQl) qu’g) = (Qsl’YuUIQm) (Ql’Y“UIQl) ope?;i)iusvzth
o8 = (Ouratis) (Brvere1r) Ol = (Out5) (Trr0) e e
0(8) = (U vuTaUg) (Dw“T“Dl) O(l) = ( 'yng) (Dw“Dl)
O(S) = (6_2 1'y;sz31) (U17“T“U1) Ogi = (Q 1’YHQ31) (Uw“Ul) 6 four-quark
(8) = ( 1'YuTaQ31) (Dl’yuTaDl) Oggl = ( 1’Y“Q31) (Dl’y#Dl) Opffr{a:lijgﬁth
O(S) (U ’y;ﬂ'aUs) (Q1’Y“T“Q1) O,E;) = (U 'Y,uUS) (Qqul) chiral structure
(1.3.2.2)
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In this last peculiar case the following convention is used:

* Q1= (uL,dL> = (PLu,PLd), U, =ugr = Pru and D; = dr = Prd where v and d are the
"up" quark and "down" quark of the first quark family;

e Q3= (tL,bL) = (PLt,PLb) = Q3 =ty = Prt and Us = tg = Prt where ¢ is the "up"
quark of the third quark family.

Further, (L) and (R) denote left-handed and right-handed parts of the fermion field and P, and Pg
are the chiral projectors, also indicated with 7 and ~°.

The operators of this subsection generate Feynman Rules as reported in Section A.4.
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Chapter 2

TOP PAIR PRODUCTION AND ITS
SMEFT EXTENSION

The production of top quark pair ¢ due to the high-energy collision of hadrons, which occurs
e.g. at the LHC through the proton scattering pp, can be mainly described by the perturbative QCD
theory of the SM. EW also gives its effects, although less significant. In this scenario, a hard scattering
process between two hadrons is the result of an interaction of a large number of couples of partons,
i.e. quarks and gluons that are the constituents of the incoming hadrons. In the collision, each parton
possesses a longitudinal momentum xp* that is equal to a fraction 0 < x < 1 of the momentum of
its own hadron p* = (E, /), and the interaction of these partons generates the top quark-antiquark
pair tt, as predicted by the SM.

(proton,)

(parton]) ()

(proton,)

Top quark-antiquark pair production by proton-proton collision

The formation of these top pairs through colliding hadrons can be studied by analysing, for exam-
ple, the cross section distribution dopagronic/dO with respect to a chosen observable parameter O, such
as the transverse momentum pr, scattering angle 6, etc. This cross section can be derived from the
similar scattering magnitude of individual partons do/dO based on how they are distributed within
colliding hadrons.
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The factorisation theorem expressed as follows comes to the aid of this:

1 1

dO’l—ggonlc = Z /0 dx; pdf; (x;, 1) /o dx; pdf; (x;, uF) j—g (xixj8, ur, as (LR)) S
ij €Epartons

where pdf; (xi, /ﬁ,) is the Parton Distribution Function (PDF) of a parton i, i.e. the probability density

for finding parton ¢ in a hadron carrying momentum x;, this depends of the fraction of colliding energy

passed from the hadron to the parton x; and function of the energy factorisation scale ;. Of course

the strong coupling constant o, (ur) depends on the renormalisation scale used p .

The hard-scattering cross section do/dO, due to the collision of partons, can be calculated through
the Golden Rule formula:

1
6. _ 2 )454 +ps— D — M2
a 4\/(p1 )’ —m%mg( ) (p3 +pa —p1 — p2) <\ | > (

which involves, by means of the matrix element M, the SM theory, extensible to the SMEFT.

d*p3 d*p;
27T)32E3 (271’)32E4 ’

Starting from the Feynman Rule at LO, it is clear that the partonic processes involved in the
collision of protons and which contribute to the formation of top quark-antiquark pairs are the gluon
fusion, gg — tt and the quark-antiquark annihilation qg — tt as schematised below:

(q) (1)
AN
and b2 @ /p4
pl/ \p3
(9) (t)

Feynman diagram of whole top quark pair production process by gluon fusion
gg — tt and by quark-antiquark annihilation ¢ — tt.

The "blob" depicted above is intended to indicate the contribution of all possible Feynman diagram
orders: next to leading order (NLO), next to next to leading order (NNLO), etc. to the tree-level
order and all its possible extensions according to SMEFT.

In this chapter, we want to analyse all the elements that allow us to determine the cross sections of
the production of the top quark-antiquark pair, on the base of SM, also incorporating the extensions
of a possible SMEFT.

We start in a propaedeutic manner, analysing the kinematic aspects of a collision between two par-
ticles on their centre of mass frame (CMF), fixed with the laboratory. This study is then extended to
the process of a collision between two partons (gg or ¢qq) which, having different collision energies,
possess a centre of mass that appears to be boosted in the direction of the more energetic parton.
The kinematic relations obtained are useful to calculate the matrix element M, containing all the
information of SM and its SMEFT extension, and its squared average (|M|?), which are central to the
calculation of cross sections.

The SMEFT extension analysed here is introduced by the QCD-related SMEFT operators of dimen-
sion 6. This assumption can be made considering that the EW SMEFT extension could probably be
of lesser significance given the magnitude of the EW constants compared to QCD.
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2.1 Kinematics framework

To analyse a scattering process it is fundamental to set the correct kinematic relations to be used
for the calculation of the average square matrix element and to characterise the various observables
in general.

For both the processes involved in the top quark-antiquark pair production, by gluons fusion
(g9 — tt) and light quark-antiquark pair annihilation (¢qg — tf), a quasi-elastic two particles
scattering is analysed. In Figure 2.1 such processes are represented, the two incoming particles are
labelled by (1) and (2), and the two outcoming particles, produced by the interaction during the
collision, are labelled by (3) and (4): (1)(2) — (3)(4). With p1, p2, p3 and p, are indicated the
relative four-momenta.

2 @  JCY
N/
D2 Pa
b1 *ps
VR

1) @ * ME)

Figure 2.1: Quasi-elastic two particles collision

2.1.1 Momenta scalar product relations and Mandelstam variables

To simplify the calculation of the average square matrix element, it is convenient to reduce the
number of momenta scalar products, because not all of them are independent of each other.

Once the momenta are set, from the on-shell mass relations and from the total momentum conser-
vation principle:

p?=m?  p3=m3 p1, P2, M1, Ma: incoming particles momenta and masses ,
p3 =m3 p3 =m3 ps3, P4, M3, my: outcoming particles momenta and masses ,
P1+ P2 =Dp3+DPa total momentum conservation principle ,
(2.1.1.1)
the following momenta scalar product relations can be obtained:
2 2 2 2
mi—m5; —m3z+m
P1pa=p2p3+ — 22 K 1,
2 2 2 2
—mi+m5; —m3+m
P2 P4 =Dp1-pP3+ ! 22 . L,
) ) ) 5 (2.1.1.2)
mi +ms —m3 —my
P3-P4=Dp1-pP2+ 5 >
fm% —m% —m%erZ
P1-p2=p1-p3+p2-p3+ 5

From the previous relations it is clear that only two scalar products are independent of the others: in
this particular case p; - p3 and p - p3 have been chosen.
For simplicity, all the calculations here developed are made in natural units, where ¢ = 1 is imposed.
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In addition to the previous relations, it is useful to substitute the scalar products with the Mandel-
stam variables, expressing the average squared matrix element in terms of only relativistic invariants:

m? +m3 —t

P1-p3 =
t=(ps—p1)° = (p2— pa)° ) 2 ,
ms +ms —u
u=(ps—p2)’=(p1—p1)° = Po - P3 = % , (2.1.1.3)
5= (p1+p2)° = (ps +pa)’ s —m? —m3
P1-p2 = f

clearly, the following relation is valid s+t-+u = m?+m3+m3+m3, in this way only two Mandelstam
variables are linearly independent.

In particular, considering the top quark-antiquark pair production by gluons fusion (gg — tt) or
by light quarks pair annihilation (qg — tt), the masses of the incoming particles are null or how-
ever negligible compared to the mass of the produced top quark, while the masses of the outcoming
particles are both equal to top quark mass, so the above relations become:

P1-P4a=DP2-P3 m? —t
b1 -P3 = 9
mi = mo =0 P2 Ps = P1-P3 9
{ 1 2 - and P2'p3=mt_u ?
M3 = My =1 P3 - pa=p1-p2 —m7 2
S
pl'P2:§
D1-P2=p1-DP3+Pp2-p3

(2.1.1.4)

defining m; as the top quark mass.

If we do not want to neglect the mass of the incoming quarks, considering the top quarks pair pro-
duction by quarks pair annihilation (g7 — tt), the above relations become:

P1 P4 = P2 D3 mg +mi —t
PLop3=——5
= = P2 -Pa=DPpP1-P3 2 2
mi = Mmg =My mg+m; —u
{m,_m e L, | ™ s =
3 T P3 P4 = p1-p2+my —myg
s—2mg
P1-p2=Dp1-D3+pa-ps—m; probe= 2
(2.1.1.5)

defining m, as the incoming quark mass.

2.1.2 Observables in fixed CMF

To express the average squared matrix element in terms of observables, it is necessary to fix the
"kinematic scene". For the present scope, consider a particles collider system, where two particles,
with the same mass ms = m; and the same energy F, = Ej, but opposite direction 175 = —ﬁ,
interact together in a quasi-elastic collision, where other two particles with same mass ms3 = my
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are generated. In this case, the central mass reference frame (CMF) is fixed and coincides with the
laboratory reference frame (LF).

In a collider, the energy of incoming particles is often called Energy Beam indicated here as £
and the square root of the Mandelstam variable /s = \/(p1 + p2)? = 2F is called Invariant Mass.

Applying the momenta conservation principle, we obtain: p3 = —p; = pi = —ps — FE4 =
Ey = Es=FE =E = mi+ |pi]> = m2 + |pi|> = E2, hence:

S S o 4m?
pi| = %ﬁl D3| = %53 , defining B3 =1/1- T”?’ ) (2.1.2.1)

Most experiments in circular colliders, like LHC, utilise a right-handed coordinate Cartesian ref-
erence system with the axis z along the direction of the motion of the particles, considering positive
the counterclockwise direction looking from above, the axis x directed from the point of collision to
the centre of the collider and the axis y perpendicular to the previous ones. The z and 2 axes are hor-
izontal to the ground where the collider is built while the y axis is vertical. Further, the coordinates
are often expressed in a cylindrical coordinate system that reflects the symmetry of the detector. The
reference frame is shown in the following Figure 2.2.

) LHC L)Y

Jura
Mountains

—

LHCb # o
Yo, )
ALICE ATLAS Q
(a) Cartesian coordinates reference frame at LHC (b) Cartesian coordinates reference frame at LHC

Figure 2.2: Coordinate reference system in a collider.

The first intuitive observable is the Scattering Angle 6, i.e. the angle between axis z and p3, as
per figure. The relation between the scalar products or the Mandelstam variable and this observable
are the following:

2 2 2
pipe = (i + B (13 + R2F) 33 = ok + 2 7

2 2
(m3 +1P3°) =1 - P = m? +[p1° — [p1|[P} cost =

2
pl'P228_2m1 s =4E”
2
S
= p1~p3:Z(1*[31530050) = mf+m§—t=§(1—6163c059) ,
s
pz~p3=i(1+ﬁ1ﬁ30089) m%+m§—u:§(1+61530056)

(2.1.2.2)

March 9, 2023 Page 37 of 141



TOP PAIR PRODUCTION AND ITS SMEFT EXTENSION EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

for0< 0 <.

Another relevant observable is the Transverse Momentum pr of one of the two outcoming parti-
cles, for example, particle (3). This quantity is important because in the event that the two incoming
particles do not have the same collision energy, the centre of mass frame CMF is pushed in the di-
rection of the particle with the higher energy and it does not coincide with the laboratory frame.
Anyway pr remains a relativistic invariant under Lorentz boosts along the beam direction by con-
struction. The relation between the scalar products or the Mandelstam variable and this observable
are the following:

2pr 4p3,
— cosf ==4/1—- —=%
B3v/s 3

4 2
(1 F B\ 55 - ?) , (2.1.2.3)

<1i51 53-41)2T>

pr = |p3|sinf = gﬂ?) sinf — sinf =

s =4FE?

m?+m3 —t=

N ®»

m%—l—mg—u:

[NCR VA

S

/i

for 0 < pr < 75 B3 and where the above sign is considered only if 0 < 6 < g

In case the centre of mass frame CMF is pushed, the scattering angle does not represent a relativis-
tic invariant quantity, so it is preferable to consider the Rapidity y. This, in turn, is not a relativistic
invariant quantity, but its transformation law is additive for a constant due to the reference motion
(y/ =y — arctanh ). It is understood that the difference of the rapidity (Ay) evaluated at two dif-
ferent points is a relativistic invariant along the z direction. The relation between the scalar products
or the Mandelstam variable and this observable are the following:

1B | [Plcost
1, Bstpse 1 By _ 1 E 11+ fscosf
y 2 nEg—pBZ 2 nl_p3z 9 nl [p3|cos® 2 nl—ﬂgcosg arctanh (S5 cos 6)
2 i
s =4E>
s
= fscost =tanhy = mi+mi—t=5(1-pBitanhy) (2.1.2.4)
s
m%+m§—u:§(1+ﬁ1tanhy)

for —ﬂ3 < tanhy < +ﬂ3

Due to the fact that the rapidity is not easily measured in an experiment, it is preferable to con-
sider the Pseudo-Rapidity » that approximates the Rapidity at high energies. In fact in the limit of
momenta much larger than the mass of a particle, the Rapidity converges to Pseudo-Rapidity. This
quantity of a particle is purely geometrical, it only depends on the polar angle §. The relation between
the scalar products or the Mandelstam variable and this observable are the following:

D3z

14
1. |p3 .1 1.1 0
7752111:%%2211 _Lii' zinli_%zarctanh(cosﬁ) = cosf =tanhn —
Tl
p3
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s =4F?
s
= { mit+mi—i=g(1-ffstanhn) | (2.1.2.5)
s
mi+mi—u= 3 (1 + B183 tanhn)

for —1 < tanhn < +1.

Also in this case, considering the top quark-antiquark pair production by gluons fusion (gg — tt)
or by light quarks pair annihilation (¢q — #t), the masses of the incoming particles are null or however
negligible compared to the scattering energies, while the masses of the outcoming particles are equal
to each other hence, the above relations regarding the Mandelstam variables depending by the here
proposed observable become:

S S
s—1B RI=2 @=L
2 2
mg_tzgu_ﬁcosa) for 0<O<7 (2.1.2.6)
9 S
mt—u:§(1+ﬁcost9)
or
S S
s—1B? RI=2 (@=L
2 2
s 4p?
mf—t:2<1:F 5%‘?) for O<pT<§B (2.1.2.7)
42
mt—u:;<1j: BQ—ZT>
or
S S
s—1B RI=2 @=L
2 2
mg_tzgu_tanhy) for —p3<tanhy<+8 (2.1.2.8)
9 S
mt—uzi(l—i—tanhy)
or
S S
s — 42 |]71>|:£ |]73>|_£5
2 2
mgftjg(l,gtanhn) for —1<tanhy<+1], (2.1.2.9)
mf—uz%(l—i—ﬁtanhn)
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2
defining 5 =4/1 — 4&
s

2.1.3 Observables in boosted CMF

According to the parton model, due to the high energy collision of two hadrons, the interactions
take place at the level of a single parton constituent, each of which carries with it a certain fraction
of the energy of the parent particle.

(protony)

P1 P3

(* ) o
— ) (

(part

(protony)

Figure 2.3: Top quark-antiquark pair production by proton-proton collision

Therefore, even if the two hadrons collide with the same energy, it does not mean that this also
happens for the single constituent partons. In general, the centre of mass of the collision of two
partons is pushed in the direction of the most energetic parton (boosted CMF p3 || —pi). To this
end, it is advisable to reformulate the previous relations involving observables according to the new
kinematic scenario.

To simplify the calculations, we evaluate the case in which the masses of the incoming particles are
zero or negligible compared to the energies involved. This is the case of the production of top quark
pairs by gluons fusion (gg — t#) or by the annihilation of pairs of light quarks (¢ — tt).

Indicating with F the Energy Beam of the colliding hadrons, so that the Invariant Mass of the
hadrons collision is 2F, at parton level with a high level of energy collision, where the mass of partons
could be considered null or negligible, for simplicity we can impose:

mip = mo = 0 p1 = (X1E707 07 +X1E) P2 = (X2E7 07 07 _XQE)

m3 = Mmy ‘= My b3 = (ESap3x3p3y7p32) Pa = ((X1 +X2) E — E3, —p3s, —P3y; (Xl - Xz) E *P3z)
(2.1.3.1)

where X1, X9, nominated as Bjorken-x variables, are the fractions of collision energy of each hadron
being passed to the interacting partons, so it is natural to consider the following range: 0 < x;,Xs < 1
and p, is obtained by the total momentum conservation principle, i.e. p1 + p2 = p3 + p4.
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Introducing the Mandelstam variables, we can obtain the following relations:

s = (p1 +p2)? = (p3 + pa)? s =2p1 - po =4x1%2F? xX1%2F = (X1 + X2) B3 — (X1 — X2) p3.
t=(ps—p1)? = m? —t=2p; -p3 =2x1E (E3 — p3,)
u=(ps — p3)? mi —u =2ps - p3 = 2% F (E3 + p3.)

(2.1.3.2)

on this way the square root of the Mandelstam variable /s = /(p1 + p2)? = 2/X1X2F is a new
quantity called Invariant Mass of each parton collisions.

Introducing new variables, m2 and y,,, instead of x; and x5, by the following relations:

s
X1 = %e‘ﬂ’m = ;/Ege""le m%2 = X1X2E2 = 1
—t —t
1 X X] — X
e Vs = —In(2t) = arctanh | ——2
X9 = fe Yiz — 2Ee Y12 Yio B n (Xg) arctan XL+ %o
2
X +Xg = diat coshy,, = coshyy,
—t E
2myo N ’
X~ X = —p sinhy,, = = sinhy,
(2.1.3.3)
the above relation Formula 2.1.3.2 can be reformulated in the following manner:
S .
\2[ = E3coshy,y — ps. sinhy,,
mi —t = /s (E3 — p3:) (coshy;, +sinhy;,) - (2.1.3.4)

m? —u= /5 (s + ps.) (coshy, — sinhy,y)

As in the previous section, it is useful to express the quantities involved with observables that are
relativistic invariants, i.e. py and y, or for which there may be a geometric symmetry, i.e. ¢.

Changing the coordinates {ps., psy, ps. } with the intrinsic coordinates {pr,y, ¢}:

D3 = P COS ¢

P3y = prsing .
defining mr = \/m? +p2, (2.1.3.5)

p3. == mpsinhy

FEs =mpcoshy

the above relation Formula 2.1.3.4 can be reformulated in the following manner:

S 2p
% = /mi + prcosh (y —y5) = 7:‘(: = \/52 — tanh? (y — y,5)

2 —
m; —t=

N »

(1 — tanh (y — y12)> for — g <tanh(y—yy5) < 40

2 —
m; —u =

N ®»

<1 + tanh (y — Y12>>

(2.1.3.6)
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and
S 4 2
% = /m? + pZcosh (y — y;5) = tanh(y —y5) = +4/8% — %
4 2
m%—t28(1$1/ﬁ2_pT> forOSpTéﬁﬁ
2 S 2
s / 4p?
(2.1.3.7)
Changing the coordinates {ps;, ps,, ps. } with the intrinsic coordinates {pr,n, ¢}:
P3z = Pr COSQ
P3y = prsing 2
where E3 =\/m? + |p3|”, (2.1.3.8)

psz = prsinhyn

|p5| = pr coshy

the above relation Formula 2.1.3.4 can be once again reformulated in the following manner:

2
? = y/m? 4 p2 cosh® coshy,, — prsinhysinhy,, = % = Formula 2.1.3.11
s

NG

2
m? —u= %(1 — tanhy,,) (1 + L: coshnsinhy,o(1 4+ tanhy12)>

2
mi —t= g(l + tanhy,,) (1 - AT coshnsinhy,4(1 — tanhy12)> for —oo <n <400

f
(2.1.3.9)
and
g = y/m? + p2 cosh®  coshy,, — prsinhysinhy,, = sinhz = Formula 2.1.3.12
s 4p?
mtz—t:2<1jp ﬁ2_pT> forO<pT<£B
s 2
4
mf—uzZ(l:I: 32 pT)
(2.1.3.10)
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. . . .2 .
Here below are reported the inversion of the above equation to obtain “PT 2nd sinh Ik

N

V121 <0 A [tanhy,| <8
1 — tanh® ny tanh®
tanhntanhy,, +4/1— (1 —32) ann Qan Y12
1 —tanh®y,,
5 5 > 0 for \
coshncoshy,,(1 — tanh® ntanh®y,,) 32
1—- =
tanh?y
>0 A |tanh —_—1
Y127 = | tanhn| > -
2pr
NG
Y121 >0 A [tanhy,| > 8
1 — tanh? 5 tanh?
tanhntanhy,, — 4 /1 — (1 — 82) ann n Qan Y12
1 —tanh®y,,
5 5 > 0 for A
coshncoshy,,(1 — tanh® ntanh®y,,) 32
h2
| tanh n| tanh” i
1-p2
(2.1.3.11)
and
S 4p? S
sinhn = e sinhy,, & coshy;,1/ 82 — Zr for 0<pr< iﬂ s (2.1.3.12)
2pr S 2
. 4m? . . )
where for all the expressions above § = 4/1 — is considered and of course s = 4m;.

S

It is helpful for the calculation of the final observables to translate the above expressions in terms
of x; and x» by using the following relations:

Y ﬁ2:1_(mt/E)2
X1Xg
X; — X
* tanhy,, = xl +x2
1 2
XoeY — x1e” 1 2 4X1Xo
e tanh (v — == @ @ = —  —1—tanh — =5 >
(Y = ¥12) Xa€¥ + xge7 cosh? Y — Y1) (Y = ¥12) (X26Y + x167)2

in this way the relative conditions of existence in terms of x; and x, are:

Vs

'pT<7/3 = xXiXp = (my/E)* + (pr/E)?

XoeY + X7
© tanh(y—yp)| <8 = xix2 > (my/E)"—t

2 b
X2 + X3
* Vit <O A Jtanhy,| <8 = X <iXe A XiXp 2 mt/E)T )
2
- iy
* y;om =0 A |tanhn| = #2}’12 —
X2 +X1 X2 - X3 2 )
— NX1 2 NX2 A X1Xg 2 (mt/E 1— tanh ).
X2 + X1
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2
oy @
* yi5n >0 A |tanhy,,| = 8 A |tanhn| = %23’12 =
2
Xo +X Xo — X X2 +X
= X1 >nX2 A (mt/E)¢ 1—(2—22) tanh?n < xi%y < (my/E) 21X .
2 X9 + X1 2

2.2 Matrix elements

In perturbative theory, for a scattering process, it is essential to calculate its matrix element, also
said scattering amplitude, and its average square, to explicitly determine observable quantities such
as the cross section and decay rate. This calculation can simply be derived by applying Feynman
rules, which contain the model adopted by a certain theory.

In this section, the matrix element and its quadratic mean are calculated for the main processes
obtained from proton collisions at the LHC: gg — t¢ (gluon fusion) and ¢g — tt (quark-antiquark
annihilation), extending the SM to the SMEFT but limiting the calculations to the LO alone.

(@) (1)
and D2 @ P4
yal Dps3

(9) (t)

Figure 2.4: Feynman diagram of whole top quark pair production process by
gluon fusion gg — tt and by quark-antiquark annihilation qq — tt.

2.2.1 gg — ttin SM @ LO

For the process gg — tt, the matrix element iV, relevant to the SM at the LO, could be calculated
by the sum of the following Feynman diagrams:

€B Vs
pg\ /p 4
p1
/4 \p 3
€A Uy
t-channel u-channel s-channel

Figure 2.5: Top quark-antiquark pair production by gluons fusion in SM at LO.

directly deducible from the graphical Feynman rules.
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M =M + M, + M, (2.2.1.1)

From the above diagrams, it is easy to obtain the following matrix elements by means of Feynman
Rule matching:

My = Ur(ps) (igsT‘W“> €au(p1) (im> epv(p2) <i957b7”> vs(ps) =
= —igiTT U, W¢Bvs = igir T e ApEBL Uy W”
iM, = Ur(p3) (igsTbv”> eBv(p2) <im> eau(p1) (igsfav”) vs(ps) =
iMs = caulpr) (gsfc“” (g””(m —p2)? + g7 (p2 + p1 + p2)* + 97" (—p1 — p2 — Pl)”))EBu(Pz)

e G

_ —ng[Ta ‘ Tb]ﬁ (ea- 53)(?1 _pg) +ea-(p1+ 2p2)¢B —EB- (2])1 +p2)¢Av _
° ' (p1 +p2)? °

9" (P, — p,) — 205" + 2piy*
2(171 ';02)

= Zgg [Ta | Tb]gAueBuﬂT Vg

(2.2.1.2)

Due to the gamma matrices anti-commutation relation (i.e., ¢ APy = 24 - p3 — p3¢ ) and due to
the spin-state relation (i.e., u,(p, — m¢) = 0), iM; has been simplified by the following equation:
Urd 4 (Py—pP,+ M) = Ur(2eaP3—Pof g —F 4P, T1uf 4) = Ur(26a-D3—F o)) —Ur (Py—mt)f 4 = Ur(264°
P3—# 4P, ). In the same manner iM,, has been simplified by: u,¢ (p3 —p, +my) = ur(2ep-p3— ¢Bp2).
iM, has been simplified by the colour algebra relation [ | 7°] = if27¢. Furthermore, in order to
preserve the colour charge and thus to save Ward’s identity for QCD, which justifies the presence
of the third term in iM,, it is necessary for all external gluons to be physical, hence transverse, i.e.
€a-p1 =ep - p2 = 0. This concludes the above simplification for i{Ms.

As is well known, in order to determine the cross section of a process, it is necessary to calculate
its relative average squared of the matrix elements: <|M|2> In the proton collision, nothing is known
about the colour and polarisation of the interacting parton-gluons and similarly, nothing is known
about the colour and spin of the top quarks obtained, so it is useful for the <‘M’2> calculation to
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average over all possible states of the incoming parton-gluons and sum over all possible states of the
outgoing quarks by the following formula:

1 1 1 1
(") = S5 X 3.3 X > Y. M =
ab AB ij rs

—_—
8 colour status 2 polarisation status 3 colour status 2 spin status

for 2 gluons for 2 gluons for 2 quarks for 2 quarks
1
— 55 Sop an (10 + VP + PGP 4 2ReMAT + 06 + 061
ij rs

(2.2.1.3)

All colour states and all polarisation states of the incoming gluons are averaged and all final states
of the outcoming top quarks are summed since the colour charge is not detectable and furthermore
because we are interested in unpolarised square matrix elements.

To approach this calculation, we note that the first major simplification is to solve the sum over the
polarisation of the gluons. In fact, to develop this sum, it is necessary to consider that for QCD the
external gluons are transversely polarised, so the following relation should be applied:

oznﬁ + pﬁna n2papﬂ
p-n (p-n)?

. D
Y enap)epm(p) = =97 +
pol

where n is an auxiliary vector. (2.2.1.4)

Defining for simplicity M** such that M = € 4,,e 3, M*", it is quite easy to prove, albeit a bit long that
P MY = po, M = 0 [19] [20], so the sum of polarisation over the two gluons could be hardly
simplified in the following way:

D eansiiy 2B MM = (=gu) (—gua) M M7 = M, M =
A B

2 — 1 * _ L Uk
= (M) = Q—%Q%:BMM = 256%3\@”3%# : (2.2.1.5)
ij s s

Regarding all the remaining sums, it is helpful to put in evidence the colour factors from the Dirac
factors, rewriting each of three terms, M;, M,, and M, in the following form:

UprMH vy .
M = KwaDiﬂ” where M, =ea,ep, ML with z € {t,u,s} (2.2.1.6)
and where
K, = g2 Ci = (17" Dy = 2(p1-p3)
K,:{ K, = ¢° Co:q Cu = (7979 Dy,:¢ D, = 2(p2-p3)
Ks = 9.? Cs = ([Ta | Tb])zg Ds = 2(p1 PQ)
M = 2phy" =P
MZ" g MY = 2p5yt = gt ;
M = g"(p, —p,) — 20577 + 2pi "
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hence:
Ml“/ - Z Kxcac U7j%£ Us —
ze{t,u,s} z
2 pUx L * er (ﬂ’T'M-'EMVUS) (17'7'M17V’U8)*
(Iv) = 256 ;M,M — xy%:u S}(Kwa)(Eab 4 CaC2) boD,

rs

(2.2.1.7)

Regarding the sum over the spin, it is useful to consider the following formula, sometimes indicated as
Casimir trick: 3, (@i (pm) Ava(pn)) (@ () Bus (pn))* = tr [A(pn —~m)BC(p_+ m)] where BC =
v° BT~ hence, the spin sum could be simplified into the following form:

Z (a'er;w'Us) (a'rMéwvs)* =tr [Mac;w<p4 - m)M:/WC(pg + m)} =

rs

tr Mwul,(4—m)M5”C( +m)
(") = %6 N (Koky) (L i, CoCy) [y DD L ] (2.2.1.8)

zye{t,u,s}

which ends the simplification. The remaining step is the colour factor calculation and trace calcula-
tion.

Remembering the following properties regarding gamma matrices and traces Appendix B and using
the kinematic relations Formula 2.1.1.4, we can obtain for tr [Mw,,(p T m) Mgﬁwc(ﬁg + m)} .

o1 [ M (p, — me) MO (p, +ma)] = 32((p1 - p3)(p2 - p3) + mi(p1 - p3) — m]) for M2
tr [Mup (p, = me) MUY (p, +me)] = 32((p1 - p3)(p2 - pa) + m3(p2 - p3) —mf) for M2
tr [Mapu (p, — mo) M7 (p, +mi)] = 64(p1-ps) (p2 - p3) for M,
tr [ My (p, — m)ME"C (p, +mi)] = 16m2 (p1 - p2 — 2m3) for 2Re [MM}]
tr (Mg (p, — me)MEYC (p, +mi)] = 16 (m3(p2-ps — p1-ps) +2(p1 - ps)(p2 - ps))  for  2Re [M.M;]
[

o1 [ Moy (p, — me) M (p, + me)] 16 (mF(p2 - ps — p1-p3) — 2(p1 - ps)(p2 - p3)) for 2Re[MM;]

(2.2.1.9)

For the colour factors, taking into account the conjugation of Gell-Man matrices and the Fierz identity
for SU(?)) (Ta)fj = (Ta)z; = (Ta)ji and (Ta)ij(Ta)kl = Za(Ta)ij(Ta)kl = % (6¢l(5jk — %&jékl) we

obtain for ), ;. C.Cy:
Zab ij tht* = Eab Zzy (TaTb)ij (TaTb):j - %6 for IMt‘Q
Zab ij Cuc’j = Zab Zij (TbTa)ij (TbTa):j - ? for |Mu|2
Db i Os05 = 2000 200 [r 1] ij [7* 1] ;' = 12 for ]M[?
(2.2.1.10)
Db iy OrCu = 20y 2 (TaTb)ij (TbTa);' - _§ for = Re [MM7]
Zab ij Culs = Zab Zz’j (TbTa)i]‘ [Ta | Tb} ; = 6 for Re[M.M]
Zab ij CsCf = Zab Z” [Ta ‘ Tb] i (TaTb);, = 6 for Re[MM;]
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Composing all the above results in terms of Mandelstam variables we have:

1 tu — m?(3t + u) —m}
- o M 2 — 4 t t
256 > 40 M 6 - )2
LZ V2  gtu—miBu+t) —mf
256 78 T ~ T 6wy

1 2 _ 2 3(mf = t)(mf —u)
556 2t 48 M| - 9 152

> (2.2.1.11)
1 m3?(4m? — s)
— > ab AB2ReMM] = gt —
256 2 e eV Js 24(m3? — t)(m? — u)

1 —3(tu — 2m?u + m})
— > ap AB2ReM,MZ] = g} ¢ :
256 2 b 48 eI L 8s(m? — u)

1 —3(tu — 2m?2t + m})
— > AB2ReMM;] = g} : ¢
256 2 e ML M] L 8s(m? —t)

where Formula 2.1.1.4 for Mandelstam variables is used. This last result is perfectly in line with the
result reported in [17] for the SM part.

The sum of the above six terms, reducing the Mandelstam variables, gives the final result of <|M]2>,
ending the calculation:

Average Squared of Matrix Element for gg — tt in SM @ LO

(M) = g2 (me —9m?s +4s? — 9tu) (—2m§3 —mj (352 = 4tu) +m?s + tu (82 = 2tu))
a 2452 (m2 — t)* (m2 — u)”

(2.2.1.12)

An alternative method to solve the average square matrix element calculation is to include in the
polarisation sum also the longitudinal gluons, in this way, the following formula could be considered:

ZgA;LEjZ\p ZgBug*Ba = (_gup)(_gva) 5
A B

but, it is necessary to include virtual fields named ghosts to obtain the right final result.

To check the correctness of the last result here obtained <‘M’2>, it could be implemented an
automatic calculation by FEyNCaLc 9.3.1 [21], a WoLFRAM MATHEMATICA package [2.2] for symbolic
evaluation of Feynman diagrams and algebraic calculations in quantum field theory and elementary
particle physics. Here below a sample of code to calculate a quick result:
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MatHEMATICA Wolfram Notebook (.nb) file listing

In[1]:=

ClearAll[a,b,mt,gs];
ClearAll[pi1,p2,p3,p4,t,u,s];
FCClearScalarProducts[];

matrixElementl =
gs”~2xSUNT [a,b] *
SpinorUBar [p3,mt] .GS[Polarization[p1]].
((GS[p3-p1]l+mt) /(2*ScalarProduct [pl,p3])).
GS[Polarization[p2]].SpinorV[p4,mt];

matrixElement2 =
gs~2*SUNT [b,al *
SpinorUBar [p3,mt] .GS[Polarization[p2]].
((GS[p3-p2] +mt) / (2*#ScalarProduct [p2,p3])) .
GS[Polarization[p1]].SpinorV([p4,mt];

matrixElement3 =
gs~2%(SUNT [a,b] -SUNT [b,a]) *
SpinorUBar [p3,mt] .
((ScalarProduct [Polarization[pl],Polarization[p2]]*GS[p2-pl1]-
ScalarProduct [Polarization[pl],p1+2*p2]*GS[Polarization[p2]]+
ScalarProduct [Polarization[p2] ,p2+2*p1]*GS[Polarization[p1]])/
(2*ScalarProduct [p1,p2])).
SpinorV[p4,mt] ;

matrixElement = matrixElementl+matrixElement2+matrixElement3;

ScalarProduct [pl,pl] = 0;

ScalarProduct [p2,p2] = 0;

ScalarProduct [p3,p3] = mt~2;

ScalarProduct [p4,p4] = mt~2;

ScalarProduct [pl,p4] = ScalarProduct[p2,p3];
ScalarProduct [p2,p4] = ScalarProduct[pl,p3];
ScalarProduct [p3,p4] = ScalarProduct[pl,p2]-mt~2;

SUNN = 3;
SetOptions[Polarization,Transversality->True];
nl = p2;
n2 = pil;

matrixElement.ComplexConjugate [matrixElement] ;
%//SUNTrace;

%/ /FermionSpinSum;
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%//DiracSimplify;

%//DoPolarizationSums[#,pl,nl1]&;

%//DoPolarizationSums [#,p2,n2]&;

%% (1/256) ;

%//ScalarProductExpand;

%//FullSimplify;

%/ .{ScalarProduct [p1,p3]->(mt~2-t)/2,
ScalarProduct [p2,p3]->(mt~2-u) /2,
ScalarProduct [p1,p2]->(2*mt~2-t-u) /2};

%//FullSimplify;

%/ . {u~2->(2*mt~2-s) "2-2%t*ku-t"2};
%//FullSimplify;

%/ L (t+u) > (2*mt~2-5) };
%//FullSimplify

gs? (Imt*-9mt2s+4s2-9tu) (-2mt¥+mt? (4tu-3s2) +mt2s3+tu(s2-2tu))
245 (wt®-t)? (mt2-u)

Out[1]=

perfectly in line with result <]M|2>

2.2.2 g3 — ttin SM @ LO

Similar to gg — tt, for the process qg — tt, iM, relevant to the SM at the LO, is the sum of the
following contributions:

gluon-channel photon-channel Z° boson-channel

Figure 2.6: Top quark-antiquark pair production by quarks annihilation in SM at
LO.

directly deducible from Feynman’s graphical rules, but in this case also using EW interactions and not
just QCD interactions.

M =M, + M, + Mz (2.2.2.1)

From the above diagrams it is easy to obtain by the correspondence Feynman Rules, the following
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matrices:
iMy = Uu(p2)| igsy*(7%)ij |y (p1) iy Oas r(ps) | igsy” (TP |vs(ps) =
(p1 +p2)?
-1 2 1 ("_)I”yﬂu/')(ﬂr’)/uvs)
= i= 0i10:k — =0;:0 3 r
2295( 195k 3 J kl) 2(p1p2)+2m§
iMy = vy (p2)| 9. Q) di5 | ug (1) e tr(p3) iggw”&d vs(pa) =
Y s e J T (p1+p2)2 37¢ v <
'2 2 (@//WHU//)(QT’)/N’US)
= 1=¢29(q)0;i0p —= r
Zgge (q) 7Okl 2(p1p2)+2m(21
; = 7 92 — 5. | T
Mz = vsr(pz)<Z 5 7" (Qv (@) = 2a(a)7”) z])ur'(p1)<(p1+p2)2_m2z>
ur(ps3) (igzzw”(Qv(t) - QA(t)v5)5m>vs(p4) =
1 (02" (Qv () — Qalg)V)uy ) (v, (Qv (1) — Qa(t)y®)vs)
_ 2.7925__5“ s vq AGQ)Y ) Uy rYu\=Vv A\L)7Y ") Us
4 Z7% 2(p1 ~p2) +2m3 —mQZ

(2.2.2.2)

To simplify the colour algebra for iM, the following relation is used: (7%);; (74 )x = % (52-15 ik — %@j 0 kl) .
For M, it is understood that Q(g) = +2/3, if ¢ is an up quark or Q(¢) = —1/3, if ¢ is a down quark.
While for iMy, it is understood that gz = g./(cosfw sinfy) = 2 mz/v and Qy(q) = +1/2 —
4/3 sin? Oy and Q4 (q) = +1/2, if ¢ is an up quark or Qv (¢) = —1/2+2/3 sin? fy and Q4 (q) = —1/2,
if ¢ is a down quark. Of course, Qv (t) = +1/2 — 4/3 sin? Oy and Q4 (t) = +1/2.

As is well known, in order to determine the cross section of a process, it is necessary to calculate
its relative average squared of the matrix elements: <|M’ ). In the proton collision, nothing is known
about the colour of the interacting parton-quarks and similarly, nothing is known about the colour

. . .. 2 .
and spin of the top quarks obtained, so it is useful for the <]Jv[| ) calculation to average over all
possible states of the incoming parton-quarks and sum over all possible states of the outgoing quarks
by the following formula:

2 1 1 1 1 .
M =33 2 535 2 2 > W =
i r's kl rs
— N—

3 color status 2 spin status 3 color status 2 spin status
for 2 in quarks for 2 in quarks ~ for 2 out quarks  for 2 out quarks
1

— 2 2 2

= 5 (NG PO + M+ 2ReDEMS + DM + M)

kl rs

(2.2.2.3)
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All colour states and all polarisation states of the incoming gluons are averaged and all final states
of the outcoming top quarks are summed since the colour charge is not detectable and furthermore
because we are interested in unpolarised square matrix elements.

Also in this case, it is helpful to put in evidence the colour factors from the Dirac factors rewriting
each of three terms, My, M, and My, in the following form:

(0L, ML"ul,) (ur My ,0s)

M, = K, C, D with =z € {g,7,7} (2.2.2.4)
and where
Kg = gg Cg = % (6il6jk — %&jékl) Dg = 2(p1 '])2) + 2m§
Kz K’Y = %Q(q)e2 Cz C’Y = 6ij5kl Dz : D’Y = 2(p1 pg) + 2777,3
K; = 143 Cz = 6ij0u Dz = 2(p1-po) +2mg —m3
M'P = H M. =
g = 7 gy = Tu
M Mt = A4t MM My, = W ,
Mz" = A" (Qv(g) — 2a(9)7°) Mz, = 7. (Qv(t) —2a()°)
hence,

2 1 Do s O M) (U Mo 05 ) (0, Myl ) (6 My, vs)*
<|M’ > = 36 - (Kwa) (Zij kl Ony) D:Dy . - .

(2.2.2.5)

Regarding the sum over the spin, it is useful to consider the following formula, sometimes indicated
as Casimir trick: 3, (vs(q)Au,(q)) (vs(q) Bu,(p))” = tr [A(p + m)BC (4 —m)] and

S, (@ (p)Avs(q)) (4 (p) Bus(q))™ = tr [A(¢ — m)BE (p + m)] where B = 7°B1°, hence, the po-
larisation sum and the spin sum could be simplified into the following form:

> (0 M ) (0 My ur)* = tr [M;*‘(pl + mq)M;”C(];;Z - mq)} and

i
TS

S ity Mayyvy) (i, My, 0,)" = tr [Mw(m —ma)M,,° (p, +mt)} —

rs

V) = o ST (LK) (S 10 CaC)

tr [ (9, + )My (g = mo)] tr [, — )My, © 5y + o)

2.2.2.
D.D, , ( 6)

which ends the simplification. The remaining step is the colour factor calculation and trace calcula-
tion.

Remembering the properties regarding gamma matrices and traces Appendix B and using the kine-
matic relations Formula 2.1.1.5, we can obtain for tr [M;”(pl + mq)Ml’/”C(p2 - mq)} tr [qu(% —my) M, (py + )|
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tr [M!;H(?l + m‘l)Méyc@Z - m‘Z)] tr [MgM(P4 - mt)MguC(]Ds + mt)] =

= 32( (p1-p3)? + (p2 - p3)* + (m2 +mf)((P1 “p2) + mi) for

tr [MH(p, +mg) MY C (p, —mg) | tr [My,(p, — ma) M5, © (p, +mi)] =

= 32( (p1-p3)* + (P2 - p3)* + (M +m7) ((m “p2) + mﬁ)) for
e [My"(p, +ma) My (p, = ma)] t [Mz,u(p, =m0 Mz, (p, +mo)] =
S 32(((9%) + Q@)@ () + (1) — 120 ()2 (@) (B2 (0) ) (b1 - po)+
+ (9@ + R@N@ O + 2 0) + 120 (@24 @ (9240 (b2 - 7o)+
+ (mA(9 (@) + @)@ (1) - B4 @) +mi(2 @) - B(@)(@ () + L)) (o
+m(9 (0) — 94(@) (32 () + 94 () + mA(@ (1) - 393,@)))) for

tr [My" (p, +ma) ML (p, — mg)| tr [My,(p, — me) M, © (py +me)] =

= 32( (p1-p3)* + (p2 - p3)* + (M2 +mf)((zﬂ1 -p2) + mﬁ)) for

tr [M"lfu(pl +mg) My (p, — mq)] tr [Mw(m —my) Mz, (p, + mt)] =
= 32 ((Qv(q)Qv(t) —Qa(q)Qa(t)(p1 - p3)? + (Qv (9)Qv (t) + 24(9)Q4 (1)) (p2 - p3)2+
+ Qv (q)Qv (t)(mG +m3) ((p1 p2) + m§>> for

tr [My* (p, +mqg) My (p, — mg)| tr [Mz,(p, — m)My,© (p, + me)| =

= 32 ((Qv(q)Qv(t) —94(9)2a(®))(p1 - p3)* + (v (9)Qv (t) + Q4(q)Qa(2))(p2 - p3)*+

For the colour factors, we obtain for ;. ;, C;Cy:

22551 CoC00 = 2245 2 % (5il5jk - é5ij5kz)2 = 2 for |M,?
Zi]. w1 CvCy = Zij ZM 6708 = 9 for |M,|?
Zi]. 1 C2Cz = Zi]. Do 0508 = 9 for [Mgzl?
> CoCr = 30 S % (5,-l5jk - éaijakl) 8ibu = 0 for 2Re [M,M:]
> 0 CaCz = 20 D 6i0adigOn = 9 for 2Re |[M,M}]
> C2Ca =300 5ij5kl% (éuajk - %5”-5“) = 0 for 2Re[MzM;]

M, |2

M, |2

- p2)+

[Mz|?

2Re [M,M]

2Re [M,M]

2Re [MzM; ]

(2.2.2.7)

(2.2.2.8)
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Composing all the above results in terms of Mandelstam variables we have:

Zz] r's’ |M |2

T8

1
an Za r's’ |M |2
36 -li‘,l rs !

Zz s | Mz]?
36 il rs

4g% (52 +2m} — 2tu)
952

8920%(q) (s* + 2m{ — 2tu)

952
(Q%(q) + 9% () (Q4() +
g% —4(2%(q + 92
+494(q)Qa(t)Qv

Q% (1)) (s? +2m;L 2tu) +
q)) (tym2s+

(¢)Qv (t)s (t — u)

)

8 (m

)
5)2

1
721 7'5/2R6[M M*] =0
36 -li‘l rs
202429(q) Qy(q)Qv (t) (s* + 2m} — 2tu) +

L R i @R
ac ij r's’ € =
36— s 3s(m% — s)
1 *
% Z” P QRG[MzMg] = 0

kl rs

(2.2.2.9)
where Formula 2.1.1.5 for Mandelstam variables is used and it is also applied the following relation:

3

(m§+mf—t)2+(mg+mf—u)2 = 52—0—2(m3—|—mf)2—2tu—2(m§—|—mf)s
(m3+mt27t)27(mg+mt27u)2 = —s(t—u)

but imposing m, = 0 for simplicity.

To obtain <|M\ > it is sufficient to sum all the above six terms and this ends the calculation.

Average Squared of Matrix Element for qg — tt in SM @ LO

(4gs +8¢2Q%(q )) (82 +2mf — 2tu)

952 +
z ((2%(a) + 9% (9)) (Q4(t) + 9% (1)) (5> +2m}
8(m?% — 5)2
97 (=4 (9% (9) + 9% (9)) Qixz(f)m?«s +494(¢)2a(t)Qv (9)Qv (t)s (t — u)) n
8(m% —s)

Qy(q)Qv (t) (s* + 2m} — 2tu)

3s(m% — s)

(M) =

= 2tu)) W

+

2929%9(q) (- — Q4(q)Qa(t)s(t — u))

+

(2.2.2.10)

\.

Also, this result, similar to the gg — t£ process in SM at LO, could be verified by a simple code of
FeynCalc 9.3.1 [21].
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2.2.3 gg — tt in 6-dimension SMEFT @ LO

To extend the gg — tt process with the 6-dimensional SMEFT approach, it is necessary to in-
troduce the operators: O, O¢ and Oy¢. These operators lead to new Feynman rules, as shown in
Section A.4, through which diagrams are obtained as depicted in Figure 2.7. The calculation of the
matrix element M must then be conducted by adding these diagrams to those already obtained by

considering

the effects of the SM alone.

s-channel of the O, operator 4-point-channel of the O,y operator

€B Vs
\p2 p4/
—>
/! D1 p3\ _
€A Ur
s-channel of the O¢ operator s-channel of the Oy operator

Figure 2.7: Top quark-antiquark pair production by gluons fusion in 6-dim.
SMEFT at LO.

M(Lovmrr) = (M M M) (Csm) + (M ML M+ Mggtt—) (0uc) +

+ <M5>(OG) + <M5>(O¢G)

(2.2.3.1)

From the above diagrams, it is easy to obtain the following matrix elements by means of Feynman
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Rule matching:

Z'Mt(otg)

My (0ra)

iMS(OtG)

nggt{(ofG)

@ (ps) ( — /2% pap | m) Eau(pr) ( W) 5 (p2) (—z‘gsmv)vs (pa) +

p3 —p1)? —m3

+ur(pe,)(—igsraw)mp(pﬂ(iW)sBmz)(—M G roly ”?2]>vs(p4) -

p3 — p1)? —m;3

» . Py Pyt R N
V2, T<[¢A|¢l1(p2_p4)2_mt¢ B2 o [p2|¢31>

v | p,) (208 +47p,) N (2pf +p, )P, | v”]) )
2(102 'p4) 2(1’1 '173) °

zfgs T“TbsAuEBVuT (

ur(p3) (—1\[ i o | ]1)2})631,(}72)( w>5z4u(pl) (-igsT“V”> vs(pa) +

(ps —p2)® —
+ ﬁr(m)(—igﬂ”v”)wu(m)( W)EAu(p1)< z\f Crofyn ﬁll)vs(m) =
p3 — p2)? —m;
. vCia PP, t Zﬁ — P, t
—iv/2gs o 7o q, <[¢B \?g]m?‘ ¢B—(p3 B 7, |¢A]>

iv3g." chTaEAHEBUUT ([’YV | p,) 204 +*p,) . (2% + p,7")p, Iv“}) o

2(p1 - pa) 2(p2 - p3)

eau(p1) <gsf§b (g‘“’(m —p2)? + ¢""(p2 + p1 + p2)* + g?*(—p1 — P2 — p1)“>>613y(p2)

—19po i
((pl +P2)2> r(p3) (

Vg, 1 o | 1)
_ 2(ea-eB)lp, | p,] tea- (pr+2p2)lfp | p, +9,] —eB - (2p1 +p2)[£, | P, +;¢2]v

r s =

(p1 + p2)?

Crehye | p, +¢2])vs<p4> =

g lp, | ]+ o501 | g, + ) — oY | 9, +p2}v
p1-p2 °

. vCia _
V29, A; [re | TteapeButr

u (1) () <ﬁgfc[ |71 | v”])vs (po)em(p2) =

ngs

e | g, | plos =

iV2gs

[T“ | T leapeButn[y* | 7" vs

(2.2.3.2)
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. C

iMs(0c) = eau(p1)eny(p2) (—Glgf‘“’C ((pl +p2)Hpips — ph(p1 + p2)"pi+
+g“”<p’f(p2-(p1 +p2)) —p5(p1- (p1 +p2) )+
+g"° (pS (pr- (P14 p2)) = (p1+p2)" (1 p2) )+

+ gPH ((p1 + p2)”(p1 - p2) — Py (p2 “(p1 +p2) ))>

(z’(pl_f”;yéco ar(p3) (igw”Td> vs(pa) =

itg. S21re | Plar ((ea (o1 2)) e p1)p, — (a9 (e (o1 +p2))p,+

+(ea-en)p, (p2- (p1 +p2)) — (ea-B)p, (1 - (p1 +p2))+

+#p(ea-p2)(pr-(p1+p2)) = £5(ca- (pr+p2)) (p1-p2)+

+#4(e8 - (1 +p2))(p1 - p2) — £4(eB - 1) (P2 - (1 +p2)))vs
1

(1 +p2)?

phpY — g"¥ (p1 - pg)_
ur(p, —
P1 - P2

pz)vs

. Cg
Z39sﬁ[7a | TleaneB

(2.2.3.3)

. _ VCG con( v n y i e
iMs(0c) = EAH(pl)EBv(m)(?ZMé (101102_(101'232)9“) m —175”-
ﬂT(pS)vs(p4) =
= QthC¢G5ab5 (ea-p2)(eB -p1) — (€a .;B)(pl.pz)ﬁrvs _
A2 2(171 P2) — my
Hov v .
— QZ‘LCd’G(;ab(;ijaA#eBu%m g (; pz)_T i
A 2(p1 - p2) —

(2.2.3.4)

Similar to the SM case Subsection 2.2.1, verifying that also for the matrix elements related to the
SMEFT operators are gauge invariant (i.e. p;, M"” = py, M*” = 0), hence the total average square
matrix could be calculated by the same SM Formula 2.2.1.7.

After tedious calculations involving colour algebra and Dirac algebra, we can obtain:
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Average Squared of Matrix Element for gg — tt in SMEFT @ LO

<’M‘2> _ gE(9my — Im?s + 4s% — 9tu)(—2ms — m}(3s% — 4tu) + m?s® + tu(s? — 2tu))
2452(m? — t)2(m? — u)?

([ecean])
V2Ciqg3mv(9m} — Im?s + 452 — 9tu) 9Cag2m? (t — u)?
3(mf —t)(mf — u)A? 8(mi —t)(mf — u)A?
(2 Re[M(Lsu)M(0+)*]) (2Re[M(L5w)M(06)*])

C’¢Gg§mt252(s — 4m?)
8(m3 — s)(mi — t)(mF — u)A?

- -

<2 Re[M(LsM)M(O¢G)*]>

C2, 920 (—18m8 + 36mSs — 3md (1152 — 12tu)+
+ m?s(23s? — 36tu) + 3tu(5s? — 6tu))

+ 3s(m? — 8) (i — WA +
(o)
9C;cCag?myvs CicCpagsmivs?(mi — tu)
V2 V33, — 5)(m? — )(m? — WAl
(2 Re[M(0:6)M(06)*]) (2 Re[M(0:6)M(04c)*])
2 92 2 2 302 2.2 — 4 2
+ 2710595 (mi — t)(m§ — u) + 0 oGS (s my)
4A% 8(m?2; — s)2A*
(|m©a)]*) (2Re[M(06)M(046)*]) {|M©s0)|")

(2.2.3.5)

Also, this calculation could be easily resolved by the use of MaTHEMATICA with FEYNCALC 9.3.1 pack-
age [21].

2.2.4 qq — tt in 6-dimension SMEFT @ LO

To extend the qg — tt process with the 6-dimensional SMEFT approach, it is necessary to intro-
duce in addition to the previous operator O;¢, and also the 4-quarks operator O,z;. These operators
lead to new Feynman rules, as shown in Section A.4, through which diagrams are obtained as de-
picted in Figure 2.8. The calculation of the matrix element M must then be conducted by adding
these diagrams to those already obtained by considering the effects of the SM alone.
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s-channel of the O, operator 4-point-channel of the 04, operator

Figure 2.8: Top quark-antiquark pair production by quark annihilation in 6-dim.
SMEFT at LO.

The 6-dim. SMEFT matrix element for the present process is given by:

M(Lsvrr) = (Mg + M, + MZ) (Lsm) + <M3>(OtG) + <qutt><o4quarks)

(2.2.4.1)

Where ¢ is mainly an up-quark (u) or a down-quark (d) in a proton-proton collision.

M (0r) = ﬁ;/@z)(igswv“»j)u;/(pn<m)ar(p@(—iﬁ”f;"‘(rb)mhv|¢1+¢21>vs<p4> =

V2 wCi 1 Oy, ) (Gr[ve | P, + Pylvs)
= —i—gs— |0k — 50ij0m 5
2 A 3 2(])1 ~p2)+2mq
(2.2.4.2)
M0 (94 quarks) _ RO oo £ 05 )
) =t A2 (r )ij (Ta)i + A2 0330k
iM 4317 (04 quarks)

o, (p2) (VoY ™) ul, (p1)ar (p3) (V57uy™) vs (pa) +

+

C(S) C(l)
. tu/d tu/d = T attnBY o,/ ~ 7 6
i\ e i (Ta)i + =500k |0 (p2) (Y"9*9°) ws (p1)ar (ps) (77 7u7®) va(pa) +

+

o® oW
. u/d a w/d _ _
( S (ol + 5ij5kl>vér(p2)(777“76)%/(171)“4193)(’YGW’Y7)US(F4)+

(8) (1)

Z( (T (Ta)kﬂr/i;l5ij5k1)@;/(p2)(767“77)u;/(p1)ﬁr(p3)(va"')vs(m)

J’_

(2.2.4.3)
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Similar to the SM case Subsection 2.2.1, the total average square matrix could be calculated by
the same SM Formula 2.2.2.6.

After tedious calculations involving colour algebra and Dirac algebra, we can obtain:

Average Squared of Matrix Element for qq — tt in SMEFT @ LO

4 (g% + 24202 s? +2mj — 2tu
952
(|recesnl)
L+ 72929790 Qv(9)Qv () (s* + 2mi — 2tu) — 2997 A)2a (@)U Bs(t —w)
3s(m% — s)
(aecesm| )
97 (9%4(a) + 9% (2)) (QA() + Q5 (1)) (5* + 2mi — 2tu)+
+49794(9)24(1)Qv (9)Qv (1)s(t — u) — 497 (2% (q) + Q- (9)) Q4 (t)mis N
8(m% —s)°
<‘M(LSM)‘2>
32v2Cqgimv n Clg+7)aqrhr (8° + 2mif — 2t) + Cg4)qqriS(t — )
9A2 9sA2
<2 Re[M(LsM)M(O,G)*D <2 RG[M(LSM)M(Oqatf)*]>
Cqut{1(52 + metl — 2tu) + Czqqt£25(t —u) + Czqqtf3mt25
2(m% — s) A?
(2 Re[M(Lsw)M(O 4q07)*])
8 8
64C2,g2v?(2m?s — m} + tu) i 32\/§CtGgSmtv(Cz§A)A(t —u)+ CéV)VS)
9sA4 IgA4
{|m©)|") (2RelM(016)M(Ogqe)*])
8)2 1)2
4 (Cé‘/)+A + %C’;‘,)JFA) (8% + 2mf — 2tu)+
8)2 1)2 8)2 1)2
+8 <Cc§V)*A + %C(EV)*A) s(t—u)+38 (Cév)q:A + %Cév)q:A) mis
+
IgA4
<|M(oq§tf)}2>
(2.2.4.4)

Also, this calculation could be easily resolved by the use of MATHEMATICA With FEYNCALC 9.3.1 pack-
age [21].

Where we have used the following:
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c&, = 1 ((C(Ql;{i) + Cg”q’f)) +C) v o)+ C&)R) "4 forg=u " —"forqg=d
0 = 3 (- () £ C5P) + 08—l + )+ horau " forg—a
Céfl)A =3 ((Cgéi) = C(Ql;i)) + Ct(f;; - C’t(;) — C’gq)R> "+7forq=u " —"forq=4d
9y = (- (ClD scl?) v ) vl —C5)) 4 forg—u "—"forg—d

2 2 2 2 2
ch\/)+A = C’(gv)v +O(§V)A +O{§A)A +Coav

2 2

(x) _ (@) 2 () 2 () 2 (x)
Cov_a = Civ +Cva —Ciaa —Cl4iy
(x) 2 _ @) (x) 2
Cq%/$A = q"\K/—A - qu\c/-&-A

; 2 .,
Ciha = CovCiia + CitaCiiy
= 8 26(8) 3 2Q C(l)
Cgrmqann = 8 (9:C,vv +39:2a)C vy
3 1
Clg+m)qattz = <9§C(§A)A+39§Q(Q)C2A)A)
an = 9% (~C'1424(0)2a(t) + Y2412 CA24(@)2v (1) — C Qv (g)Qv (t
Czqqttl = 9z qAA A(q)Qa(t) + qAV A(t)Qv(q) + qVA A(q)Qv(t) A% v(g)Quv(t)

czaer = 9% (~CLAv (@0 (1) + CL2 94020 () + C49v ()94 (1) = Cy 24(0)94(1))

Camis = 49324(t) (C149a(a) = CLRy Qv ()

2.3 Cross Sections

The cross section is arguably the most widely used physical observable in collision and in scattering
experiments and is a quantity used to describe a process of interaction between particles, assessing the
probability of particles changing from an initial state to a new state after the interaction event. It has
the size of an area and is usually measured in barn or its sub-multiples: 1b = 1-10724 cm?. Knowing
the luminosity of the collider, the differential cross section allows calculating the distribution of the
events on a kinematics parameter, while the total cross section allows counting globally the number
of events of a given process.

The previous sessions prepared the theoretical calculation of these observables in the context of
the production process of top quark-antiquark pairs in the proton-proton collider experiments at the
LHC, where the two parton processes gg — tt and gq — tt take place. As said in Subsection 1.1.5,
these processes are a quasi-elastic collision between two particles that generates other two scattering
particles, (1)(2) — (3)(4), as represented in Figure 2.1 and the generic differential cross section could
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be calculated by the following Golden Rule [14]:

1 &*p;  d°pi
— (2m)*0* (p3 + pa — p1 — p2) (Iv?) 3 ;

dbo =
4y/(p1 - p2)? — mim3 (27)32E; (27)%2E,

(2.3.0.1)

where p1, ps, p3 and p, are the four-vector momenta involved, m; and msy are the masses of the
incoming particles, F5 and E, are the energies of the outcoming particles and ps and p; are the
spatial part momenta of the outcoming particles. The typology of the involved process is included in
the form of M, for the SM theory as well as for the SMEFT.

In the following, the formulae for the cross sections are developed for a simple but theoretically
propaedeutic case of particle collisions in a fixed CMF and for the real case of proton-proton collision,
which involves the collision of the relevant partons in a CMF that appears to be boosted in the direction
of the most energetic parton.

2.3.1 Differential Cross Section
Particle collision in fixed CMF

Considering the simple scenario of the two parton processes, gg — tt and qg — tt, at the high
energies involved, we can put m; = my := 0 and m3 = my4 := m, and of course, we have ]75 = 7171).
After some integrations, the Formula 2.3.0.1 becomes:

$o - {M)?) s @)d:a?

167252 2 3

) (2.3.1.1)

Egizé

changing the coordinates for p3, from (p3s, P3y, P3~) to a generic set (¢, &, x) one obtains:

s _ (M%)
d'o = 167252

6(C_C*) 8(173:1:7?3 7p3z)
= 5 e St acacan. (23.1.2)
¢

Cu: E33:§

This quantity can then be expressed in various forms by choosing the appropriate set of coordinates,
as described below.

*  Spherical coordinates (|p3], 0, ¢):

0 (P3z,P3y»P3z)

— =2
oo det 2PseoPonopz) | o
3z = |D3] ¢ ‘ 9 (Ip3l, 0. ¢)
= .
D3y = |p3| sin 6 sin ¢ N ‘ OFs3 _ @ , (2.3.1.3)
o= Plcost Wl B
By = \/m{ + [p3]? Pl = ?

thus the Formula 2.3.1.2 becomes:

2
Bo — (1) (ZBSine) 5<g§_\f5> d|p3|do do =

167252
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CAIMP) s,
—  |do = 355 (Zﬁsme) (2m)de |,

(2.3.1.4)
where ¢ and u Mandelstam variables are substituted in {|M|?) by:
5 s
my —t i(lfﬁcosﬁ)
s , where 0<60<m. (2.3.1.5)
m? —u 5(1+6c059)
* Intrinsic coordinates with scattering angle (pr, 0, ¢):
P3e = PT COS
p3y = prsing
=
p3. = pr cot
E3 = +/m? +phcsc20 and |p| = presch
a(pfiac D3y p3z) N
det L2 WIRE | — 2 0gc2 ) = |2
‘ 0 (pT, 0, ¢) br |p3|
O0E3| \]73?\2\(30‘59| or 0bs| |173>|CSCG
ol N Eg 8}9']‘ N E3 ’
4 2
Beosb, = +4/52 — Pr o PT, = gb’sinﬁ
s
(2.3.1.6)
thus the Formula 2.3.1.2 becomes:
_ (1) pr M) s,
do = Z L6252 o (2m)dpr = L6252 (Zﬁ sin 9) (2m)dd |,
B cos b= 52 _ BT
i //82742% S
(2.3.1.7)
where ¢ and v Mandelstam variables are substituted in (|M|?) by:
5 s
my —t= 5(1—5C089)
s , Where 0<6<m. (2.3.1.8)
m? —u 5(1—1—50059)
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Intrinsic coordinates with rapidity (pr,v, ¢):

D3z = PT COS §
P3y ‘= prsing o

defining  mp = y/m? + pZ =
Pp3, == mpsinhy

FEs5 = mpcoshy

’det 0 (p3:vap3yap3z)

=m coshy = E

9 (pr.y.6) T COShY = kT
OFs OFs prcosh’y
—| = E3|tanh — = >
5y 3 [tanhy| or opr s

42
tanhy*:i\w?—% or pT*:§ 2 — tanh?y

(2.3.1.9)
thus the Formula 2.3.1.2 becomes:
(IM]?) pr (1Mv?) s
do = (2m)dpr = (2m)dy |,
tanhz}]* _ lom2s? o 4p% 167252 \ 4 cosh?y
4p2 S
+1/p2— iT
(2.3.1.10)
where ¢t and « Mandelstam variables are substituted in <|M|2> by:
m? —t= % (1 — tanhy)
< , Where — (@ <tanhy<+g. (2.3.1.11)
m? —u = 3 (1 + tanhy)
* Intrinsic coordinates with pseudo-rapidity (pr,n, ¢):
P3a = Pr COS P
pay = prsing
! where B3 = \/m2 + |p3|? =

p3z = prsinhn
D3| = pr coshn

det 21222020 — b2 |p

‘ 9 (pr,n, 9) [73lpr

OBs| _|pS| . OEs| _ |p3]

——| = =——pr[sinh or |—|=-—=cosh

n E, pr |sinh ) Opr E, coshn | (2.3.1.12)

/ 4p?2 1
Btanhn, = +4/5%2 — T pr, = éﬁ
S 2 " coshn
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thus the Formula 2.3.1.2 becomes:

<|M|2> pr <|M|2> s

do = om)dpr = 5 d
o 5453%:7; _ 167252 5 4p% (2m) dpr 167252 4COSh277 (2m)dn |,
7 s

(2.3.1.13)
where ¢ and v Mandelstam variables are substituted in (|M|?) by:
2 S
my —t= B (1 — Btanhn)
B , where —1<tanhn<+1. (2.3.1.14)
m? —u = 3 (1 + Btanhn)

Here we present the diagrams of the differential cross section distribution of some observables
(pr, 0, y, 1) of the processes gg — tt and wi/dd — tt at Epeanm = 7000 GeV in SM (i.e. with
null Wilson coefficients) and in SMEFT (setting some Wilson coefficients), using the available tools
of MATHEMATICA [22].

The typical SM values utilised to plot each differential cross section are reported in Appendix C. In
particular, for the SMEFT diagrams, the energy scale is arbitrarily fixed to A := 1000 GeV and, as an
example, the following Wilson coefficients are set:

CtG = 0 CG = —0.001 C¢G = 0.85

8 8 8 8

oy = o o, = 0 o, = 00002 O, = 0
1 1 1 1

Cév)v = 0 CéV)A = 0 C;A)A = 0 ngA)V = 0
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(b) Logarithmic representation

Figure 2.9: Distributions for some observables of both processes gg — tt and
wit/dd — tf at Fyeam = 7000 GeV in SM.
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Figure 2.10: Distributions for some observables of both processes gg — tt and
uii/dd — tt at Fpean = 7000 GeV in SMEFT.
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Particle collision in boosted CMF - parton interaction of proton collision

In a high-energy proton collision at the LHC, the relevant partons interact by colliding with differ-

ent energies that are fractions of the energies of the relevant parent protons. These fractional energies
are not equal but are distributed according to a suitable distribution function that can be obtained
experimentally. This is why the scattering CMF of the partons appears, to the reference system fixed
at the collision point, to be pushed in the direction of the most energetic parton.
Considering the scenario of the two processes, pp — gg — tt and pp — qg — tt, at the high energies
involved, as before we can put m; = my := 0 and m3 = my := m, in a collider situation with a boosted
CMF, where ]72>|| — pi but not equal, for example, p; = (x1:E,0,0,+x; F) and py := (%2 E,0,0, =X F).
After some integrations, the Formula 2.3.0.1 becomes:

d30 _ <‘M|2> 5(E3 +E4 7E(X1 +X2)) d?’?
32725 FLE, 3

) (2.3.1.15)
mwy = _ZT?’)a:y

Pas = E(X1 —X2) — D3

changing the coordinates for p3, from (p3s, P3y, P3~) to a generic set (¢, &, x):

36 = <‘M|2> 6(C — C*) 0 (p39:ap3y7p3z)
«: B3+ Eq= E3E4 P S
E(x1+x2) oC

where, as see in Formula 2.1.3.2, s = 4x;X2 F?.

* Intrinsic coordinates with rapidity (pr,y, ¢):

P3az = P COS P

P3y ‘= prsing o
defining  mp = y/m? + pZ =

Pp3, == mrsinhy

FE3 = mpcoshy

8 Z ) U z
’d (AP BS) | coshy = By

8(pT7Y7 (ZS)
(2.3.1.17)
thus the Formula 2.3.1.16 becomes:
M|? 2 M2 1
w- ¥ 2t | n)apy = 0 Gemres) @),
tanh (v, —y15)= s 52_417& Y= Y2
:l: [327% s
(2.3.1.18)
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where ¢ and v Mandelstam variables are substituted in {|M|?) by:

2 _
my —t=

(1 —tanh (y —yy,))

7 (1+ tanh (y —yy,))

my; —u =

, where —jg<tanh(y—y;y) <+03. (2.3.1.19)

Intrinsic coordinates with pseudo-rapidity (pr, 7, ¢):

P3z = P COS @
P3y ‘= prsing

where Es = /m2 + |p3|? =
Pp3z = prsinhn

5| = pr cosh

0 (p33:7p3y;p3z) —
det Z\P30:P3y P3=)| o (2.3.1.20)
‘ a(pT7n7¢) | 3| T

thus the Formula 2.3.1.16 becomes:

_ ) 2pr _
do = Z 327m2s 4p%. () dpr =

Btanhn, = s 62

:t’/ﬁ?*ﬁ §

S 3 (1v?) Ap7/s (27) dn

32m2s 2 2
- — 1 — tanhZ 7 tanh
phl . [ Franhn 2\/1 _ (1 - g2y AR AR Vi

+1/ 82— 4’?‘ 1-— tanh2 Yio
(2.3.1.21)
where ¢ and v Mandelstam variables are substituted in (|M|?) by:
2 S
mi —t= 3 (1 — Btanhn)
< , where —1<tanhn<+1. (2.3.1.22)
m? —u = 3 (1+ Btanhn)
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and where
1 — tanh? ) tanh?
tanhntanhy,, + \/1 —(1-p2) ann”n gn V1o
2pry _ 1 —tanh”y,, >0 when
Vs oo coshn coshy,(1 — tanh? 1) tanh? Vi2) )
T
{ (Fian < 0 A tanh®y3, S 57) V(73 >0 A tanh®n > — 22
1 — tanh? ;) tanh?
tanhntanhy,, — \/1 —(1-p2?) anh®n 23n V1o
L= L ol g =0 when
Vs oo cosh 7 coshy,,(1 — tanh? 5 tanh?y,,) ,
1 ﬁ
~y,
Yigh > 0 A tanh?y, > 52 A tanh®y > — 2t

(2.3.1.23)

The above expressions correspond to the hard scattering parton collision cross sections. To obtain
the same cross sections relevant to the proton-proton collision, one can use the factorisation theorem
by applying the following expression:

1 1
A0y = [ i, (k) [ drapi, (i) down, (e, B) |, (23129
0 0

where we have indicated with X; and X, the two interacting partons of the two colliding protons pp,
hence X, X, are gg or u@ or dd. The contribution of other types of partons, as c, s, etc. at energies used
in LHC, experimentally seams irrelevant. pdfy, (x;, 4% ) is the Parton Distribution Function (PDF) of
a parton X;, x; is the fraction of the proton momentum passed to its relative parton X; and function
of the energy factorisation scale yip.

Here we present the differential cross section distribution of some observables (pr, 6, y, n) of the

processes gg — tt and wuu/dd — tt at Fpean = 7000 GeV in SM only (i.e. with null Wilson
coefficients), in pp collision, using the available tools of MATHEMATICA [22].
It is important to notice that for the application of the PDF a peculiar interface developed for MaTH-
EMATICA has been used [23]. This tool was developed by NNPDF, a research group collaborating
with the aim of determining the proton structure and evaluating the PDF using modern artificial
intelligence methods [24].

The values utilised to plot each differential cross section are the same as used before in the CMF fixed
frame: Appendix C. For the NNPDF interface, the "NNPDF23 lo as 0130 ged mem0" grid of value
is used.
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(b) Logarithmic representation

Figure 2.11: Distributions for some observables of both processes pp — gg — tt
and pp — uii/dd — tt at Epean = 7000 GeV in SM.
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Figure 2.12: Distributions for some observables of both processes pp — gg — tt
and pp — uti/dd — tt at Epeyy = 7000 GeV in SMEFT.
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2.3.2 Total cross section

To calculate the total cross section, it is necessary to choose an observable, express (|M|?) as a
function of this chosen observable, via the Mandelstam variables, and integrate the differential cross
section in the appropriate limits.

Particle collision in fixed CMF

Considering the processes gg — ¢t or q§ — tt (where ¢q is ua or dd), also including the SMEFT
contribution to LO, the simplest way to integrate the differential cross section is to substitute the
Mandelstam variables as a function of y and use this observable as the integration variable:

2

m; —t = = (1 — tanhy)

where — g <tanhy<+g3, (2.3.2.1)

2 —
my; —u =

M‘ml\')\%

(1+ tanhy)

then the integration could be simply done by:

tanhy=+7 2 +B 2
a:/ ’ (M) ( i ) (2m) dy:/ (M >d(tanhy) . (2.3.2.2)
% y

anhy=—p 1671-252 4 COSh2 -8 327s

This integral could be quite tedious applying it to the SM or SMEFT (|M|?) expressions, but it could
be easily resolved by use of MATHEMATICA obtaining:

Total Cross Section for gg — tt in SMEFT @ LO

ma? (B (3162 — 59) +2 (54 — 18582 + 33) arctanh 5) N
48s

g

(|necesnl)

\/gas%v\/l — 2 (16 arctanh 8 — 95) 9ﬁo¢§ (1 —B?%) (arctanh 8 — j3)
+ Cia +Ce

61/5A2 16A2 *

(2 Re[M(Lsu)M(0+)*]) (2 Re[M(Lsw)M(0c)*])

a2 (8% — 1) arctanh 8 o, asv?(38 (8% +7) + 16 (1 — 8?) arctanh 3)

*+Coa 326272 +Cic 24A1 +
(2Re[M(L5w)M(046)7]) {|m(o:0)|")
9a,v6+/1 — B24/s Vasvy/1— B2(8 — (1 — ?) arctanh 8) /s
+CicCq +CiaCya +
8V2A4 16/2762A4
(2 Re[M(0:6)M(06)*]) (2 Re[M(0:6)M(046)*])
5 9a,3 (3 — ﬁ2) s . 353 (1 — ﬁ2) s
+C6 6404 + 0 e Fiaroins
(oo (2ReM(©6)M(©040)]) (M40

(2.3.2.3)
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Total Cross Section for qq — ¢t in SMEFT @ LO

y = AmeBB-F)  8ma’Q(BB-F) Qe @B (B F)
27s 27s 18¢€2s
L 92 (950 + % (9) (9498 (8 — £2) + 25 ($)25°) .
384mets
(|necesm] )
V2mass vB84y/1 — 52
+ CtG 9sA2
(2 Re[M(Lsm)M(01a)*])
s) a8 (3 —6?) 1 @9(q)8 (3 —B?)

PO T O g Y

v (1) (W (@) — 24(@CH4) B (3 - 72)
N vV qVA N

967e2 A2

7394(t) (24(@)CHA — v (@)CLRy ) 26°

+ 96me2 A2 +
(2Re[M(Lsm)M(04q7)°])
8a,v?B (3 — 26?) @) V2mass vB/1 — (2
+ C&; e + CicCvy T +
(M) (2Re[M(0:16)M(Ogqrr)"1)
(90502 + 903N +20R0 8 + 20907 ) B(3- 82 s
2167A" *
2 (9627 +9C2 +2097 +20807) 28%
* 2167A?
(EECHSI
(2.3.2.4)

where for both the expressions we use 8 = +/1—4m?/s, 6 = /1 —m3 /s and € = /1 —m%/s.

Alternatively, for the case gg — tf, we can also choose pr as the integrating variable and integrate
within its positive limits, getting the same right result because <]M|2> does not change by swapping
the Mandelstam variables ¢ and u. However, this operation is incorrect for the other case g7 — tt,
which is instead sensitive to exchanging the Mandelstam variables ¢ and wu.

Here we present the values of the total cross section of both processes gg — tt and uu/dd — tt
at Fpeam = 7000 GeV and at SMEFT energy scale of A = 1000 GeV , expressed in the quadratic form
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"% (_- )" of Wilson coefficients:

=) 1 Cic Ca Coa
1 0.20397300  0.0439190  0.0163091 —0.00192548
Ogg—tt Cic 0.04391900  2.7893700  1.5564200  0.14164600 pbarn
Ce 0.01630910  1.5564200  2532.8200 0
Coc | —0.00192548  0.14164600 0 0.08687560
) 1 Cia Coov  Cfla Ol O
1 0.0259519  0.00764032  3.40346 0 0 0
Cic | 0.00764032  0.826076  1.00989 0 0 0
ey 3.40346 1.00989  449.868 0 0 0
c®, 0 0 0 449.456 0 0
Oua—stt ¥, 0 0 0 0 449.456 0
9, 0 0 0 0 0 449.868
ey 0.494112 0 0 0 0 0
c), | 0.353864 0 0 0 0 0
e, | —0.144144 0 0 0 0 0
P, | —0.144276 0 0 0 0 0
@, oW, 0w, o,
0.494112  0.353864 —0.144144 —0.144276
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 pbarn
0 0 0 0
2024.41 0 0 0
0 2022.55 0 0
0 0 2022.55 0
0 0 0 2024.41
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() ®) ®) ()
() 1 Cia Covv Coaa Coav Cova
1 0.025902  0.00764032  3.40346 0 0 0
Cic 0.00764032  0.826076  1.00989 0 0 0
c®), 3.40346 1.00989  449.868 0 0 0
q
c® 0 0 0 449.456 0 0
qAA . .
Odd—sti = c;ifv 0. 0 0 0 449.456 0
c® 0 0 0 0 0 449.868
S ) )
c —0.319194 0 0 0 0 0
qV'V N
oy —0.353864 0 0 0 0 0
qAA .
&)
cly 0.249004 0 0 0 0 0
e
e, 0.144276 0 0 0 0 0
@ @) @) )
quv CqAA Cqu quA
—0.319194 —0.353864 0.249004 0.144276
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 pbarn
0 0 0 0
2024.41 0 0 0
0 2022.55 0 0
0 0 2022.55 0
0 0 0 2024.41

Also here, as in the previous Section, the typical SM values utilised to calculate each total cross section
are reported in Appendix C.

The symbol " (_ - )" was used to indicate the following quadratic expression:

T Oij
OSMEFT = Osm + 2201-? + Zcicjrzi’

(2]

whete €0y e f (G CaCon) o

{Cic: Cyyys Cydns Coay, Cpvat  for wa/dd — tt
Analysing the above values, it seems clear that for the ogygrr all the non-zero terms should be con-
sidered, i.e. the interference terms o;/A? and also the quadratic terms o;; /A%, at least with the
parameters here used and with the here chosen energy scale A = 1000 GeV . The contribution of
quadratic terms becomes negligible for energy scale A >> 1000 GeV .
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Particle collision in boosted CMF - parton interaction of proton collision

Also in this case to calculate the total cross section considering the parton distribution within the
proton (PDF) we can apply the factorisation theorem:

1 1
O pp—X1 Xo—tE 2/ dx; pdfy, (Xlaﬂ%)/ dxo pdfy, (x2, 1) Ox,x, 17 (X1,%2, E) |,
0 0

(2.3.2.5)

Here we present the values of the total cross section of both processes pp — gg — tt and pp —
uti/dd — tt (evaluated by the proper PDF) at Fpean = 7000 GeV and at SMEFT energy scale of
A = 1000 GeV , expressed by the quadratic form "X (_ - )" of Wilson coefficients:

() 1 Cia Ca Coc
1 744.640  189.119 27.3203 —5.99650
Opp—sgg—sti = Cic 189.119  116.656 49.6421  2.00712 pbarn
Ce 27.3203  49.6421 225.551 0
Coc | —5.99650 2.00712 0 1.51565
() 1 Cic Céf)v Cz(zi)A C;i)v cg/)A
1 26.3977  5.85966  4.94647 0 0 0
Cic 5.85966  1.75184 1.18408 0 0 0
Py 4.94647  1.18408  2.28230 0 0 0
¥, 0 0 0 1.82203 0 0
Opp—sua—tt — cl, 0 0 0 0 1.82203 0
e, 0 0 0 0 0 2.28230
Py | 0.654012 0 0 0 0 0
¢, | 0.256850 0 0 0 0 0
cly, | —0.104626 0 0 0 0 0
ey | —0.195674 0 0 0 0 0
cw, e, e, oW,
0.654012  0.256850 —0.104626 —0.195674
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
10.2704 0 0 0
0 8.19914 0 0
0 0 8.19914 0
0 0 0 10.2704

pbarn
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B0 1 Cic  CWv  CRa  CRv  CYa
1 16.9912  3.77374  3.14296 0 0 0
Cia 3.77374 111787  0.750507 0 0 0
Dy 3.14296  0.750507  1.37490 0 0 0
cl, 0 0 0 1.08316 0 0
Opp—dd—ti = el 0 0 0 0 1.08316 0
ca 0 0 0 0 0 1.37490
Py | —0.269980 0 0 0 0 0
cll), | —0.161363 0 0 0 0 0
cly | o0.113s547 0 0 0 0 0
cPa | 0124382 0 0 0 0 0

T PR V)

—0.269980 —0.161363 0.113547 0.124382

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0 pbarn

0 0 0 0

6.18703 0 0 0

0 4.87422 0 0

0 0 4.87422 0

0 0 0 6.18703

The values utilised to calculate the total cross section are the same as used before in the CMF fixed

frame: Appendix C. In particular, to implement the calculation with the PDF it is used the NNPDF

MaTHEMATICA interface with the specific "NNPDF23 lo as 0130 _ged memO" value grid.

Also in this case, for the ogygpr all the non-zero terms should be considered, i.e. the interference
terms o, /A% and also the quadratic terms o;;/A%, at least with the parameters here used and with
the here chosen energy scale A = 1000 GeV .
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Chapter 3

MADGRAPH SIMULATIONS

To check the correctness of the formulae obtained in the previous chapter regarding the differen-
tial cross sections distribution and the total cross sections, we can compare the calculated results for a
fixed energy beam of collision with the data obtained by simulations of the MADGRAPH5 aMC@NLO
[25]. The version of MADGRAPH5 aMC@NLO here used is "2.8.0" dated 2020-08-21.

What is MadGraph? The MadGraph software and its actual version MadGraph 5, written in the
Python programming language, is a Monte Carlo event generator for simulating particle collision
experiments. It is currently being used extensively to simulate events at the LHC, as predicted by the
SM. However, it is possible to extend the simulation model to other BSM theories and thus can also
include the SMEFT models.

Through the generation of hard collision events, MadGraph enables the calculation of cross sec-
tions and, thanks to the integration with other analysis tools, allows the distribution of appropriate
observable quantities.

Processes can be simulated with LO accuracy for any user-defined model, and with NLO accuracy in
the case of models that support this type of calculation.

The MadGraph5 aMCNLO is the current version of the MadGraph software family which includes
both MadGraph5 and aMCNLO that unifies the LO and NLO lines of development of automated tools
within the MadGraph family.

For SMEFT at LO simulations, MADGRAPH5 aMC@NLO can import an appropriate model that
extends the SM. In this case, the Universal FeynRules Output (UFO) format SMEFTsim [26] [27]
model is used. The SMEFTsim package contains a set of models written in FeynRules and pre-exported
to the UFO format.

3.1 Differential cross sections

To analyse the differential cross section of a given observable, it is necessary to elaborate the Les
Houches event file [28] generated by the MADGrRaPH5 aMC@NLO simulation and tagged with the
extension ".lha".
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For the present scope, we have developed a MATHEMATICA procedure to extract from this .lha file the
values (E, p,,py,p-) of each of the 10000 events generated by the MADGRAPH5_aMC@NLO default
set. From each event then, it is easy to calculate the observable (pr,y,n, 0) in the following way:

1 E+p.
pr = /P2 + D y = 2bg<Ep)

Transverse Momentum Rapidity

p: 1 /P2yt
0 = arccos | ————— n = §log
\/ Pz + Py + P2 \/P2+pi+p2—p.

Scattering Angle Pseudo-Rapidity

After that these calculated values are grouped for convenience into 40 bins, obtaining a distribution of
the events relevant to the observable. This distribution could be then overlapped with the differential
cross section coming from the models developed so far, and manipulated in the following way:

continue distribution (indicated by blue line in the graphics here reported)

( number of events ) (observable max variation

- - - | observable differential cross section
total cross section number of bins

discrete distribution (indicated by blue points in the graphics here reported)

number of events . . .
. observable differential cross section
total cross section
within
the bin

Below is the overlap between what was calculated by the present work and the simulation result
obtained by MADGRAPH5 aMC@NLO for the SM and SMEFT.
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3.1.1 gg — tt and uui/dd — tt in CMF

SM & SMEFT @ LO gg — ¢t and ui/dd — tt collision @ 7000 GeV

gg — tt @ LO in SM

(v = 7000 GaV . of avarts o 0000 . b =40
- 5 MadGraph_aMCENLO|
(e e,
4 (o= &
O oS

or tow1

§
i

Rapity Events disbution o “9g > thar”
(B = T000 GoV . ofavents = 10000 . i = 40)
| "IMMIIIIHMW
v
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—

* O o’y

Transverse Momentum Distribution

Rapidity Distribution

Scattrng Ange Evnts disrbuon of "9 -> thar”
(B = 7000 GOV . of ovents = 10000 . b = )
[

L

1§ MadGraphs_ aNC@NLO|

—em=ens

O oS

gm
gvm

P s diruion of "9 -> thar
(Eon 2 T ovents = 10000, i = 40)
ni

[RP———
—emmeme
L

Scattering Angle Distribution

Pseudo-Rapidity Distribution

gg — tt @ LO in SMEFT with: A = 1000 GeV Cie = —0.0325 Ce = —0.0035 Cyg = 0.4

Transverse Momentum Distribution

Rapidity Distribution

Scatterng Ange Events dirbuson of 09 -> thar”
(B = 7000 GOV .o ovents = 10000 . i = )

; 8 MadGraphs_aMC@NLO |
£ s
i O S

P war
e e d0)
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Ly

i ) v by

It

Scattering Angle Distribution

Pseudo-Rapidity Distribution
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SM & SMEFT @ LO gg — tt and uu/dd — tt collision @ 7000 GeV

ut — tt @ LO in SM (QCD+QED+EW)

e e
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SM & SMEFT @ LO gg — ¢t and uu/dd — tt collision @ 7000 GeV

dd — tt @ LO in SM (QCD+QED+EW)
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The above simulations are provided by the script reported in Appendix D

3.1.2 gg — tt and uii/dd — tt by proton collision

Collision @ Ebeam 7000 GeV for gg — tt and uu/dd — tt in SM @ LO

gg — tt @ LO in SM

B MadGraphs_ aMC@NLO|

—emmeme

O s
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.......
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s 11
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o inal ot
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Collision @ Ebeam 7000 GeV for gg — ¢t and uu/dd — tt in SM @ LO

uti — tt @ LO in SM QCD+QED+EW
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3.2 Total cross sections

SMEFT @ LO gg — tt and uu/dd — tt cross section elements @ 7000 GeV

gg — tt @ LO in SMEFT

O calculated

OMaDGRAPH5_aMC@NLO

() 1 Cia Ca
1 2.03973 - 107! 4.39190 - 1072 1.63091 - 102
(2.03960 + 0.00116) - 10! (4.38600 + 0.00891) - 10~ 2 (1.63360 + 0.00433) - 102
. 2.78937 - 10° 1.55642 - 10°
G (2.79270 + 0.00475) - 10° (1.55600 + 0.00208) - 10°
- 2.53282 - 10°
¢ (2.53250 + 0.00337) - 10°
Cd>G
(D) Csc
" —1.92548 -1073
(—1.92720 + 0.00245) - 103
c 1.41646 - 107! pbarn
G (1.41320 + 0.00129) - 10!

Ca 0

c
e (8.67990 + 0.01210) - 102

{ 8.68756 - 102

Where "..." indicates that the element is equal to its symmetric.
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SMEFT @ LO gg — tt and u/dd — tt cross section elements @ 7000 GeV

uti — tt @ LO in SMEFT

O calculated

OMaDpGRrAPH5_aMC@NLO

L) ! Cia CLS‘}V

L { 2.59519 - 10~ 2 { 7.64032 - 10~° { 3.40346 - 10°

(2.59260 + 0.00287) - 1072 (7.63920 + 0.00851) - 10~ 3 (3.40120 + 0.00410) - 10°
8.26076 - 10! 1.00989 - 10°

{ (8.27440 + 0.01250) - 10! { (1.00960 + 0.00124) - 10°
4.49868 - 10°

{ (4.49980 + 0.00664) - 10*

Cic

(8)
Covv

(8)
Cuaa

(8)
Coav

(8)
Cuva

oW

uwVV

(1)
Cuaa

(1)
Cuav

(1)
Cuva

(8) (8) (8)
() Craa Cuav Cuva

Cia 0 0 0

()
a9 0 0 0

c®

uAA

. 2
{ 4.49456 - 10 o @

(4.49150 + 0.00730) - 10>

o®

uAV

{ 4.49456 - 102 o

(4.49290 + 0.00591) - 10?

o®

4.49868 - 10>
uV A

(4.50610 + 0.00704) - 10>

(1)
Civv

(1)
Cuan

(1)
Cuav

(1)
Cuva
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SMEFT @ LO gg — tt and ui/dd — tt cross section elements @ 7000 GeV

() Cil&v CI(LBA Cailfzv
2 4.94112 - 107" 3.53864 - 10" —1.44144 107"
(4.94070 + 0.00644) - 107! (3.53890 + 0.00611) - 107! (—1.44930 + 0.00743) - 107"
Cia 0 0 0
g, 0 0 0
e©), 0 0 0
@G 0 0 0
@, 0 0 0
e 2.02441 - 10° a 0
uvyv (2.02370 + 0.00267) - 10°
o 2.02255 - 10° 0
uAA (2.02240 + 0.00253) - 10°
c® 2.02255 - 10°
wAV ( 2.02210 + 0.00247) - 10°
€}
C4uVA
Z(C-0) CS&A
0 —1.44276 -107*
(—1.42330 + 0.00549) - 101
Cia 0
®)
C'uVV 0
(®)
C1uAA 0
C£8A>V 0 pbarn
®
CuVA 0
o)
C'uVV 0
(65
CuAA 0
@
C'uAV 0
o 2.02441 - 10°
wvA ( 2.02550 + 0.00253) - 10°
Where "..." indicates that the element is equal to its symmetric.
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MADGRAPH SIMULATIONS

SMEFT @ LO gg — tt and u/dd — tt cross section elements @ 7000 GeV

dd — tt @ LO in SMEFT

O calculated

OMAaDGRAPHS5_aMC@NLO

Cic

(8)
Cavv

=) 1
L 2.59020 - 102 7.64032 - 1073
(2.58750 + 0.00333) - 10~ 2 (7.63920 + 0.00851) - 10>
{ 8.26076 - 10~ ¢

C
b (8.27440 + 0.01250) - 10~ *

(8)
Cavv

(8)
Ciaa

(8)
Caav

(8)
Cava

(1)
Cavv

(1)
Ciaa

(1)
Ciav

(1)
Cava

o®

(8)
c dAV

dAA

3.40346 - 10°
(3.40430 + 0.00348) - 10°
1.00989 - 10°
(1.00990 + 0.00177) - 10°
4.49868 - 10?
(4.50260 + 0.01140) - 10>

(8)
Cava

(8)
@)=~ 0 0

C(S)

dAA

{ 4.49456 - 102 .

(4.49750 + 0.01270) - 10?

C(B)

4.49456 - 102
dAV

(4.50590 + 0.01110) - 10?

(8)
Cava

(1)
Cavv

(1)
Ciaa

(1)
Caav

(1)
Cava

{

0

4.49868 - 102
(4.50830 + 0.01150) - 10?
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SMEFT @ LO gg — tt and ui/dd — tt cross section elements @ 7000 GeV

(1) ) 6))
() Covv Caaa Caav
2 —3.19194 -107 ! —3.53864 107" 2.49004 - 107!
(—3.18940 + 0.00506) - 10~ * (—3.53520 + 0.00458) - 10~ * (2.49450 + 0.00455) - 107!

Cia 0 0 0
(®)

Civ 0 0 0
(8)

Gy 0 0 0
(®)

cily 0 0 0
(®)

Civa 0 0 0

e 2.02441 - 10° a 0
avv ( 2.02270 + 0.00478) - 10°

o 2.02255 - 10° o
dAA ( 2.02390 + 0.00443) - 10®

o 2.02255 - 10°
dAV (2.02460 + 0.00447) - 10°
)

C4dVA

(D) C;;)A
0 1.44276 - 1071
(1.45230 + 0.00447) - 107!

Cia 0
(®)

C'dVV 0
®)

CdAA 0
(8

iy 0 pbarn
()

CdVA 0
(1)

C'dVV 0
€9)

CdAA 0
(€]

C’dAV 0

o 2.02441 - 10°®
ava (2.02050 + 0.00482) - 10°

Where "..." indicates that the element is equal to its symmetric.

The total cross sections here calculated are in perfect agreement with the data obtained by the sim-
ulation of MADGRAPH5 aMC@NLO.

The above simulations are provided by the script reported in Appendix D.
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CONCLUSIONS

As mentioned at the beginning of this thesis, astrophysical and cosmological observations, together
with a number of theoretical arguments, suggest the existence of new physics beyond that currently
described by the standard model of fundamental interactions. Among the many avenues to search for
new physics is that of considering modifications of the interactions between the known particles and
in particular among those whose mass resides at the EW scale. Among these, the top quark stands
out due to its peculiar characteristics which can be studied in the experiments at the Large Hadron
Collider (LHC), currently the largest energy accelerator in the world.

Given the information at hand, it is difficult to hypothesise a model that can describe phenomena
not covered by the SM and at the same time explain all the current limitations and experimental
observations, so it seems clear that an approach independent of the chosen theory may be more
powerful. The effective theory of the Standard Model (SMEFT) can help with this. Indeed, by com-
paring predictions of such an effective theory to the high-precision data from the LHC, it is possible
to constrain a quite general set of new models beyond the SM.

In this dissertation, we have considered the effects of the 6-dimensional SMEFT operators in the
production of top quark-antiquark pairs in proton collisions at the LHC. The aim was to identify the-
oretical formulae for total and differential cross sections related to the relevant physical observables
at the lowest order in perturbation theory.

We started by determining the matrix elements related to the SM and then introduced the con-
tributions of the 6-dimensional operators of the SMEFT, expressed through the appropriate Feynman
rules. The average square matrix element calculations, although not excessively complex, appear to
be quite long and tedious, and for this purpose in the present work we made use of automatic tools
provided by the FEYNCaLc 9.3.1 package developed for the WOLFRAM MATHEMATICA environment.
It should be noted that the gg — tt process at LO level according to the SM is a process involving only
strong interactions (QCD) and consequently the contributions of the 6-dimensional SMEFT operators
also reflect the same characteristic. Whereas, as far as the and ¢g — tt process at the LO level is
concerned, the SM also includes the contribution of electroweak interactions (Quantum Electro Dy-
namics: QED + Electro-Weak: EW), which obviously have a smaller incidence than the contributions
of the strong interactions, but represent a useful and necessary correction that cannot be neglected
if the models obtained are to be adapted to the high-precision data of the LHC. While not neglect-
ing this part, the contributions of SMEFT operators related to this production channel have not been
considered in this paper.
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The effects of the 6-dimension SMEFT operators on the total and differential cross sections can
be written in the following form:
= 2y ¢ C;C; 24
OSMEFT = OsM + Z iﬁ + Z i jF.
i i
Obviously, the second term is derived from the SMEFT operators interfering with the SM amplitude
and goes as A~2. The third term, on the other hand, derives from the square of the amplitude of
the SMEFT operators and the mixed products of these and is further suppressed by the large scale A,
going as A~*. Because of this dependence, one might think that this term is negligible, however, on
has to take into account also the weights ¢; and o;;.

In the case discussed here, at the collision energies (Fpeam = 7000 GeV ) and for the energy
scale set (A = 1000 GeV ), it is found that, given the current limits, the quadratic terms must also be
included in the analysis. This situation occurs both at the parton level and with the Parton Distribution
Functions (PDF).

A large part of the work in this thesis was devoted to comparing theoretically obtained data with
the leading software for simulating particle collision events, MADGRAPH5 aMC@NLO, both using the
SM rules and its 6-dimensional extension SMEFT, via the SMEFTsim package, which contains a series
of models written in FeynRules and pre-exported in UFO format.

This comparison was carried out using MATHEMATICA routines, which acquired the data from
MADGRAPHS. As far as the purely partonic process was concerned, the comparison was relatively
easy and yielded results in agreement. Whereas for hadronic collision processes, the use of routines
available in MATHEMATICA environment such as NNPDF2.3 and the use of embedded numerical inte-
grations made the calculation more involved. Yet the comparison was successful and the validation
of the analytic formulas was fully completed.

The original part of this work, i.e., the analytic computation of the squared terms, will be useful
for further studies, e.g., the developments proposed in [29].
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Appendix A

Feynman rules

In the QFT, the matrix element M of a scattering process is necessary to calculate the total cross
section or the differential cross section relevant to an observable. The simplest way to compute the ;M
is obviously to analyse the scattering processes drawing its relevant Feynman diagram by using the
following graphical Feynman rules. This method introduced by Richard Feynman in 1948, allowed
a graphical representation of the mathematical expressions describing the behaviour and interaction
of particle fields.

Feynman Rule 1 - External Lines: all the incoming and outcoming fermions or boson field par-
ticles of a process are represented by a peculiar line named External Lines. For the calculation of iM
this means introducing a spinor for each fermion and a polarisation vector for each vector boson and
eventually their colour status. For scalar bosons, no factor is needed.

Feynman Rule 2 - Internal Lines: all the virtual fields not observable in a process are drawn
by specific lines named Internal Lines. For the calculation of iM this means introducing a relevant
propagator factor.

Feynman Rule 3 - Vertices: to indicate all the possible interactions inside the event, Vertices
between the lines are drawn. These interactions are the results of gauge principles, YM theory, BEH
mechanism and Youkawa’s coupling and could be deducted starting from the Lagrangian expression
in the following way:

- search for all terms which contain a certain selection of the fields, e.g.:
—ig (0,A,) APBY = —ig (0,AP) 9., A" B

- replace all derivatives by i times the incoming momenta of the respective fields in Fourier Transform:
—ig (0, A" (a)) gupA* (a) BY(b) — —9qu90pA”(q) A" (¢') B¥(p)

- symmetrise indices of all identical boson fields:
—99ugvpAPAFBY = —g (qu9vp + dh9u) AP (q)A*(¢") B (p)
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- multiply by ¢ and at the end the Feynman vertex:

AP
LS/
BY q —ig (qugvp + d)Guv)
A
AH

Feynman Rule 4 - Momentum Assignment and Loops: The momenta of external lines are fixed
by experimental conditions. Then, at each vertex, the energy-momenta is conserved. The energy-
momentum conservation constrains that the sum of all energy-momenta of external lines have to
vanish assuming all the external momenta are inward going. It also fixes all the momenta for tree
diagrams that do not contain loops. Each loop leaves one momentum unconstrained and has to be
integrated, leading to divergent integrals. The integration includes a sum over spinor indices and
polarisation, depending on the particle species that form the loop. For each closed fermion loop, an
extra sign (-1) has to be attached. It is a result of the anti-commutativity of the fermion fields.

Here below the Feynman graphic rules for the SM Lagrangian. Most of the results and conventions
used here refer to "Peskin" [30], "Nagashima" [31] and to [32]. For the last reference we have fixed

ns:1’77:_1:7’Y:1/2)7’Z:1’779:1>7]e:_1-
A.1 Incoming and outcoming fields: external lines

To take into account all the fields involved in a process or in an experiment, the following schemes
are used, which represent all the incoming and outcoming particles:

p
e
. . m
incoming gluon: €4 o 999999999

polarization vector

I1l
o™
NG S

=}
=
S~—

p

R

. px . L
outcoming gluon: VS €40 = €y ,(p) polarization vector

ei(p) polarization vector

_?
. . I
incoming photon: €A

p
LUk
outcoming photon: €A = ¢4"(p) polarization vector
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e'y(p)  polarization vector

. p
incoming W+ /Z° boson: €a

p B
outcoming W= /Z° boson: €a = ¢e4(p) polarization vector

Il
S

incoming fermion: Uy ®*(p)  spinor

o8 (p)  spinor

incoming antifermion: A

E——
. . QL _ .
outcoming fermion: ‘+ Uy ua*t(p) spinor

]

p
_—
outcoming antifermion: @ v v (p)  spinor

A.2 Propagators: internal lines

p iy

_r, g (1€ R
. — . b
gluon propagator: [0 999999999 - v, b = i a0t 0
m
hoton propagator ; S f)p§+€0+
: [AVAVAVAVAVAVAVAS = 1 :
p propag H v p? +1i0t
wov
41), 791“1 + (1 - 5) p2*5m€v Z+i0+
W+ /Z° boson propagator: L AAAANAAAN U = 3 5 5 - +/
(mw/z) p —mW/Z+ZO
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Higgs boson propagator:

fermion propagator:

3-gluon:

4-gluon:

2-W#* boson - photon:

2-W#* boson - ZY boson:

4-W+* boson:

2-W#* boson - Z° boson -
photon:

7
p? —m? +i0t

(}’j)aﬁ +my
p? — m?c +i0+ "

g (pr — p2)P+
gsf* | 9" (p2 — p3)i'+
g"*(ps — p1)”

fabefcde (g,upguo _ g,uagl/p) +
—igs [ S (g g7 — g™ ) +
fadefbce (g,uugo'p _ gupgau)

g* (p1 — p2)P+
ige | 977 (p2 — p3)i'+
g°*(p3 — p1)”

g (p1 — p2)P+
igz cos® Ow | g“P(p2 — ps)"+
g°*(ps — p1)”

29" g™ +
295 | —9"9"7+
—ghogrr

29" 9" +

—igegz cos’ Ow | —g""g"7+

—gha gvP
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Feynman rules

2-W* boson - 2-photon:

2-W= boson - 2-Z° boson:

2-quark - gluon:

2-fermion - photon:

2-fermion - Z° boson:

2-lepton - W¥ boson:

2-quark - W¥ boson:

2-W#*/Z° boson - Higgs
boson:

p

14 g

W+
1% P
M,aﬂmm/<

ZU
Z‘
Wi
g
a,l
g
f
I
B
f
T

W/<
0

0

B,k

q

q
K

a, L
’
12
Z
a, L
«
B,k
qu/éd
1%
W<q,1/(lu
a, L
v
VVI/ZU H
W20
1

29"977+
= —ige | —gM"g"7+
—ghogvP
29" g™ +
= —ngZcos‘lHW —ghPgv7 +
—ghogrr

= igs (’y#)aﬁg (Ta)m same flavor quarks

= 1. (’y“Q(f)) O,k same flavor fermions
ap

= gy (2t Rl

lepton families

) (5m same
ap

) same lepton families
af

1- 75) { ‘/;qud 6
2 af ‘/‘;;‘Zd
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I/ 7/
2-W*/Z° boson - Higgs WF/z0 1.7 _ My /g .
boson: NUH o v?
W /2%
‘LL N
\
\
\
\
H '\
. H 2
3-Higgs boson: R = gl
H v
//
/
/
/
_ H ~ m2
4-Higgs boson: = —31‘—;{
// \\ H v
SOH N
B,k
. . f .m
2-fermion - Higgs boson: B ! = —i—L65,. same flavor fermions
f v
Qa, L

A.4 Interactions: 6-dimension SMEFT vertices interesting the gg/qq —
tt processes

The new 6-dimension SMEFT operators introduce new Feynman rules, in particular, the operator
O:¢ changes the SM gtt coupling and also generates a new ggtt interaction. O affects the three-
point gluon vertex in QCD. O, generates a new diagram with an s-channel Higgs boson. The 14
four-quarks operators generate a new vertex ggtt. We have checked the here presented rules with the
"Dedes article" [33], but with the conventions used in "Peskin" [30] and "Cen Zhang article" [17]. In
particular, attention is focused on the extension of the SM that preserves CP symmetry, thus assuming
that all Wilson coefficients are real and thus neglecting CP-violating interactions as proposed in the
article by "LBrivio et All" [18]. Taking Wilson coefficients as real and denoting by v the vacuum
expectation value, the following Feynman rules are obtained:

= fzﬂvcita (Ta>z'j ([’Y” \?])QB

2 tops - gluon: 1z
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v,b B.J

2 quarks - 2 gluons: —iv2gs ”CtG ([re | 7))

(17" Dags

j

3 gluons:

CG > 'z v
—pr“’” (pé‘plp’é — phpspi+
+ g (p’f (p2-p3) —ph (p1- p3)) +
+gv° (pS (p1-ps3) — pf (p1 - pz)) +

v, b + g (Pé’ (p1-p2) — DY (P2 'ps)))

2 gluons - Higgs: R

—=heb <p1p2 (p1 ~pz)g“”)

4,1
4 quarks: -
v, k
C(s 1) j:O(S 3) GG s C“);C&S) 5,15;@1) (V"7 g (P097) 5 +

Vi (Tadw + 50630k | (V7"7°) g (Y 97°) 5 +

€]

Qu/d CQu/d K

T)szr

1)
(Ctu/d Ctu/d

ij(skl> (77#9°) 5o (F°77) 15 +

ol
<A2 (r¢ )z] (Ta)p + Tg‘sijékl (767“77)ga (77%76)75

A.5 Conventions used for Feynman rules

Here the following conventions are used:

* p, p1, p2, p3 are various momenta vectors;

* mwyz/u, My are respectively the mass of the involved W*/Z°/H bosons and f fermions where

mw = gv/2 W boson mass
mz = /g% + g*v/2 = my / cos Oy ZY boson mass
mg = V20 =2\ H boson mass
My—y, =0 v; neutrino mass ’
my—; = v/v/2 diag(y"), [ lepton mass
Mpmq =v/V2 diag(U(_Ul/D)y(U/D)V(U/D))q g quark mass
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* u, v, p, o are Lorentzian space-time indices;

* A, B are two-value indices to identify the two polarisation states of physical vector bosons;
* a, b, c are eight-values indices to identify the eight colour status of gluons;

* q, [ are spinorial indices;

* r, s are two-value indices to identify the two spin-states polarisation of fermions;

* ., k are three-values indices to identify the three colour status of quarks;

* g, is the strong interaction coupling parameter;

* g. = gsin Oy is the electromagnetic interaction coupling parameter;

* Q(f) is the fermion electric charge where

0 f = neutrino/anti-neutrino
F1 f = lepton/anti-lepton

Q = 5
(/) +2/3 f = up/anti-up quark

F1/3 f = down/anti-down quark
* gw = g/v/2 is the W bosons weak interaction coupling parameter;

* gz = g/cosOy is the Z° boson weak interaction coupling parameter and Qy (f) and Qa(f) the
relevant vector and axial coefficients, where

+1/2 f € Werppd
—1/2 + 2sin? Oy fedept}
+1/2 —4/3sin® Oy, f € {u,c,t}
—1/2+2/3sin? 0w f € {d,s,b}

Qv (f) =

) 412 f € vevuyr,u,ct}
Galh)= { “1/2 Tefemndsb)

* ¢ is the gauge choice that for simplicity, but without loss of generality one can always put £ = 1,
named Feynman gauge;

* ~# are the four Dirac Gamma matrices;
* 7% are the eight Gell-Mann matrices divided by 2;

e fabe are the structure constants.
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Appendix B

Dirac Gamma matrices properties

Here below some properties of Gamma matrices and their traces, useful for average squared
matrix element calculation.

s (=2 = {pldt=209 = pp=p’
s Yt =4

* MY == = Pt =2

* WY =49" = updrt =4 q)

* WYYV = =2y = upd kit = -2k dp

o (7T =090

* tr[l] =4

o trlytyV] =49 = tr[pg]=4(p-q)

o [y Py T) = A(ghgrT — gt g + gh7g") = te[pgkh] =4((p-@)(k-h) — (p-k)(q-
h)+(p-h)(q-k))

* tr[odd number of 7] = tr[odd number of /] = 0
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Appendix C

Values of the SM parameters used

The values of the SM parameters used for each calculation and plot are the following:

(h)* =

0.3893793721 - 10° GeV*pbarn natural constant

173.000 GeV
91.188 GeV

80.419 GeV
1/132.507

1.16639 - 1075 GeV—2
0.118

125.000 GeV

Vira

VAma,

1/VV2Gr
ra/(V2Grm?)
2myz /v

+1/2 — 4/3 sin?(0w)
+1/2

—1/2+2/3 sin?(0w)
~1/2

top quark mass

Z boson mass

W boson mass
electromagnetic constant
Fermi’s constant

strong constant

Higgs boson mass

QED coupling constant

QCD coupling constant

vacuum expectation value

squared sine of Weinberg angle

weak charge for the Z

vector coefficient for top and up quarks
axial coefficient for top and up quarks
vectorial coefficient for down quark
axial coefficient for down quark

where all the numerical values are fixed as per MadGraph5 aMC@NLO ’param_card.dat’ default set.

We have to take into account that {«, Gr, mz, my } are not fully independent, the following relations

are valid:

mwy =

% 1+4/1— é*g’;g in case of "Alpha scheme", where {Gr,mz, a} are fixed;

2Gpm} 2 . .
V2Grmy (1 — mW) in case of "Mw scheme", where {Gr, mz, my } are fixed.
m

2
™ z
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Appendix D

MADGRAPHS aMC@NLO script
listings

To launch the desired process simulation by the MADGraPH5 aMC@NLO the efficient way is to
develop a script file with the proper MADGrRAPH5 aMC@NLO instructions.

Here below the macOS bash file ("mg5py2 RUN with mg5 input.sh") used to launch the Mab-
GrarPH5_ aMC@NLO program ("mg5 _aMC") in python2 ambient with a script file ("mg5_input.txt"),
which give the instructions for the simulation:

"mg5py2_RUN_with_mg5_input.sh": MADGrRAPH5_aMC@NLO (mg5_aMC) bash file

#!/bin/sh
python2 /Users/leonardoguidetti/mgbamcnlo/bin/mg5_aMC
- /Users/leonardoguidetti/Documents/MadGraph/MadGraph5/Work/mg5_input.txt

Here below is the script file used for the process simulations.

D.1 Script for differential cross sections simulation

"mg5_input.txt": SM & SMEFT @ LO g9 — tt and uu/dd — tt collision @ 7000 GeV -

MapGraPH5 aMC@NLO (mg5 aMC) input script file

B
#####t SM & SMEFT gg/uubar/ddbar -> ttbar parton collisions @ 7000 GeV #####
B R R R A T A R R R R A A A A R A A A A A i
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"mg5_input.txt": SM & SMEFT @ LO gg — tf and uu/dd — tt collision @ 7000 GeV -

MapGrarH5 _aMC@NLO (mg5_aMC) input script file

import model SMEFTsim_top_MwScheme_UFO

HH#H gq HRRRBRRARARR R RAARARR BRI RARRAR R R R BB ARARRRR R R AR R BB AAAAH

set automatic_html_opening True

generate g g > t t~ QCD<=2 QED<=2 NP<=1 SMHLOOP=0 NPshifts=0 NPprop=0 NPcpv=0 @1
output /Users/.../MadGraph5/Simulations/Collision_SM-SMEFT/gg -f

launch -n SM

#-- 'param_card.dat' --#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-—- Wilson Coefficients ——#
set ctGRe O

set cG 0

set cHG 0

#-—- 'run_card.dat' —-#
set 1lppl O

set 1lpp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -n SMEFT
#-- Wilson Coefficients —-#
set ctGRe O

set cG 0.001
set cHG 0.425
done

#open index.html

### wubar HERAAHARRBRARRARRRRAARARR R RRARRAR R R RARRAR BB RRARARR R RARRAR BB AAAAH
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EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC MADGRAPH5_aMC@NLO script listings

"mg5_input.txt": SM & SMEFT @ LO gg — tt and uu/dd — tt collision @ 7000 GeV -

MapGrAaPH5_aMC@NLO (mg5_aMCQC) input script file

set automatic_html_opening True

generate u u~ > t t~ /H QCD<=2 QED<=2 NP<=1 SMHLOOP=0 NPshifts=0 NPprop=0 NPcpv=0
— NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcll11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 @2

output /Users/.../MadGraph5/Simulations/Collision_SM-SMEFT/uubar -f

launch -n SM

#-- 'param_card.dat' —-#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-- Wilson Coefficients —-#
set ctGRe O

set cQj18
set cQj38
set ctu8
set cQu8
set ctj8
set cQj11
set cQj31
set ctul
set cQuil
set ctjl 0

#-— 'run_card.dat' --#

O O O O O O O © o

set 1lppl O

set lpp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -n SMEFT

#-— Wilson Coefficients —-#
set ctGRe O

set cQj18 0.0001

set cQj38 0.0001

set ctu8 0.0002
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MADGRAPH5_aMC@NLO script listings EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

"mg5_input.txt": SM & SMEFT @ LO gg — tt and uu/dd — tt collision @ 7000 GeV -

MapGrarH5 _aMC@NLO (mg5_aMC) input script file

set cQu8 -0.0002
set ctj8 -0.0002
set cQj1i1 O

set cQj31
set ctul
set cQuil
set ctjl

o O O O

done

#open index.html

T
set automatic_html_opening True

generate d d~ > t t~ /H QCD<=2 QED<=2 NP<=1 SMHLOOP=0 NPshifts=0 NPprop=0 NPcpv=0
— NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 @3

output /Users/.../MadGraph5/Simulations/Collision_SM-SMEFT/ddbar -f

launch -n SM

#-- 'param_card.dat' --#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-— Wilson Coefficients ——#
set ctGRe
set cQj18
set cQj38
set ctd8
set cQd8
set ctj8
set cQji1
set cQj31
set ctdl
set cQdi
set ctjl O

#-- 'run_card.dat' —-#

O O O O O O © © O O

set 1lppl O
set 1lpp2 O
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EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC MADGRAPH5_aMC@NLO script listings

"mg5_input.txt": SM & SMEFT @ LO gg — tt and uu/dd — tt collision @ 7000 GeV -

MapGrAaPH5_aMC@NLO (mg5_aMCQC) input script file

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -n SMEFT

#-— Wilson Coefficients —-#
set ctGRe O

set cQj18 0.0003

set cQj38 0.0001

set ctd8 0.0002

set cQd8 -0.0002

set ctj8 -0.0002

set cQj11 O

set cQj31 O
set ctdl 0
set cQdil 0
set ctjl 0
done

#open index.himl

! cp /Users/leonardoguidetti/Documents/MadGraph/MadGraph5/Work/mg5_input.txt
— /Users/.../MadGraph5/Simulations/Collision_SM-SMEFT

D.2 Script for total cross sections simulation

"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5_ aMC@NLO (mg5_aMC) input script file

T
## SMEFT gg/uubar/ddbar -> ttbar total cross section elements @ 7000 GeV ##
B e

import model SMEFTsim_top_MwScheme_UFO

L vt
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MADGRAPH5_aMC@NLO script listings EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

### gg SM ###
set automatic_html_opening True

generate g g > t t~ QCD<=2 QED<=2 NP=0 SMHLOOP=0 NPshifts=0 NPprop=0 NPcpv=0
-~ 01

output /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/gg/1_SM -f

launch -n SM

#-- 'param_card.dat' --#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-— Wilson Coefficients —-#
set ctGRe O

set cG 0

set cHG 0

#-- 'run_card.dat' --#
set 1lppl O

set 1pp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -i

print_results

— -path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg_1.txt
exit

### gq first row ###
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EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC MADGRAPH5_aMC@NLO script listings

"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

set automatic_html_opening True

generate g g > t t~ QCD<=2 QED<=2 NP<=1 NP~"2==1 SMHLOOP=0 NPshifts=0
— NPprop=0 NPcpv=0 @2

output /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/gg/2_firstrow
— _f

launch -n CtG

#-- 'param_card.dat' --#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-— Wilson Coefficients —-#
set ctGRe -1

set cG 0

set cHG 0

#-—- 'run_card.dat' --#
set lppl O

set 1lpp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -n CG

#-—- Wilson Coefficients ——#
set ctGRe O

set cG -0.5
set cHG 0
done

launch -n CHG
#-— Wilson Coefficients —-#
set ctGRe O

set cG 0
set cHG 0.25
done
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MADGRAPH5_aMC@NLO script listings EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

launch -i

print_results

— -path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg 2.txt
exit

### gg diagonal ###
set automatic_html_opening True

generate g g > t t~ QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 @3

output /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/gg/3_diagonal
— _f

launch -n CtG™2

#-- 'param_card.dat' ——#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-- Wilson Coefficients ——#
set ctGRe -2

set cG 0

set cHG 0

#-- 'run_card.dat' --#
set 1lppl O

set 1pp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -n CG™2
#-—- Wilson Coefficients ——#
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EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC MADGRAPH5_aMC@NLO script listings

"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

set ctGRe O

set cG =il
set cHG 0
done

launch -n CHG™2
#-— Wilson Coefficients ——-#
set ctGRe 0

set cG 0
set cHG 0.5
done

launch -i

print_results
— -—path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg_ 3.txt
exit

### gg interferences ###
set automatic_html_opening True

generate g g > t t~ QCD<=2 (QED<=2 NP<=1 NP72==2 NPctG~2==1 SMHLOOP=0
— NPshifts=0 NPprop=0 NPcpv=0 @4

output
— /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/gg/4_interferences
— 'f

launch -n CtGxCG

#-— 'param_card.dat' --#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-— Wilson Coefficients —-#
set ctGRe -1

set cG =il
set cHG 0
#-—- 'run_card.dat' --#
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MADGRAPH5_aMC@NLO script listings EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

set 1ppl O

set 1lpp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -n CtGxCHG
#-- Wilson Coefficients ——#
set ctGRe -1

set cG 0
set cHG 0.5
done

launch -i

print_results
— -path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg 4.txt

exit

### uubar
B B B e B e e

### uubar SM ###
set automatic_html_opening True

generate u u~ > t t~ /H QCD<=2 QED<=2 NP=0 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0

output /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/uubar/1_SM -f

launch -n SM

#-- 'param_card.dat' --#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O
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EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC MADGRAPH5_aMC@NLO script listings

"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

set mu O

set gf 1.16639e-05

set as 0.11800

#-—- Wilson Coefficients —-#
set ctGRe O

set cQj18 O
set cQj38 0
set ctu8 0
set cQu8 0
set ctj8 O
set cQj1l1 O
set cQj31 O
set ctul 0
set cQul 0
set ctjl O

#-- 'run_card.dat' --#
set lppl O

set 1lpp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False
done

launch -i

print_results
— -path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_uubar_1.t¥
exit

### uwubar first row ###

set automatic_html_opening True

generate u u~ > t t~ /H QCD<=2 QED<=2 NP<=1 NP~2==1 SMHLOOP=0 NPshifts=0

— NPprop=0 NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0
NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0

output

— /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/uubar/2_firstrow
— _f
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MADGRAPH5_aMC@NLO script listings EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

launch -n CtG

#-- 'param_card.dat' --#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-- Wilson Coefficients ——#
set ctGRe -1

set cQj18 O
set cQj38 O
set ctu8 O
set cQud 0
set ctj8 O
set cQj1ll O
set cQj31 O
set ctul 0
set cQul 0
set ctjl O

#-- 'run_card.dat' --#
set 1lppl O

set 1lpp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -n CuVV8
#-- Wilson Coefficients ——#

set ctGRe O
set cQj18 0.25
set cQj38 0.25
set ctu8 0.5
set cQu8 0.5
set ctj8 0.5
set cQj1i1 O
set cQj31 O
set ctul 0
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EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC MADGRAPH5_aMC@NLO script listings

"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

set cQul 0
set ctjl 0
done

launch -n CuVV1
#-— Wilson Coefficients ——-#
set ctGRe O
set cQj18 O
set cQj38 O
set ctu8 0
set cQu8 0
set ctj8 O
set cQj11 0.25
set cQj31 0.25
set ctul 0.5
set cQul 0.5
set ctjl 0.5
done

launch -n CuAA1l

#-— Wilson Coefficients —-#
set ctGRe O

set cQj18
set cQj38
set ctu8
set cQu8
set ctj8
set cQj11 0.25
set cQj31 0.25
set ctul 0.5
set cQul -0.5
set ctjl -0.5
done

O O O O O

launch -n CuAV1

#-—- Wilson Coefficients —-#
set ctGRe O

set cQj18
set cQj38
set ctu8
set cQu8
set ctj8 O
set cQj11 -0.25

0
0
0
0
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MADGRAPH5_aMC@NLO script listings

EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

set cQj31 -0.25
set ctul 0.5
set cQul -0.5
set ctjl 0.5
done

launch -n CuVA1l

#-— Wilson Coefficients —-#
set ctGRe O

cQj18
cQj38
ctu8
cQu8
ctj8 0
cQj11 -0.25
cQj31 -0.25
ctul 0.5
cQui 0.5
ctjl -0.5

set 0
set 0
set 0
set 0
set
set
set
set
set
set
done

launch -i
print_results
-path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_uubar_2.t;

—

exit

### uubar diagonal ###

set automatic_html_opening True

generate u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0

NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPctG~2==2

—

add process
NPcpv=0
NPcHt=0

—

add process
NPcpv=0
NPcHt=0

—

u u~ >t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl1l1=0 NPcHDD=0 NPcHWB=0
NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQj1872==2

u u~ >t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcll1=0 NPcHDD=0 NPcHWB=0
NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQj3872==2

ct
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"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPctu8~2==2

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQu8~2==2

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPctj8~2==2

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQj18~2==
— NPcQj3872==

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQj1872==
< NPctj8 2==

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
< NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQj38~2==
< NPctjg8~2==1

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcll1=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPctu8~2==
— NPcQu8~2==

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQj1172==2

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQj3172==2

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPctul~2==2
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MADGRAPH5_aMC@NLO script listings EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQul~2==2

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPctj1~2==2

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQjl1172==1
— NPcQj3172==1

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQjl172==
< NPctj1~2==

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQj31"2==
— NPctj1~2==1

add process u u~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPctul~2==

< NPcQui~2==
output
— /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/uubar/3_diagonal
— _f

launch -n CtG™2

#-- 'param_card.dat' --#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800
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"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

#-—- Wilson Coefficients —-#
set ctGRe -2

set cQj18 O

set cQj38
set ctu8

set cQu8

set ctj8

set cQj11
set cQj31
set ctul

set cQul

set ctjl 0

0
0
0
0
0
0
0
0

#-- 'run_card.dat' --#
set lppl O

set 1lpp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -n CuVV872

#-— Wilson Coefficients —-#
set ctGRe O
set cQj18 O
set cQj38 0
set ctu8 1
set cQu8 1
set ctj8 1
set cQjil O
set cQj31 O
set ctul 0
set cQul 0
set ctjl 0
done

launch -n CuAA8~2

#-— Wilson Coefficients —-#
set ctGRe O

set cQj18 0.5

set cQj38 0.5

set ctu8 1
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"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

set cQu8 -1
set ctj8 -1
set cQjli1 O
set cQj31 O
set ctul 0
set cQul 0
set ctjl O
done

launch -n CuAV872

#-- Wilson Coefficients ——#
set ctGRe O

set cQj18 -0.5

set cQj38 -0.5

set ctu8 1

set cQu8 -1

set ctj8
set cQjl1l
set cQj31
set ctul
set cQul
set ctjl

O O O ©O O

done

launch -n CuVA872

#-— Wilson Coefficients —-#
set ctGRe O

set cQj18 -0.5

set cQj38 -0.5

set ctu8 1

set cQu8 1

set ctjg8 -1

set cQj11
set cQj31
set ctul
set cQul
set ctjl

C e e e @

done

launch -n CuVV1i~2

#-—- Wilson Coefficients ——#
set ctGRe O

set cQj18 O
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"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

set cQj38
set ctu8
set cQu8
set ctj8
set cQj11
set cQj31
set ctul
set cQul
set ctjl

= = B, O O O O O O
(S}

done

launch -n CulAA1~2

#-— Wilson Coefficients —-#
set ctGRe O
set cQj18 O
set cQj38 O
set ctu8 0
set cQu8 0
set ctj8 O
set cQj1l O
set cQj31 O
set ctul 1
set cQul -1
set ctjl -1
done

.5
.5

launch -n CuAV1~2

#-— Wilson Coefficients —-#
set ctGRe O

set cQj18
set cQj38
set ctu8
set cQu8
set ctj8
set cQj1l -0.5
set cQj31 -0.5
set ctul 1
set cQul -1
set ctjl 1
done

o

launch -n CuVA172
#-— Wilson Coefficients ——#
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"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

set ctGRe O
set cQj18 O
set cQj38 O
set ctu8 0
set cQu8 0
set ctj8 O
set cQj11 -0.5
set cQj31 -0.5
set ctul 1
set cQul 1
set ctjl -1
done

launch -i

print_results
— -path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_uubar_3.txt
exit

### uubar interferences ###
set automatic_html_opening True

generate u u~ > t t~ /H QCD<=2 QED<=2 NPctG~2==1 SMHLOOP=0 NPshifts=0
— NPprop=0 NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl1l1=0 NPcHDD=0
NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0
— NPcQj1872==

add process u u~ > t t~ /H QCD<=2 QED<=2 NPctG~2==1 SMHLOOP=0 NPshifts=0
< NPprop=0 NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0
NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0
< NPcQj38~2==

add process u u~ > t t~ /H QCD<=2 QED<=2 NPctG~2==1 SMHLOOP=0 NPshifts=0
— NPprop=0 NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcll11=0 NPcHDD=0
NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPctu8~"2==

add process u u~ > t t~ /H QCD<=2 QED<=2 NPctG~2==1 SMHLOOP=0 NPshifts=0
— NPprop=0 NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl1l1=0 NPcHDD=0
NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPcQu8~2==

add process u u~ > t t~ /H QCD<=2 QED<=2 NPctG~2==1 SMHLOOP=0 NPshifts=0
< NPprop=0 NPcpv=0 NPcuG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl1l1=0 NPcHDD=0
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"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHu=0 NPcHj1=0 NPcHj3=0 NPctj8~2==

output
— /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/uubar/4_interferences
— _f

launch -n CtGxCuVV8

#-- 'param_card.dat' --#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-— Wilson Coefficients ——-#
set ctGRe -1
set cQj18 O
set cQj38 O
set ctu8 1
set cQu8 1
set ctj8 1
set cQj1l O
set cQj31 O
set ctul 0
set cQul 0
set ctjl O

#-—- 'run_card.dat' --#
set 1lppl O

set 1lpp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -i

print_results
— -path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_uubar_4.tx
exit
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"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

### ddbar
B B e

### ddbar SM ###
set automatic_html_opening True

generate d d~ > t t~ /H QCD<=2 QED<=2 NP=0 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0

output /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/ddbar/1_SM -f

launch -n SM

#-- 'param_card.dat' ——#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-- Wilson Coefficients ——#
set ctGRe O

set cQj18 O
set cQj38 O
set ctd8 0
set cQd8 0
set ctj8 O
set cQj1i1 O
set cQj31 O
set ctdl 0
set cQdil 0
set ctjl 0

#-— 'run_card.dat' -—-#
set 1lppl O

set 1pp2 O

set ebeaml 7000

set ebeam2 7000
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"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -i

print_results
— -path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_1.txt
exit

### ddbar first row ###
set automatic_html_opening True
generate d d~ > t t~ /H QCD<=2 QED<=2 NP<=1 NP~2==1 SMHLOOP=0 NPshifts=0

— NPprop=0 NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0
NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0

output
— /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/ddbar/2_firstrow
- -f

launch -n CtG

#-- 'param_card.dat' -—-#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-— Wilson Coefficients ——#
set ctGRe -1

set cQj18 O
set cQj38 O
set ctd8 0
set cQd8 0
set ctj8 O
set cQj11 O
set cQj31 O
set ctdl 0
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"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

set cQd1 0

set ctjl 0

#-— 'run_card.dat' -—-#
set 1lppl O

set 1lpp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -n CdVV8
#-- Wilson Coefficients ——#
set ctGRe O

set cQj18 0.75
set cQj38 0.25
set ctd8 0.5
set cQd8 0.5
set ctj8 0.5
set cQj1l O
set cQj31 O
set ctdl 0
set cQd1l 0
set ctjl O
done

launch -n CdVV1
#-— Wilson Coefficients ——#
set ctGRe O
set cQj18 O
set cQj38 O
set ctd8 0
set cQd8 0
set ctj8 O
set cQj11 0.75
set cQj31 0.25
set ctdl 0.5
set cQd1 0.5
set ctjl 0.5
done

launch -n CdAA1
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MADGRAPH5_aMC@NLO script listings

"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

#-—- Wilson Coefficients —-#
set ctGRe O
set cQj18 O
set cQj38 O
set ctd8 O
set cQd8 0
set ctj8 0
set cQj11 0.75
set cQj31 0.25
set ctdl 0.5
set cQdl -0.5
set ctjl -0.5
done

launch -n CdAV1

#-— Wilson Coefficients ——-#
set ctGRe O

set cQj18
set cQj38
set ctd8
set cQd8
set ctj8 O
set cQj11l -0.75
set cQj31 -0.25
set ctdl 0.5
set cQdl -0.5
set ctjl 0.5
done

O O O O

launch -n CdVA1
#-— Wilson Coefficients —-#
set ctGRe O
set cQj18 O
set cQj38 O
set ctd8 0
set cQd8 0
set ctj8 O
set cQj11l -0.75
set cQj31 -0.25
set ctdl 0.5
set cQd1l 0.5
set ctjl -0.5
done
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"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

launch -i
print_results
— -path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_2.t¥t

exit

### ddbar diagonal ###
set automatic_html_opening True

generate d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPctG™2==2

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQj1872==2

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQj3872==2

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPctd872==2

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQd872==2

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPctj872==2

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQj1872==
— NPcQj3872==

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
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"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQj18~2==
— NPctj8~2==1

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQj3872==
< NPctjg8 2==

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPctd8 2==
— NPcQd872==1

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl1l1=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQj1172==2

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQj3172==2

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPctd1~2==2

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQd172==2

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPctj1~2==2

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQjl11~2==
— NPcQj3172==

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc1l11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQjl172==
< NPctj1~2==
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"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQj3172==1
< NPctj1~2==

add process d d~ > t t~ /H QCD<=2 QED<=2 NP==1 SMHLOOP=0 NPshifts=0 NPprop=0
— NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPc111=0 NPcHDD=0 NPcHWB=0
NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPctdl~2==

— NPcQd172==
output
— /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/ddbar/3_diagonal
— —f

launch -n CtG™2

#-- 'param_card.dat' --#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-- Wilson Coefficients ——#
set ctGRe -2

set cQj18 O

set cQj38 O
set ctd8 O
set cQd8 0
set ctj8 O
set cQj1ll O
set cQj31 O
set ctdl 0
set cQd1 0
set ctjl O

#-- 'run_card.dat' --#
set 1ppl O

set 1lpp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true

set fixed_fac_scale true
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"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

#set use_syst False

done

launch -n CdVV8~2

#-—- Wilson Coefficients —-#
set ctGRe O
set cQj18 1
set cQj38 O
set ctd8 1
set cQd8 1
set ctj8 1
set cQj11 O
set cQj31 O
set ctdl 0
set cQd1 0
set ctjl 0
done

launch -n CdAA8~2

#-— Wilson Coefficients —-#
set ctGRe O

set cQj18 1.5

set cQj38 0.5

set ctd8 1

set cQd8 -1
set ctj8 -1
set cQj11 O
set cQj31 O
set ctdl 0
set cQd1 0
set ctjl 0
done

launch -n CdAV8~2

#-— Wilson Coefficients —-#
set ctGRe O

set cQj18 -1.5

set cQj38 -0.5

set ctd8 1

set cQd8 -1
set ctj8 1
set cQj11 O
set cQj31 O
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"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

set ctdl 0

set cQdil 0
set ctjl 0
done

launch -n CdVA8~2

#-- Wilson Coefficients ——#
set ctGRe O

set cQj18 -1.5

set cQj38 -0.5

set ctd8 1

set cQd8 1

set ctj8 -1

set cQj11l
set cQj31
set ctdl
set cQd1l
set ctjl

o O ©O O O

done

launch -n CdVV1~2

#-— Wilson Coefficients —-#
set ctGRe
set cQj18
set cQj38
set ctd8

set cQd8

set ctj8

set cQj11
set cQj31
set ctdl

set cQd1

set ctjl

[

= = B O P, O O O O O O
o

done

launch -n CdAA172

#-—- Wilson Coefficients ——#
set ctGRe O

set cQj18 O

set cQj38 O

set ctd8 O

set cQd8 0

set ctj8 0
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"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

set cQj11 1.5
set cQj31 0.5
set ctdl 1
set cQdl -1
set ctjl -1
done

launch -n CdAV1~2
#-— Wilson Coefficients ——-#
set ctGRe O

set cQj18 O

set cQj38 O

set ctd8 0

set cQd8 0

set ctj8 O

set cQjl11l -1.5
set cQj31 -0.5
set ctdl 1

set cQdl -1

set ctjl 1

done

launch -n CdVA172
#-— Wilson Coefficients —-#
set ctGRe O

set cQj18 O

set cQj38 0

set ctd8 0

set cQd8 0

set ctj8 O

set cQji1l -1.5
set cQj31 -0.5
set ctdl 1

set cQd1l 1
set ctjl -1
done

launch -i
print_results
— -path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_3.txt

exit
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"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

### ddbar interferences ###
set automatic_html_opening True

generate d d~ > t t~ /H QCD<=2 QED<=2 NPctG~2==1 SMHLOOP=0 NPshifts=0
< NPprop=0 NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0
NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0
— NPcQj1872==

add process d d~ > t t~ /H QCD<=2 QED<=2 NPctG~2==1 SMHLOOP=0 NPshifts=0
— NPprop=0 NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0
NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0
— NPcQj3872==1

add process d d~ > t t~ /H QCD<=2 QED<=2 NPctG~2==1 SMHLOOP=0 NPshifts=0
< NPprop=0 NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl11=0 NPcHDD=0
NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPctd872==

add process d d~ > t t~ /H QCD<=2 QED<=2 NPctG~2==1 SMHLOOP=0 NPshifts=0
— NPprop=0 NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcl111=0 NPcHDD=0
NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPcQd8"2==

add process d d~ > t t~ /H QCD<=2 QED<=2 NPctG~2==1 SMHLOOP=0 NPshifts=0
— NPprop=0 NPcpv=0 NPcdG=0 NPctB=0 NPctW=0 NPcH13=0 NPcll1=0 NPcHDD=0
NPcHWB=0 NPcHt=0 NPcHQ1=0 NPcHQ3=0 NPcHd=0 NPcHj1=0 NPcHj3=0 NPctj8~ 2==

output
— /Users/.../MadGraphb5/Simulations/Sigma_Elements_SMEFT/ddbar/4_interferences
— -f

launch -n CtGxCdVV8

#-- 'param_card.dat' ——#
set mt 173.000

set mz 91.1880

set mw 80.4190

set mh 125.000

set md O

set mu O

set gf 1.16639e-05

set as 0.11800

#-—- Wilson Coefficients ——#
set ctGRe -1

set cQj18 1.5
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"mg5_input.txt": SMEFT @ LO gg — ¢t and uu/dd — tt total cross section elements @

7000 GeV - MADGRAPH5 aMC@NLO (mg5_aMC) input script file

set cQj38
set ctd8
set cQd8
set ctj8
set cQj11
set cQj31
set ctdl
set cQd1
set ctjl 0

#-- 'run_card.dat' --#

(¢

O O O O - +» = O

set lppl O

set 1lpp2 O

set ebeaml 7000

set ebeam2 7000

set fixed_ren_scale true
set fixed_fac_scale true
#set use_syst False

done

launch -i

print_results
— -—path=/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_4.txt
exit

! cat /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg_1.txt
/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg_ 2.txt
/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg_3.txt
/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg_4.txt >
/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg.txt

! rm -f /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg_1.txt

! rm -f /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg 2.txt

! rm -f /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg_3.txt

! rm -f /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_gg_4.txt

I cat

— /Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_uubar_1.txt
/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_uubar_2.txt
/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_uubar_3.txt
/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_uubar_4.txt
o>
/Users/.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_uubar.txt

March 9, 2023 Page 137 of 141



MADGRAPH5_aMC@NLO script listings

EXPLORING THE SMEFT IN THE TOP SECTOR AT THE LHC

"mg5_input.txt": SMEFT @ LO gg — tt and uu/dd — tt total cross section elements @

7000 GeV - MaDGRrRAPH5 aMC@NLO (mg5_aMC) input script file

' rm -f
— /Users/
' rm -f

' rm -f

' rm -f

I cat

o >

' rm -f

' rm -f

' rm -f

' rm -f

— /Users/

/Users/

— /Users/..

— /Users/..

— /Users/..

— [JUsers/..

/Users/..

/Users/..

/Users/..

/Users/..

— [JUsers/..

— /Users/..

— /Users/..

.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_uubar_1

./MadGraphb5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_1

.../MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_4.

.../MadGraph5/Simulations/Sigma_Elements

./MadGraphb5/Simulations/Sigma_Elements_SMEFT/sigma_uubar_2.
./MadGraphb/Simulations/Sigma_Elements_SMEFT/sigma_uubar_3.

./MadGraphb5/Simulations/Sigma_Elements_SMEFT/sigma_uubar_4.

./MadGraphb5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_1.
./MadGraphb5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_2.

./MadGraphb5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_3.

.txt

txt

txt

txt

.txt
./MadGraph5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_2.
./MadGraphb5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_3.
./MadGraphb5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar_4.

txt
txt
txt

./MadGraphb5/Simulations/Sigma_Elements_SMEFT/sigma_ddbar.txt

txt

txt

txt

txt

! cp /Users/leonardoguidetti/Documents/MadGraph/MadGraph5/Work/mg5_input.txt
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