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Abstract

In this thesis, a search for same-sign top quark pairs produced according to the
Standard Model Effective Field Theory (SMEFT) is presented. The analysis is carried
%m within the ATLAS Collaboration using collision data at a center-of-mass energy of

s = 13 TeV, collected by the ATLAS detector during the Run 2 of the Large Hadron
Collider, corresponding to an integrated luminosity of 140 fb . Three SMEFT operators
are considered in the analysis, namely Ogg, O,(_lR, and O(,_S,%. The signal associated to
same-sign top pairs is searched in the dilepton channel, with the top quarks decaying
viat ¥ W*h ¥ “* b leading to a final state signature composed of a pair of high-
transverse momentum same-sign leptons and b-jets. Deep Neural Networks are employed
in the analysis to enhance sensitivity to the different SMEFT operators and to perform
signal-background discrimination. No significant excess with respect to the Standard
Model predictions is observed, therefore upper limits are placed on the signal production
cross section and on the Wilson Coefficients associated to the considered EFT operators.
The observed upper limit at 95% of confidence level on same sign top pairs production
cross section times Branching Ratio is 0:86 fb. The observed upper limits at 95% of
confidence level on the SMEFT parameters are 0:005; 0:015 and 0:031 ([TeV/AJ?) for
the Wilson Coefficients associated to Org, O,(_lF)e and OI(_BF){ respectively. This is the first
result of the ATLAS Collaboration concerning Ble search for same-sign top quark pairs
production in proton-proton collision data at ©= s = 13 TeV, in the framework of the

SMEFT.
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Introduction

The field of particle physics aims to unveil the fundamental laws that govern the Universe
at microscopic level. The Standard Model (SM) of particle physics serves as a framework
for describing the interactions between elementary particles and for making predictions
that can be tested at particle accelerator experiments. Over the course of the last century,
the predictive power of the Standard Model has been confirmed through a multitude of
experimental measurements, which have increasingly verified the theory with a higher
degree of precision. However, experimental evidences related to phenomena that do not
find a proper explanation within the SM have been found, unveiling the limits of the
theory and therefore paving the way to new physics searches and theories Beyond the
Standard Model (BSM). Various models have been proposed to extend the Standard
Model. These BSM theories often predict the existence of new particles with masses
around 1 TeV, that could be probed at the Large Hadron Collider experiments.
Currently, the Large Hadron Collider (LHC) at CERN in Geneva, Switzerland, is
the largest and most powerful particle accelerator in operation, designed to accelerate
and collide proton beams to energies up to about 14 TeV. Four main particle physics
detectors are located at the interaction points of the LHC accelerating ring, performing
measurements that confirm Standard Model predictions to an unprecedented level of
precision. Among these, the ATLAS (“A Toroidal LHC ApparatuS”) experiment uses a
multi-purpose detector designed to measure the products of proton-proton interactions
with exceptional accuracy. The high precision of measurements carried out within the
ATLAS Collaboration allows the confirmation of SM predictions as well as the search for
signatures related to new physics phenomena. New particles predicted by BSM theories
can be directly searched for at the ATLAS experiment, assuming their mass values would
lie within the LHC energy reach ( TeV). On the other hand, if the new particles were
too heavy to be directly probed at the LHC, signals related to BSM theories could be
searched for indirectly, looking for deviations with respect to Standard Model predictions.
While direct searches mostly rely on specific model assumptions to predict new particles
and therefore new signatures to be probed, indirect searches can also adopt a model



independent approach through the Standard Model Effective Field Theory (SMEFT).
Within the SMEFT, the Standard Model is assumed to be a low energy approximation
to a more fundamental theory. SM predictions are therefore assumed to be valid up
to the new physics energy scale, that would lie outside the experimental energy reach.
Possible deviations from SM predictions can therefore be interpreted using the SMEFT
framework. Furthermore, new physics phenomena either forbidden or highly suppressed
within the SM could be directly explored in analyses using the SMEFT.

The analysis presented in this document is a search for same-sign top quark pairs
produced according to the SMEFT. Due to its large mass with respect to the other SM
fermions, the top quark is of particular interest, since it is closely linked to the Higgs
boson and to the mechanism responsible for generating the masses of SM particles, known
as the Higgs mechanism. The production of same-sign top pairs is highly suppressed
within the SM, therefore evidence related to the process searched for in this analysis
would directly point towards the existence of a more fundamental underlying theory.
The same-sign top pairs search is carried out within the ATLAS Collaboration, using
the collision data at a center-of-mass energy of = s = 13 TeV collected by the detector
during the LHC Run 2 (from 2015 to 2018), corresponding to an integrated luminosity
of 140 fb 1.

Same-sign top pairs, generated within the SMEFT via a four-fermion pointlike inter-
action, are searched for in the dilepton channel, with the top quarks decaying leptonically
accordingtot ¥ W*b ¥ “* b Same-sign top pairs generated by three different dim-
6 EFT operators are considered in the analysis. The Warsaw basis is employed for the
operator definition. Although the final state associated to the searched signal is rarely
produced in SM processes, background events may arise from detector inefficiencies as
well as from the mis-reconstruction of physics objects.

Several mutually exclusive analysis regions are defined in order to be enriched in either
signal or background events. The expected background contributions in the selected
collision data are estimated employing different techniques, based on both simulation and
data. The extraction of the signal is performed through a statistical maximum likelihood
fit performed on the full Run 2 dataset. Different sources of systematic uncertainties
affecting the measurement are taken into account in the analysis. A first Deep Neural
Network (DNN) is employed to build regions sensitive to same-sign top pairs generated
by different EFT operators. A second DNN is subsequently employed to perform the
signal-background discrimination. In the absence of any deviations from the Standard
Model predictions, exclusion limits on the parameters associated with the three EFT
considered operators are derived. This is the first search for same-sign top pairs carried

out within the ATLAS Collaboration using the Standard Model Effective Field Theory



and proton-proton collision data atp s=13 TeV.

The document is organized as follows. A brief summary of the Standard Model is
presented in Chaptef [L, while the Standard Model E ective Field Theory is described in
Chapter 2. Details concerning the same-sign top pairs production within the SMEFT are
reported in Chapter 3. An overview of the ATLAS experiment is presented in Chapter 4.
Finally, the search for same-sign top pairs is reported in detail in Chapter 5. Auxiliary
material related to the analysis can be found in Appendix C, D, E and F. The analysis
reported in this document shares some common features with another search carried
out within the ATLAS Collaboration by researchers belonging to the analysis team.
Therefore, a brief description of this reference analysis is reported in Appendix A. Finally,
additional research activity carried out on muon reconstruction and muon momentum
calibration is described in Appendix B.

The analysis reported in this document has been carried out together with ATLAS
Collaboration members a liated with the Universia di Bologna - Alma Mater Stu-
diorum, the Technische Universitat Dortmund, the Institut de Fsica d'Altes Energies
(IFAE) and CERN. | am the main analyst for the work presented in this thesis and |
am co-leading the ATLAS analysis team involved. Speci cally, my personal contribution
to the analysis concerns the de nition and optimization of the analysis strategy as well
as its development. | worked on the generation of the EFT signal samples, reported
in Section 5.1.1, and on the de nition of the analysis regions enriched in signal events,
reported in Section 5.2.8 and 5.4. | performed the statistical analysis described in Sec-
tion 5.7 whose results are presented in Section 5.8. | contributed to the de nition and
development of the NN-based strategy. The de nition of the regions enriched in back-
ground events as well as the strategy employed to estimate the background contributions
in the selected collision data, described in Section 5.5, has been originally developed for
another analysis carried out within the ATLAS Collaboration to which | contributed to
a lesser extent. This analysis involved the team members from IFAE and CERN and is
summarized in Appendix A.



Chapter 1

The Standard Model of particle
physics

Modern particle physics is outlined by the Standard Model of particle physics (SM),
which gathers together relativistic quantum eld theories that describe the interactions
among elementary particles. Nowadays, SM predictions are still con rmed with exper-
imental measurements carried out at particle accelerators experiments, which increas-
ingly corroborate the validity of the theory with a higher degree of precisidn The SM

is invariant under Lorentz transformations as well as SU(3) SU(2). U(1)y gauge
transformations. The three gauge groups are related to the strong and electroweak in-
teractions. The SM particle and interaction content is summarized in Section 1.1 and
Section 1.2.

1.1 Quarks and leptons

Elementary particles that make up physical matter are described within the SM by
fermionic elds. These are spin 2 particles classi ed as either quarks or leptons. Quarks
exist within the SM in six di erent flavors (u;d;c;s;t; and are classi ed into three

generations:
u c t

d S b
Each generation contains one positivej5¢ = +2 =3) and one negative Q5¢ = 1=3)
particle, wheree is the electric charge of the electron. Speci cally; c;t and d;s; bare

(1.1)

1However, some experimental evidences do not nd a proper explanation within the SM, as reported
in Section 1.4



positive and negative particles respectively. Quarks are also strongly interacting, since
they carry a color charge fed, greenor blue). They have quantum numbers related
to the SU(2). and U(1)y gauge groups, that are the weak isospih and hypercharge
Y. These numbers are related to the electric charge &% = 13 + Y=2, beingls the
third component of the weak isospift Speci cally, left-handed and right-handed chiral
components of quarks havé = 1=2 and| = 0 respectively, therefore left-handed quarks
are gathered in weak isospin doubletq = (u_. d.); (c s.); (t. k) with the third
isospin componentl; = +1 =2; 1=2 for u_;c ;t. and d_;s.;b_ respectively. Right-
handed quarks are instead weak isospin singlaig, dr, Cr, Sr, tr, br.

Together with quarks, other fermionic particles called leptons exist within the SM.
There are six di erent lepton avors (e; ; ; e ; ), arranged into three generations
as follows:

e
o (1.2)
Each generation is composed by one neutrdD(= 0) and one negative Q = 1) particle,
with ¢; ; ande;; being neutral and negative respectively. Leptons are not charged
under the strong interaction but, similarly to quarks, they are arranged into left-handed
weak isospin doubletd, = ( ¢, €); ( . ); ( L L) and right-handed singletseg,
R R3-

In addition to the particles described above, the SM particle content includes anti-
particles, that have opposite quantum numbers with respect to the ones associated to
the fermions already presented. Leptons and quarks also carry a leptbnand baryon
B number respectively. A Baryon numbeB = 1=3; 1=3 is associated to quarks and
anti-quarks, since baryons are composed by either three quarks or three anti-quarks.
Leptons and anti-leptons have respectively lepton numbdr = 1; 1. Although lepton
and baryon numbers are not related to speci c symmetries of the SM theory, they are
conserved quantities in all SM interactions.

1.2 Standard Model interactions

Interactions among quarks and leptons are described within the SM by the exchange of
vector bosons (spin 1 elementary particles) associated to the strong, weak and electro-
magnetic forces.

2The particle electric charge Q=jgj from now on is referred asQ, by omitting the electron charge e
for simplicity.

31t should be noted that right-handed neutrinos g are neutral under all interactions described by
the SM.



Electromagnetic interactions are described within the SM by the Quantum Elec-
trodynamics (QED) and involve all electrically charged particles. According to QED,
electromagnetic interactions are invariant under local U(1) gauge transformations and
they conserve the electric charg®. These interactions are described by the exchange of
a photon , that is the massless neutral boson associated to electromagnetic interactions.

Quantum Chromodynamics (QCD) is the quantum eld theory that describes the
strong interaction, that is invariant under the SU(3) gauge symmetry. Strong interac-
tions are described by the exchange of one among eight di erent massless neutral gluons
0. These bosons carry di erent color-charges and they can interact with quarks as well
as among themselves.

Weak interactions exhibit several di erences with respect to both electromagnetic
and strong forces. These interactions are mediated by massive gauge bosanst W
with electric chargeQ = 0 and Q = 1 respectively. Furthermore, weak processes
can violate parity and avor conservation, while these characteristics are conserved by
other SM interactions. Weak interactions respect the SU(2) U(1)y gauge symmetry,
unifying electromagnetic and weak forces within the electroweak (EW) gauge theory.
Weak interactions only involve left-handed fermions (or right-handed anti-fermions) when
mediated by the W boson, while theZ boson can also interact with right-handed
fermions.

All massive particles of the SM, from fermions t&V; Z bosons, acquire mass following
the Spontaneous Symmetry Breaking (SSB) of the EW symmetry though the Brout-
Englert-Higgs mechanism. This is realized though the introduction of a scalar (spin
0) SU(2). doublet =( * 9, called the Higgs doublet. After acquiring a vacuum
expectation valué (v.e.v.) v =246 GeV, the Higgs eld leads to the breaking of the
EW SU(2). and U(1)y symmetries. As a consequence of the SSB, the EW bosons as well
as the Higgs bosorh itself acquire masses. Fermion masses arise from the interaction
between fermions and the Higgs boson through Yukawa couplings.

The entirety of SM interactions can be described by the following Lagrangian [1{3]:

1 1 1

Low = zlB B 21W' w! 21GAGA
+ i UrBUR + drBdRr + erBer
+i LB+ g Bq. (1.3)
+(D ) )+ * e

Yuq_TJR+qu_dR+YeI|_ ert h.c.



Here, the rst line gathers the gauge kinetic terms related to the strong and electroweak
interactions. The gauge eld strength tensor8 ;W' ;G* are related to the U(1),,
SU(2). and SU(3): gauge groups respectivelyl (and A being the SU(2) and SU(3)x
related indices). The fermionic kinetic terms are given by the second and third lines
in (1.3). Here,l. and g are the SU(2) lepton and quark left-handed doublets, while
the right-handed SU(2) singlets areugr; dr;er. These terms are assumed to be summed
over the three fermion generations and also over di erent colors for quarks. The covariant
derivative is denoted asD . Finally, the last two lines in (1.3) are related to the Higgs
eld, with being the SU(2) | Higgs doublet andY' the matrices of Yukawa coupling
constants that confer masses to the left- and right-handed SM fermions.

1.3 The top quark

Since its discovery in 1995 by the CDF and DO experiments at FNAL [4, 5], the top
quark t has been carefully studied and its proprieties have been and are still measured
with increasing precision by particle accelerators experiments at FNAL and the LHC.
The study of this particle is of great interest in the high energy physics eld since the top
quark exhibits distinctive features that are not held by any of the other SM quarks. Due
to its large massm; = (172:69 0:30) GeV [6], the top quark does not form hadrons,
since it decays following the weak interaction into &/ boson and ab quark before QCD
hadronization can occur. Furthermore, the top quark is strictly linked to the Higgs
mechanism and the electroweak SSB (EWSSB), since its Yukawa coupling to the Higgs
boson is order of unity. Therefore precision measurements of its proprieties, such as
production cross section, decay width, couplings, massic:, provide key information on
fundamental interactions at the EWSSB scale and beyond.

Thanks to the large number of top events produced in proton-proton collisions at the
LHC particle accelerator, the data collected by the LHC experiments during Run 1 and
Run 2 allowed thorough studies of top proprieties that resulted in exceptionally precise
measurements. Through these measurements, experiments can both test the SM theory
and simultaneously look for deviations with respect to SM predictions, that would be
associated to the existence of new physics beyond or at the SM EW energy scale.

1.4 BSM Physics

Standard Model predictions have always been experimentally con rmed by numerous
analyses, whose results reached a remarkably high precision. Nevertheless, experimental

10



evidences related to phenomena that do not nd a proper explanation within the SM
have been found, unveiling the limits of the theory and therefore paving the way to new
physics searches and theories Beyond the Standard Model (BSM).

Among these experimental evidences for BSM physics one can nd:

" Dark Matter . Experimental evidences related to the existence of Dark Matter
(DM) have been collected from measurements of rotation velocities in spiral galax-
ies, Cosmic Microwave Background patterns and gravitational lensing [7, 8]. This
non-luminous (therefore non electromagnetically interacting) matter is expected to
make up 844% of the matter content of the Universe [6]. Several BSM theories that
predict the existence of DM particles have been formulated. Within these theories,
DM candidates exhibit di erent proprieties, leading to a various phenomenology
that can be searched for at particle accelerators.

" CP-violation . The large asymmetry between the amount of matter and antimat-
ter in the Universe is not explained within the SM theory. One of the requirements
that need to be ful lled by the theory to account for this unbalance is the violation
of CP symmetry [9, 10]. Although some experimental measurements pointed out
the existence of CP violating processes in the SM weak interactions [6], these do
not su ce to account for the large matter-antimatter asymmetry observed. For
this reason, other sources of CP violation are being theorized and searched for,
such as CP violation in the neutrino sector or in the SM strong interaction [11].

" Neutrino masses . BSM theories are required to account for the existence of neu-
trino masses pointed out by the experimental evidence of neutrino oscillations [6].
The SM Higgs mechanism fails to generate neutrino masses in a \natural” way,
since no experimental evidence related to the existence of right-handed neutrinos
has yet been found. Furthermore, the large mass di erence between neutrinos and
charged leptons can be labeled as unnatural and gives rise to additional theoretical
open guestions.

In addition to the BSM experimental evidences listed above, the SM lacks a proper
motivation for the wide mass range covered by fermions, related to Yukawa couplings
ranging from 10 © for the electron to 1 for the top quark. Furthermore, a ne-
tuning is required on SM fermions as well as the Higgs boson to cancel Next-to-Leading-
Order (NLO) corrections on fermion masses that would push their values to the Planck
scale [12]. This issue is referred as tlerarchy problemand represents a puzzling item
related to the SM theory.

11



Finally, some recent experimental results show tensions with respect to SM predic-
tions that could point to new physics processes. Lepton universality tests m! s
decays have been carried out by the LHCb Collaboration resulting into more than 3
deviations with respect to SM predictions [13]. Another experimental result involving
leptons that resulted in 42 deviations with respect to the SM is the measurement of
the muon anomalous magnetic moment carried out by E821 at BNL and the Muan 2
experiment at FNAL [14, 15].

1.5 Direct and indirect BSM searches

The previous section drew attention to the need for BSM theories to investigate new
physics that could address and motivate the observed discrepancies with respect to SM
predictions. Two di erent approaches can be adopted by physics analyses at the LHC
to search for new physics.

If the BSM theory predicts new particles with mass values within the LHC energy
reach, new physics signals can be searched for directly. Direct searches aim to measure
either resonance peaks related to the BSM patrticles, or event yields produced by BSM
processes involving the new particles. A detailed description of an illustrative BSM the-
ory, called two-Higgs-doublet-model (2HDM), is reported in Appendix A as a reference.

On the other hand, if the new patrticles are outside the LHC energy reach, they can
not be directly searched for. In this case, an indirect approach can be adopted to search
for the e ects related to the new physics in the experimental energy range. These e ects
would result in deviations with respect to SM predictions, such as deviations on cross
sections and couplings values.

While direct searches mostly rely on speci ¢ model assumptions to predict new parti-
cles and therefore new signatures to be probed, indirect searches can also adopt a model
independent approach through E ective Field Theories (EFT) [16{21]. Results obtained
with model independent searches can then be reinterpreted with respect to speci c BSM
theories. A detailed description of the EFT approach applied to the SM is presented in
Chapter 2.

12



Chapter 2

The Standard Model E ective Field
Theory

Model independent searches for new physics at high energies can be carried out using the
Standard Model E ective Field Theory (SMEFT). In this approach the Standard Model

is assumed to be a leading order, low energy approximation to a more fundamental
theory.

An historical as well as established example of an E ective Field Theory applied to
particle physics is the Fermi Theory of weak interactions [22]. According to Fermi's
theory the process ! e , results from a pointlike interaction, as presented in
Figure 2.1a, and is described by the following Lagrangian

Lt = B53% (2.1)
where the weak currentis] = | (1 5) | and Gg is the Fermi constant of weak

interactions [20].

The same process is described by the electroweak gauge theory as an interaction
involving the W boson, as shown in Figure 2.1b. Both the interaction vertices W
ande W are described following a Lagrangian expressed in the form

L= ?&ZWYJ (2.2)

whereW and g are the weak gauge eld and coupling respectively. The overall process
I e . isthen described by also taking into account th&V/ boson propagator
W’ whereq is the four-momentum carried by the weak boson.
Both theories are valid and predictive in the low energy regime, below the W boson

13



(b)
@)

Figure 2.1: The I e ¢ weak process described by the Fermi Theory (2.1a) and by
the SM electroweak gauge theory (2.1b).

mass scale (where? Mg ), and are linked through the following expression:

fr- O

2.3
5 BMZ (2:3)

In the Fermi Theory, the constant Gg, that is the coupling of the weak pointlike inter-
action, encloses the information of the physics at the W boson energy scal(; 9).

As a consequence, the Fermi Theory has been historically successful in studying EW
experimental results before the W boson was discovered and measured.

The SMEFT has the same underlying approach as the Fermi Theory. In order to
consider the SM as an e ective theory, the new physics energy scale is bound to be
substantially larger than the SM EW scale ( V) [23]. Since no evidence for new
particles above the EW scale has been found so far, the scale is also assumed to be
larger than the the current particle accelerators energy reach.

Being the new physics outside the experimental energy reach, it would not be possible
to search for new resonances directly; instead, the new physics e ects would appear as
deviations from the SM predictions in high energy measurements carried out at particle
accelerators. New physics therefore can be searched for using the SMEFT through an
indirect approach. On the other hand, the new physics theory would also predict new
nal states either forbidden or highly suppressed within the SM, that could be directly
explored in analyses.

The e ective Lagrangian related to the SMEFT can be built by expandingL sy
reported in (1.3) with higher dimensional operator@i(D), which are suppressed by inverse

14



powers of the new physics scale [24]

X .
C
Lsmerr = Lsm + 5 4Oi(D) (2.4)
i;D> 4

The SMEFT Lagrangian only includes SM elds and is Lorentz invariant as well as
invariant under SM gauge symmetries (SU(3) SU(2). U(1)y). The SM Higgs doublet

is present in the EFT construction. The dimensionless Wilson Coe cientsg; associated
to the EFT operators carry the information related to new physics [25], such as the mass
value of a new particle and the coupling constant related to a new interaction, similarly
to the Fermi constant Gg in the Fermi Theory described above.

Deviations from the SM predictions may arise when the EFT e ects related to the
higher order operators Oi(D) with D > 4) become signi cant, with the expectation of
larger e ects to come from lower dimension operators.

The SM Lagrangian expansion is generally truncated, by considering only the contri-
butions up to dimension 6 and assuming the e ect of operators with higher dimension to
be negligible (these operators are suppressed at least as?). By imposing also lepton
and baryon number conservation, the only dimensional 5 operator that follows SM gauge
symmetries has to be removed from the expansion. Minimal and complete sets (bases) of
dimensional 6 (dim-6) EFT operators have been derived [24, 26{28]. Among these, the
\Warsaw basis" is composed by 2499 baryon and lepton number conserving operators

The new physics e ects are then parametrized by the EFT operators that would
a ect SM processes and therefore modify experimental observables, such as production
cross sections, decay widths and low energy constants. On the other hand, the EFT
operators could give rise to new processes not allowed by the SM.

2.1 EFT reinterpretation of SM measurements

Precision measurements related to SM processes, such as total and di erential production
cross sections, can be reinterpreted using the SMEFT framework to investigate possible
deviations with respect to SM predictions. These reinterpretations rely on the EFT
parametrization of experimental observables.

Considering a process that can be produced from both SM and dim-6 EFT (BSM)

1The complete list of dim-6 EFT operators in the Warsaw basis can be found in [28].
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Figure 2.2: Schematic representation of the SM and EFT contributions to the squared am-
plitude jMj 2 of a given process.

operators, its related amplitudeM can be expressed as

gsm, LR e 1
M =M+ — GMT +0 — (2.5)

|
with the subleadingO(1= *) contributions arising from multiple insertions of EFT op-
erators within the same process not taken into account [29]. Experimental observables
measured in analyses are described by events rates, that are proportional to the squared
amplitude jMj 2 related to the process of interest. Therefore, any given observablean
be parametrized as
X X
— SM + iz G iint + i4 CICJ iI;EjFT (26)
| |
Here, SM isthe SM contribution, which corresponds to the value of the physics observ-
able in the SM limit = 2! 0 for any EFT operator O;. The component ™ comes
from the interference between the SM and the EFT amplitudes, whileEFT is the pure
EFT contribution, arising from the squared amplitudes of the dim-6 operators consid-
ered and from the interference between EFT operators. A visual representation of the
contributions to the squared amplitude of a given process is shown in Figure 2.2. Con-
tributions arising from SM-EFT interference as well as pure EFT insertions of higher
dimensional operators D > 6) are here neglected in the EFT parametrization of the
physics observable.
The sum " + EFT constitutes the new physics signal, that is a deviation from the
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SM predicted value SM. Therefore, high SM precision measurements are essential to
gain sensitivity to the new physics EFT e ects.

2.2 LHC SMEFT measurements in the top quark
sector

Due to its large mass, the top quark likely is the SM patrticle closest to new physics sectors.
Therefore it is of great importance to thoroughly study its proprieties and couplings, since
these measurements could shed light on new physics. SMEFT reinterpretations of top
guark measurements are carried out at the LHC exploiting the large number of top events
collected during the Run 1 and Run 2 by accelerator experiments, such as ATLAS and
CMS, and therefore making the most of the precision achieved by SM measurements in
the top sector [30{32].

Searches for new physics processes either forbidden or suppressed within the SM,
such as top avor changing neutral current (tFCNC) interactions, are as well performed
within the SMEFT framework.

2.2.1 SMEFT searches in SM processes involving the top quark

Many EFT reinterpretation analyses are carried out exploiting top processes using LHC
collision data, such as inclusive and di erential cross section, charge asymmetry and
decay width measurements [33{44]. Among these, di erential measurements are of great
interest since they can constraint multiple Wilson Coe cients (WCs) at the same time.

The full parametrization reported in eq.(2.6) can be known for a given set of EFT
operators if more than one observable is measured. This is indeed the case for dier-
ential measurements, where each bin related to a physics kinematic distribution can be
considered as an observable. However, constraining the whole set of EFT operators af-
fecting one top process is still a task that cannot be accomplished by a single (even if
di erential) analysis.

Multiple operators a ecting top processes, from its production to its decay are con-
strained in global ts, that gather results from many di erent top EFT analyses (see
section 2.2.3 for a more detailed description of global ts in the top sector).
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2.2.2 SMEFT searches in new nal states involving the top
quark

The SMEFT framework can also be employed to search for processes either forbidden or
suppressed by the SM [45{47].

Concerning top processes, this is the case for top avor changing neutral current in-
teractions. These processes are highly suppressed in the SM by the GIM mechanism [48].
The branching ratios related to tFCNC decays have values of order 18 10 15, there-
fore any experimental evidence related to tFCNC interactions would directly point to-
wards new physics [49].

When performing new physics searches using the SMEFT, the parametrization ex-
pression (2.6) is simpli ed, since no SM operator can produce the targeted process. In
this case, the number of events is the studied physics observabland it is parametrized
by only taking into account pure EFT contributions, as

— i X .~ EFT
- 4 GG iij (2.7)
1)

Being the number of events a single physics observable, SMEFT searches are generally
not suited to constraint more than one EFT operator at the same time, but results
achieved through these analyses still play a fundamental role in EFT global ts.

2.2.3 Global EFT ts in the top sector

The results obtained from the many EFT analyses carried out by LHC experiments are
then combined in global ts, that allow to place limits on several EFT operators at once.
These limits are usually less stringent with respect to the ones resulting from individual
analyses, but they are more general and can therefore be employed as a reference for any
other EFT analysis targeting a speci c process.

Concerning the top sector, a global t has been recently performed [50] gathering mea-
surements carried out by ATLAS and CMS. Several measurements have been employed:
tt; ttW,; ttZ, single and associated top production, top decay and charge asymmetry.
The full set of dim-6 operators a ecting top physics has been employed in the t.

Since the overall number of parameters related to top processes is too large to be
e ciently taken into account in global ts (1179), a \ avor assumption” has been placed
on the SMEFT physics. Speci cally, the quarks belonging to the rst two generations
are required to follow anU(2)q U(2)y U(2)q symmetry (an U(2) symmetry for each
eld g ;ur;dr) while no restriction is placed on the third quark generation. The Wilson
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Coe cients related to operators involving quarks are therefore forced to be identical for
the rst and second generation thus reducing the overall number of coe cients within
the theory?. Furthermore, only CP-conserving operators are taken into account and
operators that do not have a sizeable e ect on the considered observables or are strongly
constrained by other measurements (not top-related) are not taken into accodntFinally,
operators involving leptons are not taken into account in the t. With these restrictions,
the number of parameters to be considered in the global t is reduced to 22.

The global EFT tresults are reported in Figure 2.3. Here, some of the EFT operators
are de ned as linear combinations of the Warsaw basis operator de nitions (see [50] for a
detailed review of the relations between the operator de nitions employed in the global
t and the Warsaw basis).

Some among the EFT operators constrained in top analyses can also be targeted in
Higgs and B-physics measurements, with the same operators a ecting processes involving
either the top quark, the Higgs boson or B-mesons. Therefore, SMEFT top, Higgs and
B-physics measurements can be combined together as well in global ts, resulting in even
more general constraints on EFT operators with respect to the ones presented in this
Section [51]. The constraints resulting from these wider combinations of measurements
can then be employed in a signi cantly broad number of analyses.

2.3 Matching SMEFT constraints to BSM theories

Due to the model independent approach of the SMEFT, results related to SMEFT
searches can be reinterpreted using multiple distinct BSM theories.

Processes targeted in SMEFT searches are usually also predicted by BSM theories
through interactions involving SM particles and new physics mediators. Similarly to
what has been described in Section 2 related to the Fermi Theory of weak interactions,
SMEFT and BSM theories can be linked togethemfatched by assuming the mass of the
BSM mediator to be substantially larger than the energy scale associated to the targeted
process [25, 32]. Bynatching the two theories, their associated parameters, namely the
Wilson Coe cients and the mass and coupling of the BSM mediator, are brought into
relation through expressions similar to the one reported in eq.(2.3), witg being the
WC and M\, and g the mass and coupling related to the BSM mediator. These relations
can then be used to translate limits on WCs resulting from model-independent SMEFT
searches into constraints on new particles masses and couplings.

20Other avor assumptions de ned concerning quarks and leptons are described in [30].
3Concerning CP-violating operators, these are constrained in top polarization, spin correlation and
B meson decays measurements.
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Figure 2.3: Bounds on SMEFT operators resulting from the global EFT t in the top sec-
tor [50].
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Chapter 3

Same-sign top quark pairs
production

Same-sign top pairs production is forbidden in the SM at Leading-Order (LO). This
process can happen at the lowest perturbative order through the Feynman diagram in
Figure 3.1 with the exchange of tw& bosons. Therefore, same-sign top pairs production
is highly suppressed in the SM by the GIM mechanism [48], due to the large value of
the square of theb quark mass. The SM cross section related to this process has been
computed in [52] for proton-proton interactions alp s=13TeVtobe (pp! tt)sm'

4 10 * pb.

Due to its suppression in the SM, same-sign top pairs production is not expected to
be observed with the available LHC data, therefore its experimental observation would
directly point to the existence of new physics. Several BSM theories predict same-sign
top pairs production, such as 2HDMs, models with an extra U(1) gauge group as well as
baryon and lepton number violating theories [53]. Within these theories, same-sign top

Figure 3.1: SM production of same-sign top pairs.
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Figure 3.2: Same-sign top pairst-channel (3.2a) and s-channel (3.2b) production.

Figure 3.3: Same-sign top pairs production as a pointlike EFT four-fermion interaction.

pairs can be produced irt-channel and s-channelprocesses, as shown in Figure 3.2.
Consideringt-channel processes, same-sign top pairs are produced in top avor chang-
ing neutral current processes through the exchange of a neutral BSM scalar or vector
mediator, such as heavyZ° or heavy HiggsesH predicted in extra U(1) models and
2HDMs respectively.
On the other hand, thes-channelprocess would require the on-shell production of a
BSM particle with electric chargeQ = +4 =3.

3.1 EFT production of same-sign top quark pairs

Instead of relying on a specic BSM theory, same-sign top pairs production can be
described using the SMEFT framework as a pointlike interaction involving four up-like
fermions, as shown in Figure 3.3.

Among the complete set of dim-6 EFT operators expressed in the Warsaw basis,
only ve can be responsible for same-sign top pairs production [54], assuming avor
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universality:
Orr =[tr UR][[tr UR]

o= Q a Q g

o= Q & Q % (3.1)
O(Lng: Qu q [tr UR]

o0® = Q. Tq tr T ug

Here, Q. and tg are the third quark generation left-handed doublet and right-handed
singlet, whileq and ugr are related to the rst two generations. The production of a pair
of right-handed same-sign quarks via the four-fermion interactionrur ! tgtg (with
Ur = U;C) is described by theOgrgr operator, while two di erent operatorsO(LlL); Oﬁ) can
originate left-handed same-sign top quarks via_u_ !  t,_t,, with the Pauli matrices 2
entering the Oﬁ) de nition. Same-sign top pairs with mixed chirality can be generated
viauug ! t tg. The O(LlFZ and O(LEQ operators can originate this process, with the
SU(3)c generatorsT” entering the O(L8FZ operator de nition.

It should be noticed that without the avor universality assumption 15 operators
could generate same-sign top pairs. In this case, each of the ve operators listed above
would represent 3 di erent operators depending on the initial state quark avor.Ogr
would be either f[r  Ur][tr URr], [tr Ur][tr Cr] Or [tr Cr][tr Cr] corresponding
to UrUr ! trtr, UrCR ! trtr OrcrCr ! tgrtr respectively. Analogous considera-
tions apply to the other operators in (3.1).

The same-sign top pairs production e ective Lagrangian, related to the EFT opera-
tors in (3.1), is expressed as

L' = canOre + YO} + O .
+GROpR + GROR + hc:
with crr; cP; ¢ ) and ¥ being the Wilson Coe cients related to the EFT
operators. In this work onlyOgg; O(Lng; o(fg are taken into account, sinceO(LlL) and O(L?’L)
also contain pp  d_ ][ d_], already constrained byBy4 mixing and di-jet production
measurements. The upper bound placed on the linear combination = ¢ + ¢ with
B4 mixing measurements is [55]

. 1Tev ?
[*TN =V <21 104 (3.3)
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Since this work presents a search for same-sign top pairs production using the SMEFT
framework, the experimental observable of interest is the production cross sectigp: .
lts EFT parametrization can be obtained from (2.6) usingOgg; O and O as

1
pp! tt = 3 C%R rRR T CER ® RO Tt CER ® LR® T GrROCR® RO LR® (3.4)

where the contributions to the cross section parametrization stem only from the squared
amplitudes related to the three EFT operators considered and from the interference
betweenO and O, reported as |rw re in eq (3.4)L.

SM same-sign top pairs production is negligible, therefore the cross section parametriza-
tion only contains pure EFT contributions, coming from the squared amplitudes of single
EFT insertions and from the interference between the tw® g operators.

3.2 State of the art

Same-sign top pairs have been searched for using Tevatron and LHC data [56{68]. Many
di erent BSM theories, such as extra U(1) SM extensions, SUSY, 2HDMs, baryon and
lepton number violating theories, have been employed to perform both searches and
phenomenological studies related to same-sign top pairs production.

Experimental searches usually focus on the dilepton decay channel of the top pair,
since nal states involving two leptons with same electric charge anbjets are rarely
produced by SM processes. Therefore this decay channel has a low expected background
contamination.

Same-sign top pairs have been searched for using LHC data at 7, 8 and 13 TeV by
the ATLAS and CMS Collaborations. The most stringent limits on model independent
tt production are reported in Table 3.1. These limits resulted from an ATLAS analysis
carried out using collision data at 8 TeV [67]. Dierent simulated signal samples have
been employed for the di erent chirality of the same-sign top pair, resulting in di erent
upper limits on the signal cross section.

A more recent ATLAS analysis has been carried out using collision data at 13 TeV
corresponding to an integrated luminosity of 3@ fb ! and resulted in an upper limit on
the same-sign top production cross section(uu ! tt) = 89 fb. Here, a BSM vector
mediator with M = 1 TeV has been assumed [64]. The search has not been performed
over the di erent chirality states of the same-sign top pair, therefore resulting in a limit

L1t should be noticed that the RR operator does not interfere with any of the two LR operators, due
to the di erent chirality con gurations.
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quark chirality | ULon (pp! tt) [fb]

LL 62
LR 53
RR 40

Table 3.1: Most stringent model independent limits at 95% CL on same-sign top pairs pro-
duction cross section. The three rows are associated to the di erent chirality states of the top
pair [67].

on the total cross section related to the process.

The SMEFT approach has been also adopted by some analyses to search for same-
sign top pairs, resulting in limits on the Wilson Coe cients related to the EFT operators
a ecting the process [57, 66{68]. The most stringent upper limits are reported in Ta-
ble 3.2 and resulted from the above mentioned ATLAS analysis carried out using collision
data at 8 TeV. A di erent operator basis has been adopted with respect to the Warsaw
basis, used instead in the work presented in this document. Speci cally, four dim-6 EFT
operators are related to same-sign top pairs production in the basis used to evaluate the
limits reported in Table 3.2: onelLL operator, two LR operators and oneRR operator.
The two LR operators give rise to kinematically equivalent events, therefore only one
Wilson Coe cient associated to the LR operators has been considered.

quark | UL on the Wilson Coe cients
chirality id (Tev=) 2
LL 0.053
LR 0.137
RR 0.042

Table 3.2: Most stringent upper limits at 95% CL on the Wilson Coe cients associated to
the four-fermion operators a ecting sign top pair production [67].

The Warsaw basis, employed in the analysis reported in this thesis, has been instead
used to perform the global t in the top sector reported in Section 2.2.3. Although a
more restrictive avor scenario has been assumed in the global t with respect to the
one employed in the analysis presented in Chapter 5, the resulting limits can still be
employed as a guideline for choosing the analysis signal benchmark. Among the 22
coe cients constrained in the global t (as reported in Figure 2.3)Cy,, C}, C,, C&,,

tu
Ct}1 and Cffq are related to the three EFT operators taken into account in the analysis:

Orr, O(Lng and O(Lng. Speci cally, the associated operators are de ned as
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o} = o

0% = ZOR"+ J0?

O(]ju - O&gpsii] (3.5
O%U - O(|_E2[33ii]

Oth - OI(_ng[ii 33

Ot8q - O|(_8R)[ii 33]

where the avor indices are specied in square parentheses with = 1; 2. The
corresponding upper limits on the Wilson Coe cients resulting from the global t at
95% con dence level are reported in Table 3.3.

Wilson Coe cient | 95% UL (TeV=) 2

Oq, | 0.42
o5, | 0.52
Odu | 0.42
og, | 0.52
Of | 0.38
og | 0.44

Table 3.3: Upper limits on the Wilson Coe cients at 95% CL resulting from the global
t performed in the top sector [50]. Only the operators linked to the ones employed in the
presented analysis are reported.
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Chapter 4

The ATLAS experiment at the LHC

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) at CERN [69] is the most energetic particle accelerator
in the world, able to accelerate proton beams up to:8 TeV. The LHC accelerator system
that allows to reach such an energy is composed by several machines operating in an
acceleration chain.

Protons are rst produced by applying an electric eld to a tank of hydrogen gas
and then injected in the Linac2 linear accelerator, that boosts protons up to 50 MeV.
The particles are then injected in the rst circular accelerator, the Proton Synchrotron
Booster (PS Booster) where they reach:4 GeV. The proton beam is further accelerated
in the circular Proton Synchrotron (PS) and Super Proton Synchrotron (SPS) reaching
25 GeV and 450 GeV in the rst and second accelerator respectively. Finally, protons
are injected from the SPS to the LHC ring into two beam pipes where they circulate in
opposite directions. The two proton beams were accelerated up tdb6leV during Run
2, nowadays they reach 8 TeV. Protons are arranged in bunches within the accelerated
beams, and once the beams reach the maximum energy in the LHC, they collide in
four interaction points (IPs), where the ATLAS, CMS, ALICE and LHCDb detectors are
located. During LHC Run 2 the proton-proton collisions were carried out with a resulting
center-of-mass energy of s = 13 TeV and with a maximum rate of bunch crossing of
40 MHz and a maximum instantaneous luminosity of:# 10** cm 2 s ! [70].
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4.2 Overview of the ATLAS detector

The ATLAS detector [71{73] is one of the four large experiments located at one IP of
the LHC. It is a multipurpose particle detector with a forward-backward symmetrical
geometry and nearly 4 coverage in solid angle. The detector coverage description is
based on a right-handed coordinate system with its origin at the IP, corresponding to
the center of the detector itself. Thez axis is along the beam pipe while th& and
y axes point from the IP to the LHC ring center and upwards respectively. Particle
events within the detector volume are described using cylindrical coordinates (), with

being the azimuthal angle around thez axis. The polar angle is used to de ne
the pseudorapldls/ as = Intan( =2). Angular distances between objects are then
denedas R = 2+ ()2

The ATLAS detector, shown in Figure 4.1, is composed by several subdetectors.
The inner tracking detector is the subdetector closest to the IP, surrounded by a thin
superconducting solenoid that provides a 2 T axial magnetic eld. Two calorimeters,
one electromagnetic and one hadronic are placed outside the solenoid. The outermost
part of the detector is composed by a muon spectrometer and toroid magnets placed in
the detector barrel and end-caps providing a:B T and 1 T magnetic eld respectively.
The ATLAS detector structure employed to collect collision data during LHC Run 2 is
described in the following sections.

4.3 The inner tracking system

The Inner Detector (ID) is designed to track charged particles produced at the interac-
tion point and measure their transverse momenta through the curvature of trajectories
caused by the axial magnetic eld. Its overall coverage isj < 2:5. Thanks to its high
tracking precision, the ID allows to reconstruct primary as well as possible secondary
decay vertices associated to the particles generated from proton-proton collisions. Being
located in the innermost part of ATLAS, the ID is composed by radiation hard material
with an high spatial resolution.

Four di erent subdetectors form the ATLAS ID: the Insertable B-Layer, the Pixel
Detector, the Semiconductor Tracker and the Transition Radiation Tracker.

The Insertable B-Layer (IBL) is the innermost subdetector. It is composed by one
single silicon pixel layer with high granularity designed to measure the impact parameter
as well as to get track information related to short-lived particles that decay in proximity
of the IP. Therefore, it is a key detector for theb-tagging of particle jets. Its spatial
resolution is 10 m and 60 m in the transverse plane and along the axis direction
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Figure 4.1: Schematic cut-away view of the ATLAS detector during the LHC Run 2 data
taking period.

respectively.

The Pixel Detector is located outside the IBL and it is composed by three layers
of silicon pixel detectors with high granularity. Speci cally, three cylindrical layers and
three disks are placed in the barrel and in each end-cap respectively. The Pixel Detector
size has been optimized to maximise the probability for a particle to cross all three layers.
Its spatial resolution is 10 m and 115 m in the transverse plane and along the axis
direction respectively.

Outside the Pixel Detector, the Semiconductor Tracker (SCT) is located. It is com-
posed by many silicon microstrip sensors arranged in four coaxial cylinders in the barrel
and nine disks in each end-cap. Its spatial resolution is 171 in the transverse plane
and 580 m along thez axis.

Finally, the Transition Radiation Tracker (TRT) makes up the outermost part of
the ID. It is composed by straw tubes lled with a gas mixture and arranged in three
coaxial cylinders in the barrel. The straws are embedded in propylene bers employed as
transition radiation material. The transition radiation as well as the tracks associated to
charged particles are measured by the detector to allow electron identi cation, transverse
momentum measurement aneé= discrimination. The spatial resolution of the TRT is
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130 m in the transverse plane.

4.4 The calorimeters

ATLAS electromagnetic and hadronic calorimeters are designed to perform precise mea-
surements of the energy of particles transversing the detector, such as electrons, photons
and jets. The calorimeters are made of alternating layers of absorbing and active ma-
terials so that a transversing particle would generate other particles in a shower-like
signature and deposit all its energy in the detector. The energy deposit is measured
in the active layers. Since the particle transversing the calorimeters is stopped within
the detector material and all its energy is measured, calorimeters allow also for a pre-
cise measurement of the missing transverse momentUg{"ss associated to the event
generated at the interaction point. ATLAS calorimeters are located outside the Inner
Detector, both in the barrel and in the end-caps, with a coverage ¢fj < 4:9.

The electromagnetic calorimeter (ECAL) is made of alternating layers of lead and
liquid argon (LAr) as absorbing and active materials respectively, arranged in an accor-
dion shape that allows a complete azimuthal symmetry of the detector without any crack.
The LAr radiation hardness, its steady response stability and its intrinsic linear behavior
ensure a stable performance of the calorimeter over time. To allow precise measurements
of photons and electrons, the electromagnetic calorimeter has a ner granularity within
the ID acceptance [ j < 2:5).

The energy deposit of hadrons is measured by two di erent hadronic calorimeters:
the Tile Calorimeter (HTC) and the end-cap calorimeter (HEC). These subdetectors are
built in order to contain particle showers generated by hadrons transversing the calorime-
ters. The HTC is placed outside the electromagnetic calorimeter and is composed by
three barrel layers. Steel and scintillating tiles are employed as absorbing and active
materials respectively. The HEC is instead composed by copper plates and liquid argon
as absorbing and active layers. It is arranged in two wheels per end-cap placed outside
the ECAL.

Finally, the forward calorimeter (FCal) is located in the forward region of the detector
with respect to the interaction point, with a coverage of 3 < j j < 4:9. It is composed
by three modules per end-cap. The rst and second/third modules are built to contain
and measure electromagnetic and hadronic forward showers respectively. Liquid argon
is used as active material in all modules. In the rst module copper is used as absorbing
material, while the other modules employ tungsten.
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4.5 The muon spectrometer

The outermost ATLAS subdetector is the Muon Spectrometer (MS), designed to track
muons leaving the calorimeters and to measure their transverse momenta. The momen-
tum measurement is performed using muon trajectories that are bent by the magnetic
elds generated by the barrel and end-cap toroid magnets. The MS is composed by dif-
ferent types of muon chambers, designed to either perform precise track measurements
or to work as muon triggers. The chambers are arranged in three barrel layers, caltd-
tions and in three wheels per end-cap. Both barrel and end-cap chambers are arranged
into 18 sectors in the azimuthal plane.

Muon trajectories are measured by Monitored Drift Tubes (MDTs) and Cathode
Strip Chambers (CSCs). MDTs are employed to measure muon tracks in thg < 2.7
region with a single-hit resolution of 80 m per chamber in the bending plane. They
are lled with a gas mixture of argon and carbon dioxide, chosen for its good ageing
proprieties. Each MDT chamber allow six to eight measurements along the muon
track.

In the innermost end-cap station CSCs are employed instead of MDTs to cover the
2 < jj< 27 range, since CSCs have a higher rate capability with respect to MDTSs.
CSCs are multiwire proportional chambers lled with the same gas mixture employed
for MDTs. Each CSC provides four simultaneous and measurements. Their single-
hit resolution is 60 m and 5 mm per chamber in the bending and transverse planes
respectively.

The chambers alignment is based on optical sensors to achieve a 10% resolution on
the transverse momentum of 1 TeV muons.

Resistive Plate Chambers (RPCs) and Thin Gap Chambers (TGCs) are used to
trigger on muons transversing the spectrometer. RPCs are employed in the barrel and
cover thej j < 1.05 region. They are gaseous parallel electrode-plate chambers with a
time resolution of 2 ns. RPCs are arranged into three coaxial layers. TGCs make up
the trigger system in the end-caps (D5< j j < 2:4). They are multi wire proportional
chambers with a time resolution of 15 18 ns.

Both RPCs and TGCs are also employed to perform track measurements in the
azimuthal plane complementary to MDTs, with spatial resolution ranging from 5 to 10
mm.
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4.6 Trigger and readout systems

In order to manage the large amount of data collected by the ATLAS detector in an
e cient way, two di erent trigger levels are employed by ATLAS readout system [74].

A rst hardware-based trigger level, calledLevel 1 trigger (L1), only selects events that
exhibit an interesting topology. This selection is based on information collected by the
calorimeters and the muon spectrometer. L1 trigger reduces the event rate from 40 MHz
to 100 kHz. A following software-based trigger level, called High Level Trigger (HLT),
further reduces the event rate down to 1 kHz, by using ner-granularity information
collected by ATLAS subdetectors, such as the ID, calorimeters and the MS. Events
passing the HLT selection are then stored to be employed in physics analyses.
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Chapter 5

Same-sign top quark pairs search

A search for same-sign top quark pairs decaying leptonically is presented in this Chapter.
The full Run 2 dataset collected by the ATLAS detector from 2015 to 2018 from proton-
proton collisions atp s =13 TeV is employed, corresponding to an integrated luminosity

of 140 fb 1. The Standard Model E ective Field Theory is used to obtain predictions
associated to the production of same-sign top pairs. Alongside signal simulated samples,
background processes are taken into account, since SM processes together with detector
ine ciencies and object mis-reconstruction could result in events with signatures similar

to the signal of interest. A detailed description of the signal and background processes
considered in this analysis is presented in Section 5.1.

Several mutually exclusive analysis regions are de ned in order to be enriched in either
signal or background events. The analysis regions are de ned based on the predictions
resulting from the simulation of signal and background events as well as on the simulation
of the ATLAS detector. The event selection is based on kinematic and reconstruction-
related variables. Collision data events are not employed in the de nition of the analysis
regions to avoid introducing biases in the nal result. Thisblinded approach is also
employed after the analysis regions have been de ned, to properly develop the analysis
framework and strategy. Speci cally, a strategy is de ned to partially blind data events
in regions sensitive to the searched signal.

Signal Regions (SRs) are de ned to include as many signal events as possible, with a
low contamination coming from background events. A preliminary selection of signal-like
events is performed as reported in Section 5.2.8. The selected events are then employed
to train a Deep Neural Network (DNN) in order to build separate SRs, enriched in
same-sign top events resulting from di erent EFT operators. Within each de ned SR,

a second DNN is trained to perform signal-background discrimination. Details on the
Neural Networks employed are reported in Section 5.3. One nal selection requirement is
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de ned based on the azimuthal distance between the two same-sign leptons ( ;" )
to nalize the de nition of the analysis Signal Regions. This requirement allows the
de nition of Validation Regions (VRS), that are built using the SR selection with an
opposite requirement on ( ~ ;° ), as reported in Section 5.4. The VRs are not used
to perform the statistical analysis and are instead employed to validate the resulting
background estimates.

Several di erent techniques (data-driven, semi data-driven or based only on simula-
tion) are employed to estimate the background contributions in the SRs. Control Regions
(CRs) are de ned to be enriched in events related to speci ¢ background processes and
have a negligible contribution coming from signal events, as reported in Section 5.5.

A study on the expected sensitivity of the analysis is performed using a \realistic"
Asimov pseudo-dataset, as described in Section 5.7.2. The pseudo-background events in
the Asimov dataset are generated following the results of a t performed on data events
assuming a background-only hypothesis, reported in Section 5.7.1.

Same-sign top pairs are nally searched for by performing a t on collision data events
(unblinded t) over all SRs and CRs, with the expected signal normalized according to
the results of the sensitivity study. The same-sign top pairs search results are reported
in Section 5.8.

5.1 Signal and background processes and samples

Monte Carlo (MC) simulated samples related to signal and background processes relevant
for the analysis are employed. MC events are classi ed according to three simulation
campaigns: mcl6a, mcl6d and mcl6e (related to the 2015-2016, 2017 and 2018 LHC
data taking years respectively). In these samples, events are generated according to the
SMEFT and SM predictions for signal and background samples respectively. Pile-up
e ects are modelled using events originating from minimum-bias interactions generated
with Pythia 8.186 [75] using theNNPDF2.3LO set of Parton Distribution Functions
(PDFs) and the A3 set of tuned parameters [76].

The MC generated events are then processed through the simulation of the ATLAS
detector geometry [77] and response using GEANT4 [78] and then through the recon-
struction software that is also employed for data events. Correction factors are applied
to the simulated samples on objects reconstruction e ciencies, energy and momentum
scales and resolutions to match the values obtained from dedicated data samples. More
details concerning the evaluation of the correction factors related to muons are presented
in Appendix B.
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5.1.1 Same-sign top signal

Signal events have been generated using MadGrapablC@NLO [79] v2.9.3 together
with the SMEFTsim3.0 framework [80, 81]. The computation of the matrix element for
EFT processes at NLO is not currently supported by SMEFTsim3.0, therefore signal
events have been generated at LO. The set of PDFs used is NNPDF30LO [82]. Only
the leptonic decays of the top quark have been generated!( bW, with W !~ )
and parton showering has been performed using Pythia 8.245 [75] with the Al4 set of
tuned parameters [83]. Decays of bottom and charm hadrons have been simulated with
EvtGen 1.6.0 [84]. Them,, electroweak input scheme [81] is employed within the used
SMEFTsim EFT model, whereGg; mz; my are used as input parameters in the EFT.
The mass of the top quark is set to be 172 GeV.

The EFT model employed is based on a general avor assumption, that allows all pos-
sible avor combinations related to the de ned EFT operators. Therefore the complete
set of dim-6 operators expressed in the Warsaw basis is included in the model.

Out of the ve four-fermion operators that can produce same-sign top quark pairs,
only three are considered in this analysis, as reported in Chapter 3:

Orr = [tr  Ur][tr UR]
O|(_1FZ = Q. q [tr UR] (5.1)
0% = Q Trq tr T ug

A avor restriction is then placed over the above listed operators. Speci cally, the
analysis is carried out assuming avor universality for the EFT production of same-sign
top pairs. Therefore the Wilson Coe cients (WCs) related to theuutt; uctt; cctt vertices
are bound to have the same value regardless of the avor of the initial state quarks in
the interaction. The WCs related to the three operators are referred asg; c(Lng; c(Lng.
Two nominal signal samples have been generated forand tt EFT production with
the following values associated to the WCscgg = 0:04 c¢® = 0:1; ¢® = 0:1. The

resulting cross section times Branching Ratio values dre

(pp! tt) BR(t! W*'byw'! * )=9761fb

. (5.2)
(pp! tt) BR(t! W bW | )=2:41b

The benchmark employed to generate the nominal samples has been chosen taking as
a reference a BSM search carried out, within the ATLAS Collaboration, by researchers

1The associated errors are negligible and therefore omitted.
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involved in the analysis presented in this Chapter. The reference analysis, based on a
2HDM, is a search for BSM processes involving an heavy Higgs boson and it is summa-
rized in Appendix A. Same-sign top pairg-channel production is among the searched
processes. The EFT benchmark reported in (5.2) and used to generate the nominal
samples has therefore been chosen so that the signal cross section would be consistent
with the expected sensitivity tott production resulting from the 2HDM search.

Among the three WCscgg, c(LlFl and c(LSFz the rst one has been set to a lower value
(0:04) to balance the contributions to the same-sign top pairs production cross section
coming from the three di erent operators, given the larger e ect stemming fronOgg .

The nominal samples are employed in the optimization of the analysis strategy and
to get the MC signal predictions used to perform the new physics search, as described
in this Chapter.

Instead of generating multiple signal samples related to di erent assumptions on the
WCs values, the MadGraph5aMC@NLO reweighting tool [85, 86] has been employed to
get di erent signal predictions within the nominal samples. The event weights related to
the di erent EFT assumptions considered (therefore to the di erent sets of WCs values)
are obtained through the re-computation of the same-sign top pairs production matrix
element as:

_ jl\/lnewj2 )
new — J-Morigjz orig
where M e, is the re-computed matrix element, whileMyiq and Wiy are the matrix
element and the weight associated to the event in the original nominal sample.

The complete list of the di erent EFT benchmarks obtained through the reweight-
ing procedure is reported in Table 5.1. The cross sections related to the various as-
sumptions on the WCs values range between10 fb and 100 fb for tt production
times BR. Di erent ranges for the WCs values have been chosen for each EFT operator
among the three considered. Speci cally, the ranges related g, ¢ and ¢ are
[0:01;Q05]; [0:05;Q015] and [01; Q3] respectively. As occurred for the nominal sam-
ples, the values have been chosen to balance the contributions to the same-sign top
pairs production cross section coming from the three di erent operators. The same EFT
benchmarks have been employed for both and tt nominal samples.

To assess the validity of the reweighting procedure applied on signal events, addi-
tional tt signal samples have been generated assuming di erent WCs values for the three
operators. For each additional sample, the reweighting validation has been performed
by comparing the resulting kinematic distributions associated to same-sign top events
with the same distributions resulting from the nominal sample after applying the weights
related to the matching EFT assumption.

(5.3)
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—
[N
~

e | CB | R
0.02| O 0
0.03| O 0
004| O 0
0.05| O 0
0 005 O
0 0.071 O
0 0.1 0
0 0.15| O
0 0 0.1
0 0 0.2
0 0 0.25
0 0 0.3
0.01/0.05] O
0.01| 0.1 0
001 O 0.2
001 O 0.3
0.01]1 0.05| 0.2
0.01| 0.05| 0.3
0.01| 0.1 | 0.2
0.01| 0.1 | 0.3
0.02/0.05| O
0.02| 0.1 0
0.02| O 0.2
0.02| O 0.3
0.02| 0.05| 0.2
0.02| 0.05| 0.3
0.021 0.1 | 0.2
0.02| 0.1 | 0.3
0 0.05| 0.2
0 0.05| 0.3
0 01| 0.2
0 0.1 0.3

Table 5.1: The full list of the EFT benchmarks obtained through the reweighting procedure
for the nominal tt and tt signal samples.

The validation has been performed ont events attruth level, without the detector
simulation, employing additional samples generated with the WCs values reported in
Table 5.2. The reweighting validation has also been performed edconstruction (reco)
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CrRR \ c(LlFl \c(LlFl \ level
004, O 0 | truth, reco
0 0.1 | O | truth, reco
0 0 0.1 | truth, reco
0 0.1 0.2 truth
0.01|/ 0.05| O truth
0.02| 0 | 0.3 truth
0.01| 0.1 | 0.3 truth

Table 5.2: Values related to the WCs used to generate the additionatt samples employed for
the reweighting validation at truth and reco level

level where the simulation of the detector geometry and response has been taken into
account as well. Three additional samples have been employed to perform theo level
validation, related to assumptions of only one non-zero WC amongg; c(Lle and c(Lng,
as reported in the rst three rows of Table 5.2.

No signi cant discrepancy has been observed between the compared distributions on

both levels, as can be seen from the validation results reported in Appendix C.

Signal normalization

Since the nal state topologies related to same-sign top pairs and SMN events share
common features, the signal searched in this analysis could contribute to an excess of
events at the level of 40% with respect tottW NLO predictions, observed in previous
analyses carried out within the ATLAS Collaboration, targetingttW=ttH processes [87,
88]. Therefore, signal EFT predictions in thet and tt nominal samples have been scaled
down to reproduce the observed excess, resulting in the following signal cross sections:

(pp! tt) BR(t! W'byw'! " .)=38:8fb

5.4
(pp! tt) BR(t! W bw ! ° )=0:96"b 5-4)

This signal benchmark has been employed in the optimization of the analysis strategy
to ensure blinding with respect to the already observedtW excess, in the event that
the searched same-sign top signal would make up part of it. Once the analysis strategy
has been optimized and a rst estimate of thétW background has been obtained, as
reported in Section 5.7.1, resulting in an excess with respect to the SM predictions, the
signal benchmark has been changed. Speci cally, the signal normalization has been tuned
according to the analysis expected sensitivity, as reported in Section 5.7.2. Pseudo-data
events have been used to evaluate the expected sensitivity related to analysis framework.
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The signal normalization that resulted in an expected signi cance of 3 has been
chosen as nal benchmark and has been employed to perform the same-sign top pairs
search using the complete set of Run 2 collision data eventmplinded). The associated
signal cross sections are:

(pp! tt) BR(t! W'b;W'! * )=1:941b (55)
(pp! tt) BR(! W bW ! =~ .)=0:048fb '

5.1.2 Background processes

Together with the signal samples described above, other simulated samples related to
background processes are employed in the analysis. Among the SM processes that can
mimic the nal state signature produced by signal same-sign top events one can ntyV,
tt(Z=), ttH, tttt, WZ+jets and ZZ +jets. Furthermore, rare background processes
such astZ +jets, ttWWw, ttHH , ttWH, ttZzZ, WtZ, ttt and VVV (with V = W;2Z)

are considered in the analysis. All the processes listed above are referredraducible
backgrounds

Events related tottW have been generated with NLO accuracy in the strong coupling
constant g for ttW +0;1j and LO accuracy forttW + 2 j. A dedicated sample has
been separately generated to evaluate LO electroweak contributions to the process. The
tt(Z= ) sample has been generated with NLtDand LO accuracy fortt(Z= )+0;1j
and tt(Z= ) + 2 | respectively. Four top, ttH and diboson WZ; ZZ) events have
been generated at NLO. The highest available level of accuracy (NLO or LO) has been
employed to generate rare background processes.

Besides the irreducible backgrounds listed above, other background events can pro-
duce the searched nal state signature due to detector ine ciencies. Jets can be mis-
reconstructed as leptons and lepton candidates can be reconstructed with the wrong
electric charge. Furthermore, leptons originating from the decays of hadrons can be mis-
reconstructed asprompt leptons (produced at the interaction vertex). This is also the
case for electrons originating from photon conversion, that might as well be incorrectly
reconstructed asprompt. Simulated samples related t&z ! "% | tt, single top and
Wt processes have been generated at NLO and employed to estimate these backgrounds,
referred asreducible backgrounds

The cross section values related to the background processes taken into account in
the analysis are reported in Table 5.3 with the associated uncertainties.

2For simplicity reasons, in the following the NLO accuracy is considered related to the QCD contri-
bution, if not stated otherwise.
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Process Precision | Cross sectionCross section
order central value | uncertainty

MC samples contributing to reducible backgrounds

tt NNLO+NNLL | 832 pb [89] -

s-, t-channel single top NLO 227 pb [90, 91] -

Wt single top NNLO approx| 71.7 pb [92] -

VAN N NNLO 1.98 nb [93] -

Irreducible backgrounds MC samples

tt W NLO 722.4 b [94] -

tttt NLO 12 fb [95] 20%

tt(z= ' I"1) NLO 839 fb [96] -

ttH NLO 507 fb [92] 11%

V'V, qqVV NLO 104 pb -

tZ NLO 33.3fb 50%

ttt LO 1.6 fb 50%

Wtz NLO 16 fb 50%

ttw*wW NLO 9.9 fb 50%

ttHH NLO 0.76 fb [96] 50%

ttWH NLO 1.6 fb [96] 50%

VVV NLO 13.7 fb 50%

Table 5.3:  Cross section values and their related uncertainties for the background samples
used in the analysis. The cross section uncertainties related to the samples contributing to
reducible backgrounds as well as tdtW, tt(Z= ) and diboson are directly estimated in the
analysis and therefore omitted in the table.

Additional simulated samples have been employed to estimate systematic uncertain-
ties related to some of the background processes, as described in Section 5.6. A summary
of the MC generators employed for irreducible and reducible backgrounds is reported in
Appendix D together with details on the samples used to evaluate the systematic uncer-
tainties.
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5.2 Object reconstruction and event selection

The nal state signature selected in the analysis, resulting from the fully leptonic decay
of same-sign top quark pairs, produced at the interaction vertex in proton-proton colli-
sions, consists of a pair of light leptonsel ) with same electric charge, twdx>jets and
missing transverse momentum associated to the two neutrinos originated from thié
bosons decay. These objects are reconstructed with dedicated algorithms by processing
signals produced by particles transversing ATLAS subdetectors. The following sections
summarize the techniques and algorithms employed to reconstruct the nal state objects
relevant for the analysis: electrons, muons, jetb;jets and missing transverse momentum.
An overview of the selection criteria applied to the reconstructed objects to perform the
analysis is reported as well.

Since some studies on the evaluation of muon reconstruction e ciencies and muon
momentum calibration have been carried out as reported in Appendix B, a detailed
description of muon reconstruction is presented in the next section.

5.2.1 Muons

Muon reconstruction and identi cation are performed based on the information of AT-
LAS Inner Detector (ID), calorimeters and Muon Spectrometer (MS) [97]. Muon can-
didates are reconstructed from tracks down t@; = 2 GeV. Five types of muons are
de ned, depending on the available information related to the candidate:

" Combined muon candidates (CB) are reconstructed by matching MS tracks to
ID tracks. This is performed through a track t based on MS and ID hits, taking
into account the energy loss in the calorimeters. Following the t result, MS hits
associated to the track might be updated and the t repeated. This is the most
commonly used muon type in ATLAS physics analyses. In the forward detector
regionj j > 2:5, MS tracks can be combined with segments reconstructed from
hits in the pixel and SCT detectors. This subset of CB muons is referred as silicon-
associated forward muons (SiF).

Inside-out combined muon  candidates (IO) are reconstructed by matching ID
tracks to MS hits. A track t is performed based on the ID track, MS hits and
energy loss in the calorimeters. Since the t does not require an MS track to be
reconstructed, this muon type is characterized by a higher e ciency with respect
to CB muons.
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" Muon Extrapolated candidates (ME) are reconstructed from a track in the MS
extrapolated to the IP, without requiring a match with an ID track. By exploiting
the whole MS coverage, muon candidates are reconstructed upjtp=2:7.

Segment-Tagged muon candidates (ST) are identi ed only from ID track infor-
mation, requiring the ID track to match a reconstructed segment in the MS.

Calo-Tagged muon candidates (CT) are reconstructed from an ID track matched
to an isolated energy deposit in the calorimeter consistent with a minimum ionizing
particle. The lower pr threshold for CT candidates is increased from 2 to 5 GeV
due to the large background contamination at lowepr values.

In order to provide high-quality muons to be employed in physics analyses, further re-
quirements are applied on muon candidates. These requirements involve the number of
hits in the ID and MS, the reconstructed track quality and other proprieties related to
the reconstructed muon. Five di erentWorking Points (WPs) are de ned based on dif-
ferent requirements placed on the reconstructed candidate, enhancing purity, e ciency
or targeting speci c regions at very high or very lowpr values. Speci cally, the e ciency
of a WP represents the probability of a reconstructed prompt muon to satisfy the WP
selection criteria, while the purity of a WP is one minus the fraction of light hadrons
mis-reconstructed as muons satisfying the WP selection.

The following muon WPs are de ned:

" The Medium WP selection is based on CB and IO muons with at least 2 MDT or
CSC stations with three or more hits, except for the j < 0:1 region, where only
1 station with at least three hits is allowed, and for the 5 < | | < 2.7 region,
where ME and SiF muons are employed instead. To suppress fake muons, a loose
selection based on the compatibility of the momentum measured from ID and MS
information is applied. This is the most used WP in physics analyses since it results
in good e ciency, a per-mill fake rate and small systematic uncertainties related
to the muon reconstruction.

The Loose WP is de ned in order to maximize selection e ciency. All muons

classi ed asMediumalso satisfy theLoose WP requirements. Together with 10

muons, ST and CT muons are employed as well in thjej < 0:1 region to recover
the e ciency loss in the MediumWP due to a gap in the MS coverage. In the
j ] < 1.3 region, to increase the selection e ciency of loywpr muons, only one
station with at least three hits is required for muons withpr < 7 GeV, if they are

also independently reconstructed as ST muons.
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" The Tight WP is de ned to maximize purity. The WP selection is based only
on CB and 10 muons with at least two MDT os CSC stations with three or more
hits. A requirement is placed on the value of the normalized? resulting form
the track t to reject bad reconstructed tracks caused by in- ight hadron decays.
To enhance background rejection a selection is placed on the compatibility of the
momentum measurements in the ID and MS.

The Low- pr WP is de ned to target muons with low pr that may lose all their
energy in the calorimeter and therefore may not reach the outer MS stations.
For this reason,Low4r muons are mainly de ned from IO reconstructed muons,
although also CB muons are employed. To enhance purity, IO muons are required
to be also independently reconstructed as ST. At least one station is required to
have three or more hits, except in thg j > 1:3 region, where two stations are
required. The Lowpr WP de nition corresponds to the Mediumone forpr 18
GeV. Further requirements are placed to reject the background coming from light
hadrons decays. Two di erentLowpr WPs are de ned: a cut-based WP and a
multivariate-based WP. The rst one is de ned to reduce kinematic dependencies
of background e ciencies, while the second one maximizes the overatiw{pr muon
identi cation performance.

The High- pr WP is de ned to target muons with very high pr that exhibit almost
straight trajectories when transversing the ATLAS detector. The WP selection is
based on CB and 10 muons passing thelediumWP requirements. Furthermore,
only muons with at least three MDTs or CSCs with three or more hits are accepted.
All muons falling into the barrel-end-cap overlapping region (D< j j < 1:1) are
rejected, since there the alignment between di erent chambers is known with less
precision.

A detailed review of the evaluation of muon reconstruction e ciencies for the ve
de ned WPs is reported in Appendix B, together with a description of the procedure
applied for the muon momentum calibration.

All muon candidates employed in the analysis are required to hayg < 2:5 andpr >
10 GeV. They additionally have to satisfy theFCLooseisolation WP. A selection is also
placed on the impact parameter signi cancedy= 4, < 3) and on the longitudinal impact
parameter value {zpsin j < 0:5 mm). Muons that satisfy the previous requirements and
the Loose identi cation WP are pre-selected in the analysis and employed within the
overlap removal algorithms, as reported in Section 5.2.6. Subsequently, candidates that
satisfy the Mediumidenti cation WP are selected and di erent categories of muons are
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de ned and employed in the analysis based on looser or tighter isolation requirements,
as reported in Section 5.2.3.

5.2.2 Electrons

Electrons are reconstructed as Inner Detector charged tracks that match clusters of en-
ergy deposit in the electromagnetic calorimeter [98]. Electron candidates employed in
the analysis are required to satisfypr > 10 GeV,| j < 2:47 and the FCLooseisolation
WP. Candidates in the transition region between di erent components of the electro-
magnetic calorimeter (137< j j < 1:.52) are vetoed. Only candidates with the ID track
reconstructed as originating from the primary vertex of the proton-proton interaction
are considered. The same requirement on the longitudinal impact parameter is placed
on electron candidates as described above for muofg$in j < 0:5 mm), while a looser
selection is applied to the impact parameter signi cancedy= 4, < 5. Di erent categories

of electrons are de ned in Section 5.2.3 and employed in the analysis. Looser or tighter
isolation and identi cation requirements are placed on electron candidates according to
the di erent categories, with the loosest categoryl(oose identi cation WP) employed
within the overlap removal algorithms reported in Section 5.2.6. Electrons are also clas-
si ed based on the scores of Boosted Decision Trees (BDTSs) trained to reject candidates
reconstructed with the wrong electric charge. Finally, additional requirements are placed
on some categories to suppress electrons originating from photon conversion.

5.2.3 Lepton categories employed in the analysis

Muons and electrons, reconstructed and selected following the requirements presented
in the previous sections, are classi ed according to di erent lepton categories de ned in
the analysis. Four categories are de ned for both electrons and muons: Loose inclusive
(Linc), Medium inclusive (Minc), Medium (M) and Tight (T), as summarized in Ta-

ble 5.4. Linc leptons are de ned following the selection criteria presented in the previous
sections. TheLoose identi cation WP is used for Linc electron candidates, while the
Tight identi cation WP is required for electrons in the other 3 categories. ThéMedium
identi cation WP is employed for muons in all the de ned categories.

For both electron and muon candidates, a multivariate-based algorithm, calld@rompt
Lepton Improved Veto(PLIV) is employed in the analysis to either select or rejechon-
prompt leptons. These are mainly generated in the decays of ligtt,and b-hadrons.
Although non-prompt leptons might satisfy the selection criteria described in the pre-
vious sections, they can be identi ed using their lifetime information and tracing them
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back to the displaced decay vertices associated to the hadrons that originated them.
The PLIV multivariate algorithm is based on BDTs and makes use of many variables
to perform the non-prompt lepton identi cation: impact parameter, lifetime, isolation,
secondary vertex and track information related to the lepton candidate. The algorithm
is separately optimized for electrons and muons.

Both PLIV Working Points, de ned based on the BDTs output scores, are employed
in the analysis: PLIV Tight and VeryTight. Since prompt and non-prompt lepton e -
ciencies argr-dependant, these WPs are de ned by applying di erent cuts on the BDTs
scores depending on the lepton candidaig: to gain uniformity in the WP e ciency.
Speci cally, both working points exhibit almost uniform prompt muon e ciencies with
values above 90% fopr > 40 GeV and non prompt muon e ciencies ranging from 2%
to' 3% for PLIV Tight and from"' 1% to' 2% for PLIV VeryTight depending on
the transverse momentum of the lepton. Prompt electron e ciencies range from 70%
to values above 90%, with the lower e ciency values associate to théeryTight WP.

E ciencies related to non prompt electrons range from' 2% to' 5% for electrons
satisfying the PLIV Tight WP and from"' 1% to' 3% for the PLIV VeryTight.

The PLIV Tight and VeryTight are related to the Minc and T lepton categories
respectively. One additional PLIV WP Tight-not-VeryTight, related to the M category,
has been de ned to select lepton candidates that satisfyight but do not pass the
VeryTight selection.

Leptons classi ed according to the above mentioned categories are employed within
the analysis to select signal-like events in the Sighal Regions and also to build Control
Regions enriched in non-prompt leptons.

Additional selection requirements are applied to electrons in the Minc, M and T
categories.

To reject the background coming from electrons with a mis-identi ed electric charge, a
BDT based algorithm, referred as ECIDS, is employed. Six variables, listed in Table 5.5,
are used for the BDT training to identify and suppress electron candidates reconstructed
with the wrong charge. A BDT score of at least 0.7 is required for Minc, M and T
electron candidates, corresponding to a %26 e ciency on the selection of electrons
with the correct electric charge assigned.

To suppress background electrons originated from photon conversion taking place
at the interaction point or in the detector material, a selection is applied based on
the invariant mass value of the electron candidate and its closest track evaluated at
the primary and conversion vertices ik wkpv ,» Muk tkcv ). SpPeci cally, electron
candidates with a conversion vertex ar > 20 mm and 0< Myx wkcvy < 100 MeV
are vetoed, since they are classi ed as candidates coming from photon conversion in the
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e
Linc | Minc | M \ T Linc | Minc | M \ T
FCLooseisolation Yes Yes
PLIV WP No | Tight | Tight-not- | VeryTight || No | Tight | Tight-not- | VeryTight
VeryTight VeryTight
Identi cation Loose Tight Medium
Charge mis-assignment veto No Yes N/A
(ECIDS)
IntCo; ExtCO veto No Yes N/A
pseudorapidity (J j< L37)jj(1:52< j j< 247) jj<25
Transverse impact parameter <5 <3
signi cance jdgj= ¢,
Longitudinal impact parameter < 0:5 mm
jzosin j

Table 5.4: Summary of the de nition of the lepton categories employed in the analysis. Loose
inclusive (Linc), Medium inclusive (Minc), Medium (M), and Tight (T).

Variable Description
pr Transverse momentum
Pseudorapidity
charge dy Electric charge times the transverse impact parameter
E=p Ratio of the cluster energy to the track momentum
between the cluster position in the middle layer and the extrapolated track
Weighted average charge Charge weighted by the sum over all associated track particles

Table 5.5: Variables used to train the electron ECIDS BDT discriminant.

detector material (referred asMatCO e). Electrons that do not satisfy the previous
selection, but have 0< myx wpyv < 100 MeV, are classi ed as resulting from photon
conversion taking place at the interaction point (referred agntCO e), and therefore are
vetoed as well.

5.2.4 Jets and bijets

Particle jets are generated by the hadronization of higpy quarks and gluons. They
are reconstructed as a collection of tracks in the Inner Detector and clusters of energy
deposit in both the electromagnetic and the hadronic calorimeters. Speci cally, the anti-
kt algorithm with R = 0:4 on patrticle- ow objects [99, 100]AntiKt4EMPFlowJets)

is employed to perform the jet reconstruction. Jet candidates are required to satisfy
] ] < 45 andpr > 25 GeV. The Jet Vertex Tagger (JVT) algorithm [101] is employed to
reject jets originating from the pile-up for candidates withj j < 2:4 and pr < 60 GeV.
Speci cally, the JVT Tight WP is required.
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Jets originating from b quarks are identi ed (b-tagged using the DL1r multivariate-
based algorithm, that makes use of the information related to displaced tracks within
the jet to reconstruct secondary and tertiary decay vertices [102]. Twtagging WPs
are employed in the analysis, corresponding to an average e ciency of 60% and 77%
for bjets with pr > 20 GeV andj j < 2:;5in tt events. The 77% WP is employed to
select events in all Signal Regions and in Control Regions related to non-prompt lepton
backgrounds, while the 60% WP is used to build Control Regions enriched VAV and
ttZ events.

A summary of the jet and b-jet selection requirements employed in the analysis is
reported in Table 5.6.

Algorithm  Anti- kr

details R=0:4
PFlow
Selection requirements
Pr > 25 GeV
i < 25
JVT > 0.5 forpr < 60 GeV,j j< 24

b-tagging requirements
Algorithm DL1r
E =60,77%

Table 5.6: Jet, bjet reconstruction and selection criteria.

5.2.5 Missing transverse momentum

The missing transverse momentunE!™ss is de ned as the magnitude of the negative
vector sum of the transverse momenta of all reconstructed objects in an event, taking
also into account the energy deposits that have not been associated to any physical
object [103]. This variable is employed in the analysis to build Control Regions to
estimate the background related to non-prompt leptons.

5.2.6 Overlap removal

To prevent a particle from being reconstructed as two di erent objects in the same event,

overlap removal algorithms are applied. These techniques allow to avoid double counting
and at the same time to retain reconstructed close-by objects. Concerning leptons, the
overlap removal algorithms are applied to muons and electrons that satisfy the loosest
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selection requirements reported in Section 5.2.1 and Section 5.2.2 respectively. The
procedures employed are tailored on di erent reconstructed object pairs:

A

Electron/Muon: Loose muons reconstructed from CT tracks in the 0 region
can be also reconstructed as electrons. If an electron and a muon are reconstructed
within R < 0:01 the muon is removed if it is calo-tagged, otherwise the electron
is removed.

Electron/Jet: if an electron and a jet are reconstructed within R < 0:2, the jet is
removed if it is not b-tagged and its transverse momentum is lower than 200 GeV.
Above this pr threshold, the jet is removed regardless of thietagging.

Muon/Jet: if a muon and a jet are reconstructed within R < 0:4, the jet candidate
is removed if it is not b-tagged and has less than 3 tracks witpr < 500 MeV.

Jet/Lepton: if a jet candidate is not removed based on the previous conditions and
it is reconstructed within R < 0:04 + 10 GeV=pr.iepion from a lepton candidate
(up to a maximum value R = 0:4), the lepton is removed.

5.2.7 Primary vertex and triggers

Only events with a reconstructed primary vertex [104] are erpployed in the analysis. The
primary vertex is chosen as the one with the largest value of p? related to the tracks
associated to the vertex, with each track satisfyingy > 0:5 GeV.

Furthermore, all events are required to re single leptond; ) ordilepton (e ; ee; )
triggers. The complete list of lepton High Level Triggers (HLT) employed for the di erent
data taking years is reported in Table 5.7.

5.2.8 Preliminary selection of signal-like events

A preliminary selection of signal-like events is performed by applying additional require-
ments on the nal state objects described in the previous sections. Events passing this
selection are used to train the Neural Networks employed in the analysis, as described
in Section 5.3. Signal Regions are then de ned, as reported in Section 5.4, by adding
further requirements to the preliminary selection reported in this section.

Signal-like events are required to have two light leptons = e; ) with same electric
charge. Both leptons have to satisfypr (7)) > 20 GeV. At least two jets are required in
the event and two di erent combinations of PLIV andb-jet requirements are employed in
the signal selection. Speci cally, only events with both leptons classi ed as Minc (PLIV

48



Single lepton triggers (2015)
HLT _mu20_iloose L1MU15, HLT_mu50
e HLT_e24 lhmedium_L1EM20VH, HLT_e60_lhmedium, HLT_el120_I|hloose

Dilepton triggers (2015)
HLT_mul8 mu8nolLl

ee HLT 2el2 lhloose L12EM10VH
e,;e HLT _el7_lhloose_mul4

Single lepton triggers (2016)
HLT _mu26_ivarmedium, HLT_mu50
HLT _e26_lhtight_nodO_ivarloose, HLT_e60_lhmedium_nodoO,
HLT_e140_lhloose_nodO

Dilepton triggers (2016)
HLT_mu22_mu8nolL1
ee HLT 2el7_lhvloose nodO
e;e HLT_el17_lhloose_nod0_mul4

Single lepton triggers (2017 / 2018)
HLT_mu26_ivarmedium, HLT_mu50
HLT_e26_lhtight_nodO_ivarloose, HLT_e60_lhmedium_nodo0,
HLT el140 lhloose nodO

Dilepton triggers (2017 / 2018)
HLT mu22_mu8noL1l
ee HLT_ 2e24 lhvloose nodO
e;e HLT _el7 lhloose_nod0_mul4

Table 5.7:  Single lepton and dilepton triggers employed to select events for the di erent data
taking years.

Tight) and at least 2b-jets passing the 77%-tagging WP or events with both T leptons
(PLIV VeryTight) and exactly oneb-tagged jet passing the 77% WP are selected. This
PLIV and b-tagging requirements have been chosen to enhance the e ciency and purity
in the Signal Regions and at the same time to ensure mutual exclusion with respect to
the analysis Control Regions, de ned as reported in Section 5.5 to accurately estimate
background contributions.

A summary of the preliminary selection of signal-like events is reported in Table 5.8.
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Signal-like event selection

Number of leptons N-=2
Total lepton charge +2 and -2
Lepton pr pr(’) > 20 GeV
Lepton pseudorapidity e:] J< L37&&152<jj< 247, :jj<25
Lepton ID e: Tight, : Medium
Number of jets Nijets 2
Jet pseudorapidity jj< 45
Jet pr pr(j) > 25 GeV
MincMinc with 2 bjets at 77% WP
PLIV and b-jet requirements OR
TT with =1 bjet at 77% WP

Table 5.8: Summary of the preliminary selection of signal-like events.
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5.3 Neural Network based strategy

Events passing the signal preselection described in the previous section are employed to
train a Deep Neural Network (DNN) in order to build separate Signal Regions enriched
in same-sign top events resulting from di erent EFT operators (one for the RR operator
Ogrr and one for the two LR operatorso(Llpz and O(LSFE ). Events are then additionally split
according to the same-sign lepton charge, resulting in four Signal Regions. Within each
de ned SR, a second DNN is trained to perform signal-background discrimination.

5.3.1 Deep Neural Network architecture

The DNNs employed in the analysis are based d¢ERAS8brary [105] with TENSORFLOW
as backend [106] and have an identical architecture, with one input layer and ve hidden
layers consisting of 128, 64, 32, 16 and 8 nodes respectively. The NNs are employed
as classi ers, therefore the output layer consists of a single node. TI#GMOIDacti-
vation function is used for the output node, while theRELUfunction is employed in

all the other layers. Binary Cross Entropy is used as loss function with thADANbp-
timizer [107]. The input variables are scaled to improve the NN convergence with a
standard SCIKIT-LEARN108] scaler.

To make use of all generated events in the training of each NN, the simulated signal
and background samples are split, based on the event run numbein two subsamples
evenand odd Each NN is trained using theeven and odd subsamples separately, with
80% and 20% of the events in each subsample used for training and validation respec-
tively. Then, the performance of the NN trained on even events is tested using the odd
subsample, and viceversa for the NN trained on odd events. This procedure is referred as
even-odd cross validationCollision data events with an even(odd) run number are then
classi ed using the odd(even) trained NN when performing the analysis. This procedure
is carried out for every NN employed in the analysis.

5.3.2 DNN for signal categorization

In order to build di erent Signal Regions related to either theRR chirality operator
Ogrr oOr the two LR operatorsO(Lng, o(fg a DNN, referred as NN"SS, has been trained
to discriminate same-sign top pairs generated by the dierent EFT operators. The
classi cation is performed exploiting the kinematic di erences of same-sign top events
generated byOgrgr OF O(Lle and O(LEQ. Signal events in the nominatt and tt samples have

30ne random run number is associated to each simulated event, while the actual run number related
to the data taking periods is associated to data events.

51



been weighted rst according to the EFT benchmarkcgg = 0:04; c(Lle =0; c(fg =0 and

then using the benchmarkcrr = 0;c? = 0:1;¢¥) = 0:2. The weighted events are then
used to train and test the NN°'SS, It should be noticed that the WCs values employed in
the NNSYSS training are di erent with respect to the ones used to generate the nominal
signal samples ¢gr = o:c&l =0:1; c(LsFl = 0:1). Among the di erent benchmarks with
crr = 0 obtained through the reweigthing (see Table 5.1 in Section 5.1), the one that
resulted in the largest kinematic di erence between same-sign top pairs generated by the
RR operator or the two LR operators has been employed to train the N&SS,

The classi cation is based on the 9 input variables listed in Table 5.9. The kinematic
distributions related to the input variables for RR and LR signal events can be found in
Appendix E together with their importance ranking. The data/MC agreement related to
the input variables has been checked in the unblinded bins of the distributions to assess
the good modelling provided by the simulation, as reported in Appendix E as well.

Signal categorisation Neural Network input variables

;7 R; between the two same-sign leptons
Invariant mass M- of the two same-sign leptons
Sum of thepr of jets and leptons Hr et ; Hiep)
pr of the leading jet
Missing transverse momentunimss
Transverse mass of leptons and missing transverse momentuiir{iep met) 4

Table 5.9: Input variables for the NN SVsS,

The NNSSS output distribution is reported in Figure 5.1 for simulated signal events.
Output values close to 0 and 1 correspond tBR- and LR -like events. The NNSS out-
put is employed to de ne two Signal Region§Rrr and SR r by requiring its value to
be 0:538 and> 0:538 respectively. This value maximises the sum of the classi cation
e ciencies for both RR and LR signals and corresponds to a classi cation accuracy of
65% for botRR and LR categories. The ROC curve associated to the NN is shown in
Figure 5.2 for separate and combined even/odd trainings. All signal simulated events
have been employed to evaluate the combined ROC curve, with even events being pro-
cessed by the odd trained NN and viceversa. It can be seen that the performance of the
NN is comparable for the even and odd trainings, as expected. The RIF exhibits a
good discrimination performance, despite the similarity of the signal events generated
by the Ogg or the O, OF) operators.

. P——->
4The transverse mass is de ned asMt = E2 p2
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Figure 5.1: NNSYSS output distribution for RR and LR same-sign top signal events. Two
Signal RegionsSRrr and SR g are de ned based on the output value. The dashed red
line shows the output value 0.0538 chosen to de ne the regions. Speci cally, events resulting
in an output lower or higher than the cut-value are classi ed as belonging toSRrgr and
SRLr respectively.

Figure 5.3a shows the NR'SS output distribution for signal (RR and LR) and back-
ground simulated events. As it can be seen, background events are mostly classi ed by
the NN asLR-like. This behaviour is caused by the background kinematic distributions
being more similar to the ones related to th&R operators than to theRR one, as can
be seen from the distributions reported in Appendix E. The same behaviour is exhibited
by all background processes, as shown in Figure 5.3b, and even more pronounced for
ttW events.
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Figure 5.2: NNSYSS ROC curve. It can be seen that the performance of the NN is comparable
for the even and odd trainings, as expected. The green dot corresponds to the NS output
cut chosen to de ne SRrr and SR r.

@) (b)

Figure 5.3: NNSYsS output distribution for signal ( RR and LR) and background events (a)
and for the di erent background processes considered in the analysis (b). The dashed red line
shows the output value 0.0538 chosen to de ne the&SRgr and SR g regions. Speci cally,
events resulting in an output lower or higher than the cut-value are classi ed as belonging to

SRRR and SRLR .
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5.3.3 DNN for SvsB discrimination

A second DNN, referred as NR¥SE, is trained separately on theSRgr, SRz Signal
Regions de ned in the previous section to discriminate signal from background events.
The kinematic distributions associated tait and tt events exhibit signi cant di erences
as it can be seen from Figure 5.4. Therefore, to gain a high discriminating power for
both tt and tt, SRrr and SR r are further divided, before training the second NN,
into SR;,; SRzr and SR/; , SR, based on the electric charge of the two same-sign
leptons. Training the NN overtt and tt events at the same time would have resulted
in a NN performance predominantly based only ot events, due to the cross section
unbalance between the two processes. As a consequence, the discriminating powet for
events would have been lower

Figure 5.4: The kinematic distributions associated tott and tt events are shown as blue and
orange lines respectively. From top left to bottom right: Hrt;jets,» HT:eptons, MT:ep met @nd
ErTniss .

5The charge split has not been applied before training the NN¥SS since it was found to be ine ective
for the discrimination of RR and LR signal events.
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The NNS'sB s trained using 6 input variables, listed in Table 5.10. The associated
kinematic distributions for signal (tt + tt) and background events are reported in Ap-
pendix E together with their importance ranking. Although kinematic variables related
to the dilepton system, suchas ( *;°), R(; ) andM(’;"), display signi cant di er-
ences in signal and background events, they are not employed asIRl input variables.
Instead, a cut-based selection is applied on events, after the NN training, based on the
value of ( ;") to reject background events and therefore enhance the purity of the SRs.
This way, the NNSs8 performance is unbiased with respect to the value of (7;") and
Validation Regions can be also built based on the lepton azimuthal distance, as reported
in the next section.

Signal vs Background Neural Network input variables

Sum of thepr of leptons Hrep)
B-tagging score of 1st and 2nd leading jet
pr of the leading jet
Transverse mass of leptons and missing transverse momentulir{iep met)
Number of jets Njets )

Table 5.10: Input variables for the NN SVsB,

The NNSYsB  output distributions for simulated signal and background events are
reported in Figure 5.6 for the 4 de ned SRs. The associated ROC curves are reported in
Figure 5.7 for separate and combined even/odd trainings in each SR. All signal simulated
events have been employed to evaluate the combined ROC curve, with even events being
processed by the odd trained NN and viceversa. As expected, the NN performance is
comparable for even and odd trainings. It can be noticed that the discriminating perfor-
mance is lower for negative events in botBRy; and SR,z than in the corresponding
positive regions. This is due to the kinematic distributions of the input variables, which
are found to be less dissimilar from the backgrounds fot events, as can be seen from
Figure 5.5 showing the normalized distribution oM+.ep met for tt, tt and background
events inSRgr and SR, g . The distributions related to all the NNSVs8 input variables
are reported in Appendix E.

The NNSYsB output distributions obtained from MC samples are employed in the
statistical analysis to search for signal events in the collected data, as reported in detail
in Section 5.7.
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Figure 5.5: Normalized distribution of the NN S¥SS input variable M.ep met for SRrr (@)
and SR r (b). The distributions related to tt, tt and background events are reported in
orange, green and blue respectively.
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@) (b)

(c) (d)

Figure 5.6: NNSYSB output distributions for signal and background events for SRJF’;;e (a),
SRgr (b), SR/; (c) and SR (d).
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(©

Figure 5.7: NN®'sB ROC curves related to the even and odd trainings forSRir SRk (a)
and for SRLz, SR g (b). It can be seen that the performance for the even and odd trainings
are comparable, as expected. The combined ROC curves are reported in (c) for the 4 SRs.
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5.4 Signal and Validation Regions

Once the DNNs described in the previous sections have been trained to de ne the four
SRk, SRrr, SRk, SRz regions and to perform signal-background discrimination
within them, one additional selection requirement is placed on the azimuthal distance be-
tween the two same-sign leptons in the nal states ( °; ) to further reject background
events, and therefore enhance the SRs purity. The distribution related to (7; ) is
remarkably di erent for signal and background events irSR/; and SRy, as it can be
seen from Figure 5.8. Furthermore, at high ( ;) values the ratio between signal and
background expected yieldS=B in SR;; and SRy; increases signi cantly, as shown

in Figure 5.9. Therefore, events falling into the four de ned Signal Regions are also
required to have ( ;) 25 to further suppress the backgrounds. This last selection
requirement nalizes the de nition of the SRs employed in the statistical analysis. A
summary of the analysis SR selection is reported in Table 5.11 while a schematic rep-
resentation of the strategy followed to de ne the analysis SRs is shown in Figure 5.10.
The NNSYsB output distributions for data and simulated events in the nalized SRs are
shown in Figure 5.11. Collision data events in bins where the ratio of expected signal and
background events isS=B > 5% are not shown in the distributions. Signal and back-
ground yields associated to the SRs are reported in Table 5.12. The yields are also shown
for collision data taking only into account theunblinded bins of the SR distributions.

Signal Regions event selection

SR SRk  SRkr SRR SRR
Number of leptons N-=2
Lepton pr pr () > 20 GeV
Number of jets Njets 2
Jet pr pr(j) > 25 GeV
PLIV and bjet requirements| MincMinc with 2 bjets at 77% WP
OR

TT with =1 bjet at 77% WP
Total lepton charge +2 -2 +2 -2
NNSYsS output 0:538 > 0:538
Lepton azimuthal distance 2.5

Table 5.11: Summary of the four Signal Regions selection requirements.

Since the kinematic variables related to the two same-sign leptons have not been
employed in the NNPY*B training, 4 Validation Regions are built by applying the same
requirements used for the Signal Regions de nition, with an opposite selection based on
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Figure 5.8:  ( 7;") distribution in the 4 dened SRjg, SRrr, SR/k. SR g regions
for simulated signal and background events. Signal distributions (shown as dashed lines) are
normalized to the total number of background yields. The statistical uncertainty is shown as
blue dashed band.

( ( %) < 2:5). These regions are referred &R%:, V Rz, VR/z andVR ; and
are reported in Figure 5.12. The NN"B output distributions in VR, andVR are
then employed to validate the background estimates resulting from the statistical analysis
reported in Section 5.7. These regions are expected to be highly dominated tiyw
events, as can be seen from Figure 5.3b. On the other haiR;; and V Ryz cannot
be employed to validate the NNSB output shape due to the limited number of events
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Figure 5.9: ( 7;") distribution of the expected signal and background yields in the 4 de ned
SRR SRgr: SRk : SR g regions. The statistical uncertainty is shown as blue dashed band
in the top panels. The bottom panels show theS=B value.

and are therefore used as one-bin regions for the validation.
Signal and background yields associated to the VRs are reported in Table 5.13. The
yields are also shown for collision data taking only into account thenblinded bins of

the related distributions.
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Figure 5.10: Schematic representation of the strategy followed to de ne the analysis SRs.
First signal-like events are selected according to the criteria presented in Section 5.2.8. Events
satisfying the preliminary selection requirements are employed to train the NNYSS to discrimi-
nate signal events originating from theRR or the two LR EFT operators. Four Signal Regions
are de ned based on the NNYSS output and on the charge of the same-sign leptons. A second
NNSYsB s trained over each SR to perform signal-background discrimination. A nal selection
requirement on ( ;" ) is used to complete the de nition of the 4 analysis SRs.

‘ ‘ SRRR ++ ‘ SRRR { ‘ SRLR ++ ‘ SRLR { ‘
EFT tt 216 10 0 (0) 165 12 0 (0)
EFT tt 00 |949 035 0(©) |411 0.25
Four top 0.70 0.16/ 068 0.17| 41 09| 40 09
ttw 90 60 50 33 90 50 45 28
ttH 13 9 13 9 16 12 16 11
ttZ= 219 151|211 14170 15| 166 1.7
Int Conv 27 15 31 18 | 22 13| 28 16
Diboson 269 231|239 19|94 07| 63 05
HF 14.0 35 16 4 6.7 22| 65 22
HFel 52 29 8 4 34 18| 54 35
Mat Conv 6.6 2.2 46 14 | 23 07] 29 10
QMisID <104 <104 <104 <104
Other 21 4 138 25|97 14| 76 15
Total 420 60 164 35 | 320 60 117 31
Data 109 131 83 109
(partially unblinded)

Table 5.12: Yields of the analysis Signal Regions. Only data events related to theinblinded

bins of the SR distributions are taken into account.
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Figure 5.11: NNSYSB output distribution for data and MC events in the 4 de ned Signal
Regions: SRk, SRgr, SRR , SR . Data events are not shown in bins withS=B > 5%. The
bottom panels show the data/MC agreement. The blue dashed band includes both statistical

and systematic uncertainties.
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Figure 5.12: NNSYSB output distribution for data and MC events in the 4 de ned Validation
Regions: VRig, VRgr, VR, VR i . Data events are not shown in bins with S=B > 5%.
The bottom panels show the data/MC agreement. Only one bin is employed invV R’F';;a and
V R,r due to the low statistic. The blue dashed band includes both statistical and systematic

uncertainties.
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Table 5.13:

| VRer ++ | VRer { | VRr ++ | SRyr{ |
EFT tt 89 04 0 (0) 73 4 0 (0)
EFT tt 0(0) |0906 0030 0() |483 0.19
Four top 0.29 0.08| 0.28 0.07 | 108 23| 111 23
ttw 27 18 15 10 460 300 | 250 160
ttH 22 16 23 15 80 60 80 60
ttz= 53 05 54 05 109 8 104 8
Int Conv 1.0 0.7 0.8 0.8 19 10 23 12
Diboson 128 1.0 136 1.7 99 6 80 5
HF 47 1.4 45 1.4 48 13 55 13
HFel 21 17 16 1.1 34 18 31 17
Mat Conv 5 4 35 22 29 5 22 4
QMisID <104 <104 <104 <104
Other 6.7 1.3 43 0.9 64 7 46 7
Total 76 19 52 11 1030 310| 710 170
Data 0 55 749 749
(partially unblinded)

Yields of the analysis Validation Regions.

unblinded bins of the VRs distributions are taken into account.
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5.5 Background estimation

Di erent techniques have been employed in the analysis to estimate the background
contamination. Most of the background processes have been estimated by only relying
on MC simulation, while some background contributions have been evaluated though
data-driven methods. A semi-data driven technique has been employed to estimate
non-prompt leptons as well as events originated fromtZ ( ), ttW andVV (WZ; ZZ)
SM processes. Specically, a t is performed over data events in dedicated Control
Regions related to the above mentioned backgrounds with the Normalization Factors
(NFs) associated to those processes left free oating, as described in Section 5.7.

5.5.1 Irreducible background estimation

Background events that satisfy the Signal Regions selection criteria can originate from
SM processes that result in a nal state topology similar to the one generated by signal
events, consisting of two same-sign prompt leptons ansgjets. Theseirreducible back-
ground processes areZ; ttW;ttH;tt;V V;tttts. Other rare processes, such d4g +jets,
ttWW, ttHH , ttWH, ttZZ, WtZ, ttt and VV V are considered as well. The estima-
tion of these backgrounds is performed based on the good modelling of the processes,
therefore it strongly relies on MC simulations, except fottW;ttZ and V'V, that are
the dominant irreducible backgrounds. The contribution related to these processes is
estimated through a t performed over dedicated regions as described in Section 5.7.
The Control Regions de ned forttZ and V V share some common selection require-
ments. Speci cally, only events with three leptons in the nal state are selected, with an
opposite sign (OS), same avor lepton pair and one extra charged lepton. The transverse
momenta of the OS lepton and the two same-sign leptons are required tojlagOS) > 10
GeV and pr(SS) > 20 GeV respectively. Furthermore, both leptons of the same-sign
pair have to be classied as Minc (according to the lepton categories de ned in Sec-
tion 5.2.3), while the opposite sign lepton is required to be Linc. To select events with a
Z boson decaying into a pair of leptons, in both CRs the invariant mass of the opposite
sign, same avor lepton pair is required to be within 10 GeV from th& boson mass
mz. The number of jets required is instead di erent for the two CRs. Speci cally, only
events with at least 4 jets are selected for the#Z CR, while events with either 2 or 3
jets are selected for thev V CR. Finally, both regions require either 1 jet to pass the
60% b-tagging WP, or at least two bjets at the 77% WP. A summary of the selection

5The ttZ ( ) processes will be referred astZ from now on for simplicity, while diboson processes/ V
will denote WZ and ZZ.
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requirements used to de ne these Control Regions is reported in Table 5.14, while the
distributions of the variables employed in the t performed to extract the yields of these
background processes are reported in Figure 5.13.

The distribution associated to the number oflyjets is employed in the t for the
two Control Regions de ned forttZ and V'V processes, while thetW contribution is
estimated using the NNV output distribution in the SRs. Since a large number of
ttW events is expected to satisfy the SRs selection criteria, as it can be seen from the
associated yields in Figure 5.11 and Table 5.12, the rst bins of the N8 output
distribution in the de ned SRs are employed in the t to estimate thettW contribution.

Prior to the analysis t, a correction on the jet multiplicity is applied to V'V events
to correct data/MC mis-modelling exhibited by the N distribution in a dedicated
V V-enriched region, as reported in Appendix F.

5.5.2 Reducible background estimation

Reduciblebackground events are related to either fake/non-prompt leptons or to lepton
charge mis-identi cation. Backgrounds originating from events containing at least one
non-prompt lepton mis-reconstructed as a prompe; are accurately estimated through
a semi data-driven method. Eight Control Regions enriched in non-prompt lepton events
are built, using tt; Z + jets; W + jets and single top Monte Carlo simulations, with the
main contribution to the lepton fake background originating fromtt events. Among
these regions, six are de ned for non-prompt leptons coming from the decay lof,c
and light hadrons, while two are built to constrain electrons originating from photon
conversion that can occur either in the detector material or at the interaction point.
Events with a pair of same-sign leptons are employed to de ne the six CRs used to
estimate the non-prompt lepton background originating from hadrons decays, with three
regions related to electrons and three to muons. These regions are referrecHaavy
Flavor HF -CRs and share several selection requirements. Both nal state leptons are
required to havepr (') > 20 GeV and only events with at least 2 jets are selected. Each
e( ) region requires the same-sign leptons to be classi ed according to di erent categories
among the ones de ned for the analysis. Speci cally, the TM, MT and MM combinations
are employed. The subleading lepton is required to be an electron (muon) in all three
e () related CRs. To suppress thetW contamination in these regions, only events
with exactly one jet b-tagged at the 77% WP are selected. One further requirement
M+ ep:met) < 250 GeV is placed on the TM and MT regions for the same purpose. The
transverse momentum of the subleading lepton is employed to estimate these backgrounds
in the t, by leaving the associated Normalization Factors free oating. Speci cally, only
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two NFs are employed, one foHF e and one forHF

While electron candidates identi ed as originated from photon conversion, according
to the criteria described in Section 5.2, are vetoed in all the above mentioned analysis
regions, two additional Control Regions are speci cally de ned to accurately estimate the
photon conversion background. These regions are based on three lepton events including
a pair of same-sign leptons and one opposite sign lepton, with at least one electron
in the nal state. The transverse momenta of the same-sign leptons is required to be
pr(SS) > 20 GeV, whilepr (OS) > 10 GeV has to be ful lled by the opposite sign lepton.
Both leptons of the same-sign pair have to be classi ed as Minc (according to the lepton
categories de ned in Section 5.2.3), while the opposite sign lepton is required to be Linc.
A veto is applied on events withb-jets passing the 77% WP. In order to veto events
with a Z boson decaying leptonically, a requirement is placed on the invariant mass
of the opposite sign, same avor lepton pairjmgssg  mzj > 10 GeV. Furthermore,
the invariant mass of the trilepton system and the missing transverse momentum are
required to satisfyjm-~  mzj < 10 GeV andEs® < 50 GeV respectively. All these
selection requirements are placed on both CRs related to photon conversion. In order to
build two separate regions, the events passing the selection criteria described above are
also required to contain one electron candidate originating from photon conversion in
the detector material or at the interaction point. These speci ¢ electron candidates are
identi ed based on the values of the conversion radius and the invariant mass associated
to the electron and its closest track, as described in Section 5.2. The number of events
satisfying these CRs selection requirements is employed to estimate the photon conversion
background.

A summary of the selection requirements related to the 8 Control Regions employed
in the analysis to estimate non-prompt leptons is reported in Table 5.14 and 5.15, while
the distributions of the associated variables employed in the analysis t are reported in
Figure 5.13 and 5.14. Background yields and data events related to the CRs are reported
in Table 5.16.

Another source ofreducible background is related to charge mis-identi ed electrons,
originating mainly from tt events (muon charge ip has been estimated to be 10 °
and therefore is negligible for this analysis). The estimation of this background is carried
out with a data driven method. Z ! e€'e data events are employed to measure the
electron charge ip rate, which is then used to estimate the background contribution in all
analysis regions. The charge ip rate associated to electrons reconstructed as originating
from photon conversion ranges from 16 to 0:03, while lower values ranging from 1¢
to 0:004 are associated to prompt electron candidates. The charge ip rate increases with
the transverse momentum of the reconstructed electron and with the absolute value of
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3 CRs VV CR ttZz CR IntCO CR MatCO CR
N- 3

pr- [GeV] >20 (SS),>10 (0S)

PLIV WPs MincMinc (SS), LincLinc (OS)

Total charge 1

Electron CO candidate IMatCO and !IntCO IntCO MatCO
Njets 2o0r3 4 0

Nbjets 1 b-jet at 60% WPjj 2 b-jets at 77% WP 0at77%
jMspos  Mzj < 10 GeV > 10 GeV
imC™)  mgzj - - < 10 GeV
Emiss - - < 50 GeV
Fitted variable Np jets Nevents

Table 5.14: Summary of the event selection in theV V; tZ, Int/MatCO Control Regions.
2'SS CRs HF TM HF MT HF MM
N- 2
pr- [GeV] >20
PLIV WPs ™ MT MM
Njets 2
Nbjets 1lat77%
Total lepton charge ++ or - -

Electron CO candidate
Additional cuts
Fitted variable

IMatCO and !IntCO
Mtiep met < 250 GeV -
pr (subleading’)

Table 5.15:
MM region is split in a muon channel (

Summary of the event selection in theHF Control Regions. Each TM, MT, and

+ e ) and an electron channel (e + ee).

the pseudorapidity for both prompt and non-prompt electron candidates.
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| CR HFel TM 2ISS | CR HFel MT 2ISS | CR HFel MM 2ISS |

Four top 0.067 0.020 0.041 0.017 0.036 0.014
ttw 1 5 48 2.4 20 09
ttH 43 28 22 16 1.0 0.7
ttz= 74 14 135 0.28 1.69 0.30
Int Conv 57 31 29 16 05 04
Diboson 127 1.7 50 13 20 05
HF 24 0.9 10.3 1.8 41 1.2
HFel 41 21 72 31 50 25
Mat Conv 32 20 1.9 1.9 1.2 04
QMisID 51 29 33 21 16 1.1
Other 42 0.7 1.69 0.21 0.63 0.12
Total 97 23 41 6 20 4
Data 95 32 19

\ | CR HFmu TM 2ISS | CR HFmu MT 2ISS | CR HFmu MM 2ISS |
Four top 0.11 0.04 0.072 0.035 0.046 0.019
ttw 16 8 76 35 27 13
ttH 6 4 34 24 1.4 09
ttz= 109 1.2 56 0.7 23 04
Int Conv 06 05 1.8 11 0.31 0.27
Diboson 165 3.4 7.3 0.9 3.3 0.6
HF 92 9 24 5 141 24
HFel 1.5 1.0 7 4 20 1.2
Mat Conv 1.3 08 1.0 07 14 12
QMisID 0.25 0.12 08 05 0.38 0.26
Other 52 1.0 27 04 0.82 0.14
Total 151 14 61 8 29 4
Data 150 57 28

\ | CRIntCO 3l | CRMatCO 3l | CRttZ3l | CRVWV3I, |
Four top 0 (0) 0 (0) 1.60 0.32|0.089 0.035
ttw 0 (0) 0 (0) 64 3.0 18 9
ttH 0 (0) 0 (0) 1 8 7 5
ttz= 0 (0) 0 (0) 334 31 194 14
Int Conv 40 6 14 4 0.14 024 18 10
Diboson | 0.036 0.025| 2.0 0.8 43 4 131 5
tz 0 (0) 0 (0) 315 3.0 156.6 3.0
HF 0 (0) 0 (0) 12 05 85 31
HFel 0 (0) 0 (0) 06 05 10 7
Mat Conv | 1.2 0.9 315 3.0 | 05 04 1.8 1.0
QMisID 0 (0) 0 (0) 024 024 08 05
Other 0 (0) 0 (0) 46 21 49 23
Total 41 6 48 5 480 40 578 30
Data 44 55 494 605

Table 5.16: Background yields in the analysis CRs
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Figure 5.13: Distributions of the variables related to the CRs used in the analysis to estimate
the backgrounds related tottZ and VV processes (top row) and non-prompt leptons from
photon conversion (bottom row). The blue hashed band includes both statistical and systematic
uncertainties. The bottom panels display the data/MC ratio.
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Figure 5.14: Distributions of the variables related to the CRs used in the analysis to estimate
the backgrounds related to non-prompt leptons from heavy hadrons decay. From top left to
bottom right: HFe TM, HF TM, HFe MT, HF MT, HFe MM and HF MM. The blue
hashed band includes both statistical and systematic uncertainties. The bottom panels display
the data/MC ratio.
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5.6 Systematic uncertainties

Systematic uncertainties can impact the estimated signal and background yields as well
as the shape of the distributions used in the analysis. Dierent systematic errors are
taken into account, originating from the modelling of the various background processes
considered, as well as from the methods employed for their estimation. Other system-
atic uncertainties are linked to object reconstruction, originating from both detector
limitations and from the speci c algorithms employed in the reconstruction.

All systematic uncertainties are incorporated in the likelihood function used to per-
form the analysis t on collision data to extract the signal and some of the background
contributions’. Speci cally, one or more Nuisance Parameters (NPs) are associated to
each systematic source considered in the analysis. The pre-t values and varia-
tions of each NP are either provided by the ATLAS Collaboration performance groups
or evaluated speci cally for this analysis. When performing the maximum likelihood
t, the NPs are estimated together with the yields associated to the signal and to the
main backgrounds. The NPs values and uncertainties resulting from the t represent the
estimates related to the systematic uncertainties.

A summary of the experimental and background modelling systematic errors taken
into account in the analysis is reported in Table 5.17 with the associated number of NPs.

5.6.1 Experimental systematic uncertainties
Leptons systematic uncertainties

Experimental systematic uncertainties related to leptons are linked to trigger, recon-
struction and identi cation e ciencies as well as to the scale and resolution associated
to the measured leptorpr and E for muons and electrons respectively. These uncertain-
ties are evaluated, usingZ ! (e® and J= ! (e® events as reported in [97,
98, 109], by performance groups within the ATLAS Collaboration.

Concerning muons, systematic variations related to the e ciency originate from muon
reconstruction and identi cation as well as from the track-to-vertex association. Scale
and resolution systematic uncertainties are instead linked to the mugm measurement
and account also for charge dependent e ects originating from the detector misalignment.

Systematic variations related to electrons originate similarly from reconstruction,
identi cation and isolation e ciencies, while the scale and resolution systematic errors
are linked to the electron energy measurement.

’Only the yields associated to the backgrounds with the normalization factors left free oating in the
t, as reported in Section 5.5, are extracted from the statistical analysis.
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Systematic uncertainties associated to the trigger e ciency are evaluated for muons
and electrons, following the procedures reported in [110, 111].

Jets systematic uncertainties

Systematic uncertainties related to jets are linked to the energy scale, resolution and to
the jet-vertex-tagger. Di erent sources of systematic errors associated to the energy scale
are considered to account for di erent jet avor, pile-up e ects and di erent calibration
methods, as described in [112].

Systematic sources related to thé-tagging of jets are also considered [102]. These
uncertainties are evaluated based on thetagging e ciencies related to b-,c- and light
avored jets. Since the searched signal generatégets with pr up to  TeV but the
b tagging e ciency WPs are de ned for pr < 300 GeV, additional systematic sources
have been evaluated to account for the extrapolation of thbtagging uncertainties at
higher pr values.

Other experimental systematic sources

In addition to the uncertainties described above, other sources of experimental system-
atic errors are considered. Their values are provided by performance groups within the
Collaboration. Speci cally, uncertainties related to the energy scale and resolution of
the missing transverse momentunkE{"ss are considered. Finally, the uncertainties on
the integrated luminosity corresponding to the dataset collected by the ATLAS detector
in LHC Run-2 [113] and on the pile-up determination are taken into account as well.

5.6.2 Background modelling systematic uncertainties
Irreducible background modelling systematic uncertainties

Several sources of systematic uncertainties related to the modelling of the irreducible
background processes considered in the analysis are taken into account. Systematic un-
certainties related to ttZ;ttW;ttH and tttt are evaluated using alternative simulated
samples that have been produced using di erent MC matrix element or parton shower
generators with respect to the ones employed for the nominal background samples. Sam-
ples with variations of g are additionally considered to estimate the uncertainty asso-
ciated to the modeling of Initial State Radiation (ISR) in ttZ events. Details on the
alternative samples are reported in Appendix D.

Uncertainties related to the variation of the renormalization and factorization scale
are also taken into account forttwW, ttZ, ttH and V'V processes. An additional 50%
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uncertainty is assigned to the HF jets contribution tottW; ttZ, ttH and tt processes.
Furthermore, systematic variations associated to the normalization of background events
are evaluated for each process excludintyV; ttZ and V V, since the related normaliza-
tion factors are left free- oating in the analysis t.

One last source of uncertainty is considered, related to thdjes correction applied
to diboson events, as reported in Section 5.5.

Reducible background modelling systematic uncertainties

While several systematic uncertainties related to the PLIV algorithm are provided by
performance groups and employed in the analysis, additional sources of systematic errors
have been speci cally de ned and evaluated concerning the estimation of the non-prompt
lepton background in the analysis. Uncertainties related to di erences in the de nition

of the VeryTight and Tight PLIV WPs are taken into account as shape-only system-
atic variations based on the residual data/MC disagreement exhibited by the variables
employed as input in the PLIV BDTSs.

Since only two normalization factors are associated to the non-prompt background
estimation based on the t over the 6HF -CRs de ned in Section 5.5, two additional
systematic uncertainties are de ned to account for di erences in the fakes rate in the
three TM, MT and MM e; CRs.

Additional uncertainties are de ned to account for the mis-modelling of thdt+HF
process and for the extrapolation of the photon conversion background fratmenriched
regions to thett enriched regions employed in the analysis.

Finally, three uncertainties associated to the modelling of charge mis-identi cation
background are evaluated and their sum in quadrature is taken as associated systematic
variation:

~ the di erence between the charge mis-reconstruction rate estimated in the analysis
and the rate obtained fromtruth-matching performed with simulatedZ ! ee
events;

"~ the variation of the charge mis-reconstruction rate with theZ boson mass window;

" the uncertainty resulting from the data driven method employed in the analysis to
estimate the rate.
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Category Type Nuisance

Parameters
Luminosity 1
Pile-up reweighting 1
Theory ttW EW cross section 1
uncertainties ttZ; ttH; V'V and rare processes cross sections 9

ttZ + HF-jets cross section
ttH + HF-jets cross section
tt+HF-jets cross section
Charge mis-identi cation cross section
Modelling of PLIV input variables
reducible backgrounds  PLIV extrapolation
Photon conversion
tt alternative shower
Data-driven charge mis-identi cation
Modelling of jet multiplicity correction
irreducible backgrounds ttZ alternative shower
ttZ s variation for ISR modeling
ttZ renormalization and factorization scale variation
ttw alternative generator
ttW alternative shower
ttW renormalization and factorization scale variation
tttt alternative generator
ttH alternative generator
ttH alternative shower
ttH renormalization and factorization scale variation
V'V renormalization and factorization scale variation
Jet reconstruction Jet Vertex Tagger
and measurement Jet avor tagging
Jet energy scale
Jet energy resolution
b-tagging highpr extrapolation

w w ©
ngp,_\,_\l—\l—‘l—‘wwl\)www Sl SR N = NP R

Muon reconstruction Momentum scale and resolution 4
and measurement Reconstruction and 1D 4
Isolation 2
Track-to-vertex association 2
PLIV 20
Electron and Energy scale and resolution 2
reconstruction and Reconstruction and ID 2
measurement Isolation 1
PLIV 14
ET"SS reconstruction Scale and resolution 3

and measurement

Trigger 3

Table 5.17: Summary of the systematic sources considered in the analysis with the associated
Nuisance Parameters. 77



5.7 Fit

The extraction of same-sign top signal yields and background yields relatedtt@ , V V,
ttW, and non-prompt leptons is based on on a maximum likelihood method. The sta-
tistical analysis is carried out using the TRExFitter framework [114] with the statistical
model built according to HistFactory [115]. The negative log-likelihood minimization is
performed using MINOS.

Section 5.7.1 presents the results of a rst t performed to get the background esti-
mates related to non-prompt leptonsitZ, VV and ttW processes, whose normalization
factors are left free oating. The t is performed on data events over regions with an
expected negligible contribution coming from signal events, with the signal normaliza-
tion set to reproduce thettW excess, as reported in Section 5.1.1. The post- t data/MC
agreement of background events is examined to asses the goodness of the resulting back-
ground estimates. This tis performed following a background-only hypothesis.

A \realistic" Asimov dataset is built following the results of the background-only
t and employed to estimate the expected sensitivity of the analysis, as reported in
Section 5.7.2. The expected upper limit on the signal cross section is evaluated following
the results obtained using the Asimov dataset. The signal normalization is nally tuned
so that a t performed on the Asimov dataset assuming a signal+background hypothesis
would result in an expected discovery signi cance of 3 .

The new signal normalization is then employed to perform the search for same-sign
top pairs using the full Run 2 dataset. The search is carried out through a t performed
over the unblinded data distributions in all 14 analysis regions (10 CRs and 4 SRs),
following a signal+background hypothesis. The search results are reported in Section 5.8.

The distributions of di erent variables are used as inputs in the ts to extract the
yields related to the processes of interest, depending on the analysis regions. The
NNSYsB  output distribution is used for the 4 SRs. The subleading leptop; is em-
ployed in the 6HF CRs, while the number ofb-jets is used inVV and ttZ CRs. For the
IntCO and MatCO CRs only the event yields are used in the t, given the small number
of events populating these regions.

A summary of the selection requirements related to the analysis Signal and Control
Regions is reported in Table 5.18.

The likelihood function employed in the analysis tsL(; 7 7) dependson; 7 ~. The
signal strength parameter is a multiplicative factor applied to the signal yields predicted
by the model (which is related to the chosen normalization and EFT benchmark), while
~ are the normalization factors related to the backgrounds described in Section 5.5. The
Nuisance Parameters (NPs)™ are linked to the systematic uncertainties described in

78



SR | SRY SR SR SR &

N- 2
pr () [GeV] > 20
Njets 2
PLIV and b-jet requirements MincMinc with 2 b-jets at 77% WP
OR
TT with =1 bjet at 77% WP

Total lepton charge +2 -2 +2 -2
NNSYsS output 0:534 > 0:534

5 2:5
Fitted variable NNSYsE  output
2'SS CRs HF T™M HF MT HF MM
N- 2
pr(0) [GeV] >20
Njets 2
Nbjets lat77%
PLIV WPs ™ MT MM
Total lepton charge ++ or - -
Electron CO candidate IMatCO and !IntCO
MT;Iep met [GeV] < 250 -
Fitted variable pr (subleading’)
3 CRs \ VV CR ttZ CR IntCO CR  MatCO CR
N- 3
pr () [GeV] >20 (SS pair),>10 (0OS)
Njets 2o0r3 4 0
Nbjets 1 b-jet at 60% WPjj 2 b-jets at 77% WP 0at77%
PLIV WPs MincMinc (SS), LincLinc (OS)
Total charge 1
Electron CO candidate IMatCO and !IntCO IntCO MatCO
jmspog mzj < 10 GeV > 10 GeV
imC™) mgzj - - < 10 GeV
Efmiss - - < 50 GeV
Fitted variable Np jets Nevents

Table 5.18: Summary of the analysis regions selection requirements. The symbol \" is
reported when the selection is not applied.

Section 5.6 a ecting signal and/or background predictions.

Nuisance Parameters enter the t with associated initial values and uncertainties
either provided by the ATLAS Collaboration performance groups or speci cally evaluated
for the analysis, as reported in Section 5.6. After performing the t, the NPs might result
in di erent values with respect to the initial ones. Furthermore, the uncertainty on the
NPs resulting from the t could be lower with respect to the initial one. In the rst and
second case the NP is referred gsilled and over-constrainedrespectively.
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The Likelihood L (; 7 7) is constructed as product of Poisson probabilities over all
N bins of the distributions tted in the statistical analysis:

e i(MD+ b i
L(; 7)) = i ni!( L e {17mhe7) (50

where n; are the measured yields in each bin The expectation value is expressed as
E[ni]= si(M)+ Qb5 7),where =0and =1 correspond to the background-only and
signal+background hypotheses respectively. The valusy™) and (7 ™) depend on the
probability density functions (pdf) for signal and background events. Eq.(5.6) is related

to a single Signal Region. The complete likelihood function employed in the t over all
analysis regions is built as a product of likelihoods expressed as eq.(5.6) for each region,
with all SRs sharing the same parameter. The likelihoods related to Control Regions
are built assuming only background contributions ( = 0) and therefore are expressed
as:

Y DAY

L D)= m; 1

(5.7)
j=1
The pro le likelihood ratio is employed to test the signal hypothesis related to the

signal strength value. The test statisticq is de ned as:

1>
1>

N N
N

q= 2In L ;77 = 1 7x (5.8)

AR

~

N

N
where the M ~x; 7 parameters maximize the likelihood, while™ ;
lihood for a given value.

maximize the like-

5.7.1 Background only tin CRs and unblinded bins of SRs

To assess the control over the main background processes, a maximum likelihood t
is performed on data events assuming a background-only hypothesis and it is carried
out over the Control Regions and the unblinded bins of the Signal Regions, where the
blinding threshold is set according to theS=B > 5% requirement (with S and B being
the expected signal and background yields). These bins serve as CRtiuy .

The t results in an estimate of the normalization factors related tottW; ttZ;VV
and non-prompt lepton processes and it is employed to assess the control over these
backgrounds by checking the post- t data/MC agreement.

The normalization factors (NFs) resulting from the t are reported in Figure 5.15
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with their associated uncertainties. It should be noticed that thétW NF is 1:66 0:33,
slightly in tension with respect to the SM prediction (NF = 1). This excess has already
been measured in dedicatettW analyses [87, 88], and therefore is expected.

Figure 5.15: Normalization factors resulting from the background-only tto CRs and to the
unblinded bins of the SRs with statistical and systematic uncertainties. The normalization
factors are related to the non-prompt leptons, diboson,ttZ and ttW backgrounds and are left
free- oating in the t.

The post-t distributions of the variables employed in the t related to the anal-
ysis regions are shown in Figure 5.16, 5.17 for CRs and in Figure 5.18 for SRs. The
bottom panels display the post-t ratios of data/MC yields, whose values are approxi-
mately 1 in each bin, therefore showing a good agreement between data and simulation.
Summaries of the pre- and post- t yields are reported in Figure 5.19 and Figure 5.20 re-
spectively. The data/MC agreement is also checked in the 4 Validation Regions de ned
in Section 5.4, as it can be seen from Figure 5.21. These regions @Y dominated,
and therefore are employed to further validate the resultingtW estimate. All displayed
distributions have been obtained including both statistical and systematic uncertainties.
The post-t event yields related to the di erent background processes are reported in
Table 5.19 for all CRs.

Figure 5.22 and 5.23 show the systematic pulls and over-constraints resulting from the
t. Some NPs are pulled after the t, however the deviation is not signi cant. The most
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pulled NPs are related tatZ andttW modelling as well as to the charge mis-identi cation
estimation. Some among the jet-related NPs are pulled as well. One parameter related
to ttH modelling is over-constrained by the t.
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Figure 5.16: Post-t distributions in VV, ttZ, IntCO and MatCO CRs of the variables used
in the background-only t performed over the CRs and the unblinded bins of the SRs. The blue
hashed band includes both statistical and systematic uncertainties. The bottom panels display
the ratio between observed and expected event yields, used to assess the post-t data/MC
agreement.
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Figure 5.17: Post-t distributions in the HF -CRs of the variables used in the background-
only t performed over the CRs and the unblinded bins of the SRs. The blue hashed band
includes both statistical and systematic uncertainties. The bottom panels display the ratio

between observed and expected event yields, used to assess the post- t data/MC agreement.
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Figure 5.18: Post-t distributions in the analysis SRs of the NN S¥s8  output used in the
background-only t performed over the CRs and the unblinded bins of the SRs. The blue
hashed band includes both statistical and systematic uncertainties. The bottom panels display
the ratio between observed and expected event yields, used to assess the post-t data/MC
agreement. Data events are displayed only in bins withS=B < 5%.
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Figure 5.19: Summary of the pre-t data and MC vyields in the analysis CRs. The blue
hashed band includes both statistical and systematic uncertainties. The bottom panels display
the ratio between data and MC yields.

Figure 5.20: Summary of the post-t data and MC yields in the analysis CRs. The
background-only t has been performed over the CRs and the unblinded bins of the SRs.
The blue hashed band includes both statistical and systematic uncertainties. The bottom pan-
els display the ratio between data and MC vyields.

86



Figure 5.21. Post-t distributions in the analysis VRs. The background-only t has been
performed over the CRs and the unblinded bins of the SRs. The blue hashed band includes
both statistical and systematic uncertainties. The bottom panels display the ratio between
observed and expected event yields. Data events are displayed only in bins wit=B < 5%.
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Figure 5.22: Pulls and constraints on the theory nuisance parameters (left) and on the
instrumental nuisance parameters (right) resulting from a background-only t performed over
the 10 CRs and the unblinded bins of the SRs.
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Figure 5.23: Pulls and constraints on the muon (top) and electron (middle) PLIV as well as
on the data driven QMisID (bottom) related nuisance parameters resulting from a background-
only t performed over the 10 CRs and the unblinded bins of the SRs.
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Table 5.19:

CR IntCO 3l | CR MatCO 3| | CR ttZ 3l CR VV 3|,
Four top 0 (0) 0 (0) 1.63 0.32] 0.094 0.035
ttw 0 (0) 0 (0) 84 17 26 5
ttH 0 (0) 0 (0) 12 6 7 4
ttz= 0 (0) 0 (0) 376 31 233 28
Int Conv 42 7 16 4 0.14 0.08 1.7 1.0
Diboson 0.036 0.021| 2.03 0.26 32 13 100 40
tZ 0 (0) 0 (0) 295 24| 1573 3.2
HF 0 (0) 0 (0) 1.01 0.33 7 5
HFel 0 (0) 0 (0) 0.37 0.27 7.8 3.0
Mat Conv 1.4 1.0 37 8 0.51 0.33 22 0.8
QMisID 0 (0) 0 (0) 0.19 0.14 09 04
Other 0 (0) 0 (0) 42 20 46 22
Total 44 7 5 7 504 21 590 22
Data 44 55 494 605

CR HFel TM 2ISS | CR HFel MT 2ISS | CR HFel MM 2ISS
Four top 0.070 0.019 0.042 0.016 0.036 0.012
ttw 15.7 3.0 6.8 14 2.8 0.6
ttH 48 24 24 1.3 1.1 0.6
ttz= 84 1.7 1.54 0.35 1.88 0.33
Int Conv 57 3.2 29 1.6 0.48 0.30
Diboson 10.8 2.4 36 11 1.7 0.5
HF 20 11 85 2.2 35 15
HFel 32 11 55 2.2 39 14
Mat Conv 42 22 1.6 1.3 1.4 0.4
QMisID 52 29 24 1.6 1.5 1.0
Other 42 05 1.64 0.18 0.62 0.09
Total 93 9 37.0 3.2 188 2.1
Data 95 32 19

CR HFmu TM 2ISS | CR HFmu MT 2ISS | CR HFmu MM 2ISS
Four top 0.11 0.04 0.068 0.033 0.047 0.018
ttw 23 4 106 2.0 3.8 0.8
ttH 7 4 3.8 20 1.5 0.8
ttZ= 126 1.9 6.2 1.0 26 05
Int Conv 06 04 1.8 1.0 0.31 0.18
Diboson 15 5 6.0 1.5 3.0 05
HF 79 13 20 6 122 2.2
HFel 1.2 0.7 54 20 1.6 0.6
Mat Conv 1.4 0.8 1.1 05 1.6 05
QMisID 0.26 0.12 05 04 0.37 0.25
Other 51 0.6 2.68 0.28 0.81 0.11
Total 146 11 58 4 27.8 2.6
Data 150 57 28

Event yields in the CRs resulting from the background-only t performed over

the CRs and the unblinded bins of the SRs.
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5.7.2 Expected sensitivity

A \realistic" Asimov dataset containing pseudo-signal and pseudo-background events is
built using di erent procedures for signal and background processes. Speci cally:

A~

pseudo-background events related to non-prompt leptons, dibosanZ and ttwW
processes are generated following the results of the background-only t performed
on collision data reported in the previous section. Speci cally, they have been
obtained as Poissonian uctuations using the tted NFs as expectation values.
Pseudo-background events related to the other background processes are generated
according to the MC simulation;

pseudo-signal events are generated according to the MC simulation, with the signal
normalization set to the ttW excess (as described in Section 5.1.1).

Since the pseudo-background events of the \realistic" Asimov dataset are generated
according to the results of the background-only t described in the previous section,
they act as a replica of collision data events in the CRs.

The Asimov dataset is employed to estimate the expected sensitivity of the analysis.
For this purpose a maximum likelihood t is performed on the Asimov pseudo-data
following the signal+background (S+B) hypothesis over all CRs and SRs. The signal
strength is associated to the same-sign top pairs production.

The Normalization Factors resulting from the t on the Asimov dataset are reported
in Figure 5.24. Since the S+B hypothesis has been used, the signal normalization factor
is reported as well. As expected, the NFs related tiZ, V'V and non-prompt leptons
result in similar values with respect to the background-only t reported in the previous
section. ThettW NF exhibits an excess with respect to SM prediction. Its value is
however di erent with respect to the previous t and its associated error is reduced.
This is due to the SRs, whose whole distributions have been employed in the Asimov t
instead of using only the rst bins of the NN°YSB  outpuit.

The systematic uncertainties pulls and over-constraints are shown in Figure 5.25
and 5.26. Even though some NPs are pulled or over-constrained, the size of these e ects
is lower with respect to the background-only t.

The expected sensitivity of the analysis is then assessed by evaluating the expected
limit on the signal cross section following the Asimov tresults. The expected upper limit
(UL) is estimated through the CL s method [116] with the asymptotic approximation [117]
based on the test statistic reported in eq.(5.8). For a given value of values of the signal
cross section that result inCLgs < 0:05 are excluded at 95% of con dence level (CL).
Both the test statistic and the UL are evaluated using the RooFit framework [118, 119].
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Figure 5.24: Normalization factors resulting from the S+B t to the \realistic" Asimov
dataset in all analysis regions with statistical and systematic uncertainties. The normalization
factors are related to the non-prompt leptons, diboson,ttZ and ttW backgrounds and to the
signal. All NFs are left free- oating in the t.

The resulting expected upper limit on the signal strength parameter is::@31'%353. This
corresponds to an expected upper limit on the signal cross section times Branching Ratio
of:

(tt + tt) BR < 1:23 fb at 95% CL (5.9

A statistical test is performed following the Asimov t results according to the
background-only hypothesis. The level of disagreement between the observed (pseudo)
signal events and the background-only hypothesis is quanti ed by the signi cancé of
the measurement, which is de ned as

z= Y1 p (5.10)

where ! is the quantile (the inverse of the cumulative distribution) of a standard
Gaussian function andp is the p  value associated to the measurement. The expected
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signi cance has been evaluated using di erent normalization values for the signal. The
value that resulted inZ =3 has been chosen as nal signal normalization and employed
in the unblinded data t, described in the next section. The signal cross section value
corresponding to the nal normalization is reported in Section 5.1.1.
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Figure 5.25: Pulls and constraints on the theory nuisance parameters (left) and on the
instrumental nuisance parameters (right) resulting from a S+B t to the Asimov dataset in all
analysis regions.
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Figure 5.26: Pulls and constraints on the muon (top) and electron (middle) PLIV as well as
on the data driven QMisID (bottom) related nuisance parameters resulting from a S+B t to
the Asimov dataset in all analysis regions.
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5.8 Results

The search for same-sign top pairs is carried out by performing a maximum likelihood t
on the full Run 2 collision dataset over the 14 analysis regions (10 CRs and 4 SRs). The
t is performed assuming a signal+background hypothesis, with the expected SMEFT
signal contribution normalized according to the results of the expected sensitivity study
reported in the previous section. The signal strength is associated to same-sign top
pairs production.

The distributions of the NNSVB  output in data and simulated events, for SRs and
VRs, are reported in Figure 5.27 and 5.28 respectively. The distributions related to the
CRs can be found in Section 5.5 instead.

The normalization factors (NFs) related to the signal and to the non-prompt lepton,
diboson, ttZ and ttW backgrounds are left free oating in the t. The resulting NFs
values and related uncertainties are shown in Figure 5.29. Th&N NF is in tension
with respect to SM prediction, as expected based on the excess measured in dedicated
ttWw analyses [87, 88]. Figure 5.30 and 5.31 show the pulls and constraints related to
the systematic uncertainties resulting from the t. Some deviations with respect to the
nominal values are observed, however all of them are not signi cant.

The nuisance parameters, the normalization factors associated to the main back-
grounds and the statistical uncertainties are ranked based on their impact on the signal
strength  resulting from the t. Speci cally, the e ect of a parameter is evaluated
by performing the maximum likelihood t with the parameter value xed to its 1
variations. The shift in the resulting with respect to the nominal t is then used to
assess the importance of the parameter. This procedure is carried out individually for
each parameter included in the t. Statistical uncertainties are taken into account by
de ning one parameter per bin in all analysis regions.

The ranking of the t parameters is reported in Figure 5.32. The main uncertainty is
the one associated to thétW normalization factor, which has a 8% impact on the signal
strength measurement. The second highest uncertainty is associatedttsl modelling,
with an impact of 3%, followed by the b-tagging extrapolation uncertainty at highpy
and the muon trigger uncertainty. The highest ranked statistical uncertainty is associated
to the rst bin of the SRy distribution.

The post-t distributions in the CRs related to the variables employed in the t
are shown in Figure 5.33 and 5.34. The bottom panels display the post-t ratios of
data/MC yields, whose values are approximately 1 in each bin, therefore showing a good
agreement between the background estimates and the data. A summary of the pre-
and post-t yields in the CRs is reported in Figure 5.35. The post-t distributions in
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the Validation Regions are employed to further assess the goodness of the background
estimates resulting from the t, as can be seen from Figure 5.36. The post-t event
yields related to the di erent processes are reported in Table 5.20 and 5.21 for CRs and
VRs. Good agreement between expected event yields and data can be observed in all
regions.
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Figure 5.27: Unblinded distributions of the NN SVSB  output in the analysis SRs. The signal
prediction is normalized according to the analysis expected sensitivity. The blue hashed bands
include both statistical and systematic uncertainties. The bottom panels show the ratio between

data and background prediction.
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Figure 5.28: Distributions of the NN S¥s8 output in the analysis VRs. The signal prediction
is normalized according to the analysis expected sensitivity. The blue hashed bands include
both statistical and systematic uncertainties. The bottom panels show the ratio between data

and background prediction.
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Figure 5.29: Normalization factors resulting from the S+B t to Run 2 collision data per-
formed over all analysis regions including statistical and systematic uncertainties. The nor-
malization factors are related to the signal and to non-prompt leptons, dibosonttZ and ttwW
backgrounds. All NFs and are left free- oating in the t.
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Figure 5.30: Pulls and constraints on the theory nuisance parameters (left) and on the
instrumental nuisance parameters (right) resulting from the S+B t to the Run 2 collision
data performed over all analysis regions.
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Figure 5.31: Pulls and constraints on the muon (top) and electron (middle) PLIV as well as
on the data driven QMisID (bottom) related nuisance parameters resulting from the S+B t
to the Run 2 collision data performed over all analysis regions.
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Figure 5.32: Ranking of the t parameters resulting from the S+B t to the Run 2 collision
data performed over all analysis regions. The parameters are ranked based on their impact
on the signal strength resulting from the t. Pre- and post- t impacts are shown as empty
and lled colored bands respectively. The pulls of the parameters are also shown as black
dots with associated uncertainties. The lowerx axis label is only referred to the systematic
uncertainties, while for normalization factors and statistical uncertainties the black dots show
the parameters post- t values and associated errors.
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The NNSYSB output distributions in the analysis SRs resulting from the t are shown
in Figure 5.37, with the bottom panels displaying the ratio between data and MC ex-
pected yields. The post-t event yields in the SRs, related to the di erent processes, are
reported in Table 5.22 and summarized in Figure 5.38, where the pre-t yields in the
SRs are also shown.
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CR IntCO 3l | CR MatCO 3l | CR ttZ 3l CR VV 3|,
Four top 0 (0) 0 (0) 1.63 0.32]| 0.094 0.035
ttw 0 (0) 0 (0) 80 1.2 25.2 3.0
ttH 0 (0) 0 (0) 11 6 7 4
ttZ= 0 (0) 0 (0) 378 31 234 28
Int Conv 42 7 15 4 0.13 0.07 1.5 0.9
Diboson 0.036 0.021| 2.03 0.26 32 13 100 40
tZ 0 (0) 0 (0) 294 24| 1571 3.2
HF 0 (0) 0 (0) 1.02 0.32 7 5
HFel 0 (0) 0 (0) 0.38 0.27 8.0 3.0
Mat Conv 1.4 1.0 38 8 0.50 0.33 23 0.8
QMisID 0 (0) 0 (0) 0.19 0.14 09 04
Other 0 (0) 0 (0) 41 19 45 22
Total 44 7 5 7 504 21 590 22
Data 44 55 494 605

CR HFel TM 2ISS | CR HFel MT 2ISS | CR HFel MM 2ISS
Four top 0.071 0.019 0.042 0.016 0.036 0.012
ttw 153 1.9 6.6 0.9 27 04
ttH 47 2.2 24 1.2 1.0 05
ttz= 85 1.7 155 0.35 1.89 0.34
Int Conv 49 2.8 25 14 0.41 0.26
Diboson 109 24 3.7 11 1.7 05
HF 21 11 8.7 22 35 15
HFel 33 11 56 2.2 40 1.4
Mat Conv 43 2.3 1.6 1.3 1.4 0.4
QMisID 52 29 25 17 1.5 1.0
Other 42 05 1.63 0.18 0.61 0.09
Total 93 9 36.8 3.2 188 2.1
Data 95 32 19

CR HFmu TM 2ISS | CR HFmu MT 2ISS | CR HFmu MM 2ISS
Four top 0.11 0.04 0.068 0.032 0.047 0.018
ttw 223 28 10.3 1.3 3.7 0.6
ttH 6.9 3.4 3.7 1.8 1.5 0.7
ttZ= 126 1.9 6.3 1.0 26 05
Int Conv 0.56 0.33 1.5 0.9 0.27 0.16
Diboson 16 5 6.0 15 3.0 05
HF 80 13 20 6 123 21
HFel 1.2 07 55 2.0 1.7 0.6
Mat Conv 1.4 0.8 1.1 05 1.6 05
QMisID 0.26 0.12 05 04 0.37 0.25
Other 51 0.6 2.68 0.28 0.81 0.11
Total 146 11 58 4 278 2.6
Data 150 57 28

Table 5.20: Event yields in the CRs resulting from the t performed on Run 2 data.
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‘ ‘ VRRR ++ ‘ VRRR{ ‘VRLR ++ ‘ VRLR{ ‘

EFTtt |-0.18 0.10 0 (0) 15 08 0 (0)
EFT tt 0 (0) -0.018 0.010| 0(0) |-0.10 0.05
Fourtop | 0.30 0.07| 029 0.07 |11.0 23| 112 23
ttw 37 4 203 23 | 630 70 | 340 40
ttH 25 1.3 25 1.2 90 40 | 90 40
ttZ= 6.2 0.8 62 0.8 | 125 14 | 120 13

Int Conv 09 05 05 05 17 10 20 11
Diboson 104 3.0 114 3.0 80 22 65 18

HF 40 15 39 18 40 18 46 19
HFel 16 20 15 1.0 26 15 24 13
Mat Conv 54 26 42 1.2 34 10 26 7
QMisID 0 (0) 0 (0) 0 (0) 0 (0)
Other 6.4 09 41 0.6 63 7 45 6
Total 74 6 55 4 1110 50| 781 32
Data 78 55 1093 762

Table 5.21: Event yields in the VRs resulting from the t performed on Run 2 data.
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Figure 5.33: Post-t distributions in the analysis VYV, ttZ, IntCO and MatCO CRs of the
variables used in the t performed on Run 2 data. The blue hashed bands include both
statistical and systematic uncertainties. The bottom panels display the ratio between observed
and expected event yields, used to assess the post-t data/MC agreement.
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Figure 5.34. Post-t distributions in the analysis HF -CRs of the variables used in the t
performed on Run 2 data. The blue hashed bands include both statistical and systematic
uncertainties. The bottom panels display the ratio between observed and expected event yields,
used to assess the post-t data/MC agreement.
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Figure 5.35: Summary of the pre- t and post- t data and MC yields in the analysis CRs. The
post-t yields are related to the t performed on Run 2 data. The blue hashed bands include
both statistical and systematic uncertainties. The bottom panels display the ratio between
data and MC vyields.
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Figure 5.36: Post-t distributions in the analysis VRs. The t has been performed on Run
2 data events over all SRs and CRs. The blue hashed bands include both statistical and
systematic uncertainties. The bottom panels display the ratio between observed and expected

event yields, used to assess the post- t data/MC agreement.
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Figure 5.37: Post-t distributions of the NN S¥SB output in the analysis SRs. The signal is
normalized according to the analysis expected sensitivity. The t is performed on Run 2 data.
The blue hashed bands include both statistical and systematic uncertainties. The bottom
panels show the ratio between data and MC yields.

No signi cant deviation with respect to SM predictions is found in the SRs, therefore
a 95% con dence level upper limit on the same-sign top signal production cross section
times Branching Ratio is evaluated using theCLs method. The observed(expected)
upper limit is:
(tt + tt) BR < 0:86(134%%) fb at 95% CL. (5.11)
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| | SRer ++ | SRer{ |SRwr ++ | SRk { |
EFT tt 43 23 0 (0) 33 18| 0(0)
EFT tt 0() |-019 010/ 0() |-0.08 0.05
Fourtop |0.73 0.16| 0.70 0.17| 42 0.9 41 09
ttw 122 14 68 8 113 13 59 7
ttH 14 7 14 6 17 9 17 8
ttZ= 254 27| 242 28 |194 17| 190 1.8
Int Conv 25 1.4 26 1.5 1.8 11 25 1.4
Diboson 22 6 19 5 75 22| 51 15
HF 12 4 13 6 55 21 51 1.9
HFel 41 21 6 4 2.7 1.2 4.1 3.2
Mat Conv | 7.3 2.3 55 15 2.7 0.8 33 1.2
QMisID <104 <104 <104 <104
Other 199 30| 130 19 | 95 13 75 1.4
Total 225 10 167 6 181 9 126 6
Data 230 162 181 123

Table 5.22: Event yields in the SRs resulting from the t performed on Run 2 data.

5.8.1 Limits on SMEFT parameters

Upper limits on SMEFT Wilson Coe cients are evaluated using di erent EFT bench-
marks among the ones obtained through the reweighting procedure applied on ttie
and tt nominal samples, as reported in Section 5.1. Dierent signal assumptions are
employed, corresponding to di erent values associated to the Wilson Coe cientsgg,
c® and . The EFT benchmarks where only one of the three considered operators
is responsible for the production of same-sign top pairs within the theory are employed,
since the resulting limits on the signal cross section can be directly reinterpreted as lim-
its on the associated Wilson Coe cients, following the EFT parametrization reported
in eq(3.4). The resulting upper limits at 95% CL on the cross section times Branching
Ratio are shown in Table 5.23. The limits associated &2 and O are comparable,
due to the kinematic similarity of signal events originating from the twd_LR operators.

The cross section limits reported in Table 5.23 correspond to individual limits on the
three EFT operators reported in Table 5.24.

This is the rst search for same-sign top pairs carried out using the SMEFT and
proton-proton collision data at™ s = 13 TeV. The resulting limit on the same-sign top
pairs production cross section exhibits a signi cant improvement with respect to the
most recent limits measured in analyses carried out by the ATLAS and CMS Collabora-

tions [57, 64, 67]. Speci cally, the limit on same-sign top pairs production cross section
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Figure 5.38: Summary of the pre- t and post- t data and MC yields in the analysis SRs. The
post-t yields are related to the t performed on Run 2 data. The blue hashed bands include

both statistical and systematic uncertainties. The bottom panels display the ratio between
data and MC yields.

is improved by a factor of 10 with respect to the latest ATLAS analysis targeting
the same process [64]. This analysis resulted ifuu !  tt) = 89 fb, as reported in
Section 3.2, which corresponds to(uu ! tt) BR =9:35 fb to be compared with the
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Cross section| observed upper limit| expected upper limit

BR at 95% CL (fb) at 95% CL (fb)
RR | 0:82 | 1:21%52,
& | 0:91 | 1:46'9:%7
) | 0:93 | 1:48'972

Table 5.23: Observed and expected upper limits (with 1 variations) at 95% CL on same-
sign top pairs production cross section times Branching Ratio related to three EFT operators
considered in the analysis.

Wilson observed upper limit | expected upper limit

Coe cient | at 95% CL (TeV=) 2 | at 95% CL (TeV=) ?
CRR | 0:005 | 0:006%:5}
SR 0:015 | 0:019°9;994
S 0:031 | 0:040°9:9%°

Table 5.24: Observed and expected upper limits (with 1 variations) at 95% CL on the
Wilson Coe cients in units of (TeV =) 2 related to three EFT operators considered in the
analysis.

0:86 fb limit resulting from the analysis reported in this thesis. Half of the improvement
factor stems from the increase in the luminosity (from 3@ fb * to 140 fb 1), while the
other half is associated to the improvement in the analysis sensitivity.

The individual limits placed on the Wilson Coe cients related to the four-fermion
operators reported in Table 5.24 are more stringent with respect to the ones resulting
from previous same-sign top searches carried out using the SMEFT, as reported in Sec-
tion 3.2. However, a di erent basis related to the EFT model has been employed in this
analysis. Therefore a direct comparison between the resulting limits on the WCs should
be treated with caution.

Since at the present time the EFT basis employed in this analysis is widely used to
perform EFT individual reinterpretation measurements as well as EFT global ts, the
limits on the WCs derived in this analysis might be combined with other measurements
in global EFT ts in the future.
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Conclusions

The Standard Model E ective Field Theory (SMEFT) provides an excellent framework
to search for new physics at the LHC by keeping a model independent approach. The
SMEFT is a powerful tool to be employed in the interpretation of possible deviations
with respect to Standard Model predictions, that might be observed not only in precision
SM measurements but also in new physics searches. This is the case for same-sign top
pairs production, a process that is highly suppressed by the SM theory, but allowed
within the SMEFT via a four-fermion pointlike interaction.

A search for same-sign top quark pairs produced according to the SMEFT has been
presented in this thesis. The analysis has been carried out within the ATLAS Collabo-
ration using collision data at a center-of-mass energy 8f§ = 13 TeV, collected by the
detector during the second run of the Large Hadron Collider (LHC) corresponding to an
integrated luminosity of 140 fb 1.

The signal associated to same-sign top pairs production is searched in the dilepton
channel, with the top quarks decaying leptonically via the proceds! W*b! "% b.
Three dierent EFT operators that can generate same-sign top quark pairs, namely
Okgr, O(Lng, and O(LSFE, are considered in the analysis and the Warsaw basis is used for
the operators de nition. The nal state signature associated with the searched signal
is composed of a pair of high-transverse momentum same-sign leptons anets. This
signature is rarely produced in Standard Model processes. Nevertheless, backgrounds
may arise from detector ine ciencies, as well as from the mis-reconstruction of physics
objects, and are accurately estimated in the analysis.

Several mutually exclusive analysis regions are de ned in order to be enriched in either
signal or background events. A preliminary selection of events that exhibit characteristics
consistent with the signal is performed, imposing strict requirements on thetagging
of jets and the isolation of the two same-sign leptons. A rst Deep Neural Network
(DNN) is trained using the events that satisfy these requirements to build separate Signal
Regions, enriched in same-sign top quark events resulting from di erent EFT operators.
The de ned Signal Regions are then further split based on the charge of the same-
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sign leptons, and a second DNN is trained to perform signal-background discrimination
within each individual region. An additional selection requirement is imposed on signal-
like events, based on the azimuthal distance between the same-sign leptons, *;(), to
increase the purity of the de ned Signal Regions and to build Validation Regions that
are used to validate the background estimates resulting from the statistical analysis.

The expected background contributions to the selected event samples are estimated
employing di erent techniques, combining both simulation and data. Di erent Control
Regions are de ned in order to be enriched in speci ¢ background processes while having
an expected negligible contamination from signal events. The extraction of the signal and
of the estimates related to the main expected backgrounds, such ¢/, ttZ, diboson
and non-prompt leptons, are simultaneously performed through a statistical maximum
likelihood t on the full Run 2 dataset. Various sources of systematic uncertainties
a ecting the measurement are taken into account in the analysis.

No signi cant excess with respect to the Standard Model predictions is observed,
therefore upper limits on the signal production cross section and on the Wilson Coe -
cients associated to the considered EFT operators are derived. The observed upper limit
at 95% of con dence level on same-sign top pairs production cross section times Branch-
ing Ratio is 0:86 fb. This result exhibits a factor of 10 of improvement with respect
to the latest same-sign top pairs search carried out by the ATLAS Collaboration [64].

The observed upper limits on the Wilson Coe cients related to the three four-fermion
operators considered in the analysis areckgg ~ 0:005, c(LlFl 0:015 and c(Lng 0:031
([TeV=] ?). These limits can be combined with other measurements in global EFT ts,
which may be carried out within and outside the ATLAS Collaboration. Furthermore,
due to the model independent approach of the Standard Model E ective Field Theory,
the results obtained in this analysis might be reinterpreted using di erent BSM theories.

This is the rst search for same-sign top quark pairs carried out within the ATLAS
Collaboration using the SMEFT and proton-proton collision data atp s=13 TeV.
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Appendix A

Search for heavy Higgs bosons from
a g2HDM in multilepton plus bjets
nal states

Researchers belonging to the team that carried out the analysis presented in Chapter 5
also contributed to another analysis within the ATLAS Collaboration titled \Search for
heavy Higgs bosons from a g2HDM in multilepton plub-jets nal states in pp collisions

at 13 TeV with the ATLAS detector” [120], summarized in this Appendix.

| contributed to the analysis by performing some studies related to the same-sign top
signal production, which is one among the several targeted BSM processes, as reported in
Section A.2. | also evaluated the product of acceptance times e ciency for all searched
production modes and signal regions.

The general Two Higgs Doublet Modglg2HDM) search shares several features with
the analysis presented in the main body of this document and has been employed as
a reference for the SMEFT same-sign top quark pairs search for developing the global
analysis strategy.

A.1 The general Two Higgs Doublet Model (g2HDM)

Among the many di erent BSM theories formulated, several are based on an extension
of the SM Higgs sector by the addition of a second complex Higgs doublet. These
models are referred as Two Higgs Doublet Models (2HDMs) [121, 122]. The addition of
a new scalar doublet in the theory gives rise to new particles. Speci cally, ve massive
particles result from the SM SSB: two CP-even scalar particleds and H, one CP-odd
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pseudo-scalaiA and two charged scalar particlesd . The two elds associate to the
scalar neutral particles are expected to mix. However, precise measurements of the SM
Higgs boson proprieties carried out using LHC collision data show no deviations with
respect to SM predictions, forcing the extra scalar particle arising from the 2HDM to be
either very heavy or to have a vanishingly small mixing with the SM Higgs boson [35].
These two assumptions are referred akecoupling limit and alignment limit respectively.
Analyses working with 2HDMs are usually carried out imposing a discre#® symmetry

on the model. Following this additional assumption, avor changing neutral current
(FCNC) processes mediated by the scalar bosons are forbidden. On the other hand, if
no additional requirements are placed on the 2HDM, the alignment limit is naturally
reached and the BSM scalar particles can give rise to FCNC processes with thecalar
preserving its SM-like nature instead [60]. This model is referred ageneral 2HDM
(g2HDM).

A.2 Summary of the g2HMD search

The analysis summarized in this section is a search for events originating by several
processes involving a BSM scalar particlel from a g2HDM. The analysis is carried
out using LHC proton-proton collision data at™ s = 13 TeV collected by the ATLAS
detector during the Run 2, corresponding to an integrated luminosity of 139 fb.

Final state signatures associated to the BSM processes shown in Figure A.1 are
searched in the analysis. Speci cally, the processes considered in the analysis #re:
ttq, ttt(ttt), tttq(tttq) and tttt.

Several Signal Regions are de ned in the analysis related to the multi-lepton and
multi b-jet nal states generated by the processes reported in Figure A.1.

After performing a preselection on the events, the search strategy is de ned based on
two DNNs. One rst NN is employed to categorize di erent signal processes in mutually
exclusive Signal Regions. Speci cally, categories associated to nal states with either 2
same-sign leptons or 3 leptons are de ned. Separate categories are de ned for the ve
BSM process considered and based on the lepton charge associated to the same-sign
lepton pair in the event (++ or ). One last category is de ned related to events
with 4 leptons originating from tttt. Each de ned category acts as a Signal Region in
the analysis, for a total number of 17 SRs. A summary of the Signal Regions selection
requirements is presented in Table A.1. It can be noticed that the'3S regions share
common requirements with respect to the Signal Regions de ned for the SMEFT same-
sign top pairs search presented in the main body of this work (see Section 5.4). The
lepton categories de ned in Section 5.2.3 are employed here as well.
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Figure A.1:

(b)

(d)

(e)

()

Signal diagrams for the production and decay modes of the heavy scalar consid-

ered in the analysis. The couplings of the heavyH with SM particles are shown as well.

Lepton category H 2SS ‘ 3 4

Lepton de nition (T;T) with  1bjetat 60% WP jj | (L;T;M) with 1bjetat 60% WP jj (LLLL)
(T;M) with 2 bjet at 77% WP (L;M; M ) with 2 bjet at 77% WP

Lepton pr [GeV] (20, 20) (10, 20, 20) (10, 10, 10, 10)

m9S SF [GeV] { >12

jm93 SF mj [GeV] { >10

Njets 2

Np jets lbjetat 60%jj 2bjetat 77%

Region split (sstt, ttq, ttt, tttq, ttt) (Q*:Q ) (ttt, tttq, tttt) (Q*;Q) {

Region naming 2° SS ++ CAT sstt 3" ++ CAT tit L

2° SS ++ CAT ttq
2" SS ++ CAT tit

2" SS ++ CAT tttq
2° SS ++ CAT tttt
2°SS CAT sstt
2°Sss CAT ttq
2°'SS CAT ttt
2°'SS CAT tttq
2° SS CAT tttt

3 ++ CAT tttq
3" ++ CAT tttt

3
3
3

CAT ttt

CAT tttq

CAT tttt

Table A.1:
search.
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The background estimation is carried out following the same strategy employed for
the SMEFT same-sign top pairs search, therefore a detailed description of the procedure
has been already outlined in Section 5.5.

The extraction of the signal yields, and of the yields related to the background pro-
cesses estimated in Control Regions, is performed through a maximum likelihood method,
similarly to what has been reported in Section 5.7. One signal strength parameter is as-
sociated to all the signal processes. A summary of the post-t results in SRs and CRs
is shown in Figure A.2. No signi cant excess with respect to SM prediction has been
found. Consequently, exclusion limits at 95% con dence level are placed on the g2HDM
parameters. Speci cally, exclusion limits have been placed on the mass value of the
BSM H scalar boson, as shown in Figure A.3 for di erent coupling scenarios, and on the
g2HDM couplings, as reported in Figure A.4.
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(b)

Figure A.2: Comparison between data and the background prediction for the event yields in
(a) the 17 Signal Regions and (b) the 10 Control Regions. The total background prediction
before the likelihood t to data is shown as a dashed blue histogram in the top panels. The
ratio of the data to the total prediction is shown in the bottom panels, separately for post- t
(black points) and pre- t background (dashed blue line).
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Figure A.3: Observed and expected exclusion limits at 95% CL on the heavy Higgs boson
mass for the g2HDM signal model for di erent couplings benchmarks. The yellow and green
bands around the expected limit are respectively the 1 and 2 variations including all
uncertainties. The predicted signal production cross section is shown as a red line. The
production cross section is the sum of the ve signal processes considered in the search.
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Figure A.4. Observed (solid line) and expected (dashed line) exclusion limits at 95% CL on
the heavy Higgs boson mass for the g2HDM as a function of the couplings under di erent signal
benchmarks.
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Appendix B

Muon reconstruction e ciency and
momentum calibration

Several physics analyses carried out by the ATLAS Collaboration, such as the one re-
ported in this document, target nal states involving muons. An accurate reconstruction
and identi cation of muon candidates is therefore required for the Collaboration physics
program to advance. Analyses targeting nal states with muons rely on precise identi -
cation of candidates based on the measured tracks in the various ATLAS subdetectors.
This is achieved thanks to the high level detector performance as well as through the
implementation of thorough reconstruction and identi cation algorithms, as reported in
Section 5.2. A correct calibration of the muon transverse momentum is also required to
maximize the precision of physics measurements.

In the following section, the procedure adopted during the LHC Run 2 to measure
the muon reconstruction and identi cation e ciency is outlined [97], with a speci ¢ focus
on the lowr regime, where the background contamination coming from hadrons decay
is higher.

The calibration of muon momentum is described in Section B.2, focusing on the
determination and of scale and resolution corrections [109].

B.1 Muon reconstruction e ciency studies

The evaluation of muon reconstruction e ciencies is performed in thg j < 2:5 region,
where muon detection is carried out independently in the ID and the MSthrough the

1The acronyms associated to the ATLAS subdetectors and to the di erent muon types de ned in
Chapter 4 and Section 5.2 will be used in this Appendix.
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\tag-and-probe" method?. Z ! and J= ! 3 events are employed to evaluate
the e ciencies in di erent pr regimes with collision data and simulated events. E ciency
scale factors (SFs) are then derived based on the resulting e ciencies and applied to
simulations in physics analyses, to match the muon reconstruction performance observed
on collision data.

B.1.1 The tag-and-probe method

The tag-and-probe method is based on dimuon events resulting from the decayoénd

J= resonances. One of the two muons is required to trigger the online event selection
and to satisfy stringent identi cation criteria. This muon is referred astag. The other
muon candidate in the event, callegprobe is employed to determine the e ciency of a
given reconstruction algorithm or identi cation Working Point selection among the ones
reported in Section 5.2.1. Several types of probes are de ned as muons reconstructed
from a speci c subdetector and used to determine the e ciencies related to another
independent subsystem (e.g. muon probes reconstructed using information from the MS
are employed to evaluate the reconstruction e ciency related to the ID, and viceversa).
Muon reconstruction and identi cation e ciencies are determined using the following
probe types:

~

ID probes, de ned as ID tracks and employed to measure the reconstruction e -
ciency related to the MS or to speci ¢ identi cation WPs.

MS probes, de ned as ME tracks and used to determine the ID reconstruction
e ciency.

CT probes, de ned as ID tracks that also satisfy the calo-tagging requirements.
These probes are used to measure the reconstruction e ciency related to the MS
and to the identi cation WPs.

ST probes, de ned as ID tracks also satisfying the segment-tagging requirements.
As the ID and CT probes, these are employed to measure the reconstruction e -
ciency related to the MS and to speci c identi cation WPs.

Two-track probes, de ned as MS tracks within R = 0:05 of an ID track. These
probes are employed to measure the ID and MS combined e ciency in !
events and to determine the reconstruction e ciency for identi cation WPs.

2A di erent technique is implemented to evaluate muon reconstruction and identi cation e ciencies
in the 2.5< j j< 2:7 region, as reported in [97]
3The electric charges of the two muons are from now on omitted for simplicity.
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Starting from the selected tag-and-probe muon pairs, the reconstruction e ciency of a
given WP or subsystemX is evaluated as the ratio of the number of probeB matched
to X to the total number of selected probes:

N

XiP) =

(B.1)

A probe muon is de ned as matched if a reconstructed muon candidate identi ed with
the algorithm of interest is found within a R = 0:05 cone around the probe track. The
number of probesNp is evaluated in data samples after subtracting background events,
following the procedure reported in Section B.1.2 fod= events. Since both the tag
and probe are required to be prompt muons in the simulated samples, no background
subtraction is required for MC events. The agreement between the muon reconstruction
e ciencies evaluated using collision data and MC events,(X jP)P3 and (XjP)MC is
assessed through the e ciency scale factor, de ned as:

(XjP)Data

> e

(B.2)
SFs are evaluated for all the muon identi cation WPs de ned in Section 5.2.1 and em-
ployed in physics analyses to correct the simulation.

B.1.2 Muon reconstruction e ciency with J= events

While Z ! events are employed for the determination of muon reconstruction
e ciencies for probes with pr > 10 GeV,J= tag and probe events are used to target
the low-pr region between 3 and 20 GeV. The tag muon is required to beTgght muon
with pr > 6 GeV, while the probe is required to haveyr > 3 GeV and is de ned as
matched if a selected muon is found within R = 0:05 from the probe track. Additional
selection criteria are placed on the di erence between the longitudinal impact parameters
of the tag and probe muongzl z§j < 5 mm as well as on the invariant mass of the
dimuon systemm , that is required to be in the 27 3:5 GeV window.

The muon reconstruction and identi cation e ciency is de ned for the di erent WPs
(X = Loose, Medium, Tight and Low-pr) using conditional probabilities and di erent
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probe types [123, 124]:

(X)= (XjID) (IDjMS)

(X jST) . :
= &%) (STjID) (ID jMS) (B.3)
= % (STjIDACTIif pr > 5GeV) (IDjMS)

The rst line in eq.(B.3) shows the elementary expression for the e ciency evaluation,
based on the independence of ID and MS track measurements. Segment-tagged (ST)
probes are used instead of ID probes in the second line to better deal with the high
background contribution at lowpr values, that causes a drop in the ID probes purity.
To exploit the e ciency based on ST probes (X|jST), the e ciency related to the
selection of ST probes(STjID ) has to be taken into account as well. Since CT probes
have lower background contamination with respect to ID probes, they are employed as
a substitute to ID for pr > 5 GeV (CT probes are not de ned below this threshold),
as reported in the third line of eq.(B.3). All e ciency terms in eq.(B.3) are evaluated
separately using tag and probe samples, according to eq.(B.1).

In order to get the e ciency from collision data events by taking also into account the
background contamination, a simultaneous maximum-likelihood t is performed on the
invariant mass distribution of the dimuon system in probe and matched events (where
the probe has been matched to a muon candidate). The signal peak is modelled following
a Crystal Ball function, while a second, third or fourth order polynomial function is used
to model the background. Speci cally, the polynomial resulting in the best 2=Ng
value is employed. An example of the simultaneous t result related to théow- pr
cut-based WP is reported in Figure B.1, for ST probes with % pt < 3:5 GeV and

1.3< < 1.05.

B.1.3 Systematic uncertainties

Several di erent sources of systematic uncertainties a ecting the evaluation of the re-
construction e ciencies with J= ! events, and therefore the determination of
the SFs, are taken into account. An uncertainty related to possible biases introduced
by the tag-and-probe method is de ned as half of the observed di erence between the
measured MC reconstruction e ciency and the fraction of generator-level muons that
are successfully reconstructed.

Another source of systematic uncertainty is taken into account related to the probe-
matching procedure. This uncertainty is de ned as the di erence between the fraction
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Figure B.1: Fit on the invariant mass distribution of the tag and probe muon pair for ST
probes with 3<pt < 35 GeVand 13< < 1.05. The tis performed on probe muons
on the left and on probes matched to thelow- pr cut-based WP on the right. The function
resulting from the tis reported as a red line, while the background-only component is showed
as a dashed blue line. The bottom panels show the ratio of the data to the t result.
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of matched probes and the fraction of probe tracks that were reconstructed successfully
as muons.

Finally, a systematic uncertainty related to possible biases introduced by the tting
procedure is taken into account. This uncertainty is estimated through the generation of
pseudo-data samples built to mimic the background contribution observed in real data.
Each pseudo-data sample is built by generating background-like events following the t
function related to the background resulting from the t on real data. These background-
like events are then injected into the invariant mass distribution of simulated events. The
simultaneous t is then performed on the pseudo-data probe and matched samples to get
the reconstruction e ciency. The di erence between the e ciencies obtained from the
MC (as the ratio of the number of matched events to total number of probes) and from the
pseudo-data t is taken as the systematic uncertainty related to the t procedure. The
contributions to the reconstruction e ciency SFs associated to the di erent systematic
uncertainties are reported in Figure B.2 for ST probes matched tow- pr muons. The
main contribution comes from the t model related systematic.

Figure B.2: Relative contribution of the di erent systematic uncertainties to the reconstruc-
tion e ciency SFs for ST probes matched to low- pr muons inJ= ! events as a function
of and pr. The total uncertainty on the SF values is obtained from the sum in quadrature
of all the di erent contributions.
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B.1.4 Results

Muon reconstruction and identi cation e ciencies obtained from J= ! data col-
lected by the ATLAS detector during LHC Run 2 and from simulated samples are re-
ported in Figure B.3 for the Loose, Mediumand Tight WPs as a function ofpr. The
associated scale factors are reported in the bottom panel of the same gure and are
consistent with one throughout the whole momentum range, except belqwy =5 GeV,

where muons do not have enough energy to cross the calorimeters and reach the second

station pf precision chambers in the MS.

Figure B.3: Muon reconstruction and identi cation e ciencies for Loose, Mediumand Tight
muons fromJ= ! events as a function ofpr. The scale factors are reported in the bottom

panel.

Reconstruction e ciencies and associated SFs fadrowr muons are reported in Fig-
ure B.4, for both the cut-based and the MVA-based WP de nitions, with the associated
scale factors reported in the bottom panels. The two di erent WP de nitions result in
a similar performance fomp; > 10 GeV, while the MVA-based WP exhibits lower uncer-
tainties with respect to the cut-based one at lowpr values, due to the better rejection
of non prompt muon candidates.
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Figure B.4: Muon reconstruction and identi cation e ciency for Low-pr muons with J= !
events as a function of and py. The associated SFs are reported in the bottom panels.

B.2 Muon momentum calibration

Together with muon reconstruction and identi cation scale factors, corrections are also
derived on the muon momentum scale and resolution and then employed in physics
analyses. The procedure employed for the evaluation and validation of these corrections
is referred as muon momentum calibration. Charge dependent biases related to residual
unknown misalignment in the detector are derived from MC simulation oZ !

decays and applied to collision data events, as reported in Section B.2.1. Scale and
resolution corrections on muon momentum measurements are instead derived fidnh

andJ= ! data events and then applied to simulations, following the procedure
described in Section B.2.2. The derived corrections are validated usiag ! ,
J= and ! events by assessing the post-correction agreement between

data and MC predictions.

Only dimuon events satisfying speci ¢ selection criteria are employed to derive and
validate the corrections. Both muons are required to be CB muons satisfying tiedium
WP selection criteria. Other requirements are placed on the longitudinal and transverse
impact parameters ¢, and do respectively): el < 3 andjzesin j < 0:5 mm, with  (do)
being the uncertainty ondy. The leading muon and the invariant mass of the dimuon
system inZ ! events are required to satisfypr > 27 GeV and 70< m < 130
GeV.InJ= | and ! events, both muons are required to havpr > 6:25
GeV. Only events with 26 <m < 35 GeV and 7<m < 14 GeV are selected in

J= and decays respectively.
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B.2.1 Charge dependent corrections

Charge dependent biases in the measurement of muon momentum can be caused by
residual e ects linked to the ID and MS subdetectors misalignment, even after applying
dedicated alignment procedures. The charge dependent biads estimated usingZ !

events and it is de ned following the approximation:

g=Jdeq (B.4)

P p
with g being the muon electric charge ang (p) being the (biased) muon momentum.
The momentum bias has an e ect on the invariant mass of the dimuon system as well.
The biasedm* can be expressed as:
m2
m? = - (B.5)
1+ spr 1 sp;

wherep; and p; are the transverse momenta of the positive and negative muon respec-
tively. Eq.(B.5), under the assumption of s being small, can be approximated as:

m?> =m*> 1+ s(; Ipr (5 dpr (B.6)

where the bias has been parametrized as a function of () to minimize angular cor-
relations between the two muons. Specically, a grid of equally-sized 4848

detector regions is employed. Since the charge dependent bias a ects the resolution of
the m peak, it can be estimated by minimizing the variance of the invariant mass
distribution in Z decays. Speci cally, an iterative procedure is employed to derive the
correction. The biases’}( ; ) are obtained from minimizing the variance of them

distributions in Z ! events. The estimate is then employed to correct the muon
transverse momentum in data, according to:
P
pr=—% (B.7)
1 gs(; )pr

The corrected transverse momentum is then used to obtain an updated distribution.
This procedure is applied iteratively until the ¢ values from two successive iterations
di er by less than 0:1%.

The charge dependent corrections derived for the LHC Run 2 dataset are reported
in Figure B.5 for CB muons.

133



Figure B.5: Charge dependent bias on muorpr evaluated for CB muons after applying the
alignment procedures in Run 2 data for the di erent data taking years. The corrections have
been derived usingZ ! events.
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B.2.2 Scale and resolution corrections

Corrections on the muon transverse momenta measurements are derived based on sim-
ulated Z ! and J= ! events according to the following muon momentum
calibration procedure, carried out after applying the charge dependent bias described in
the previous section to collision data. Corrections are derived for CB muons, but also
separately for the transverse momenta associated to muon tracks in the ID and in the
MS, according to the following expression:

: P e D
MC ;Det 1 Det 7 . MC ;Det
Cor: pT + n=0 Sne ( ’ ) pT
or;Det _ . B.8
Pr - 2 mc:pet M 1 (B.8)
1+ Lo G ) pr Om
Cor,Det MC;Det
wherep; and py are the corrected and uncorrected muon transverse momenta

MC;Det

respectively, with p; measured using simulated events. Random variables normally
distributed with zero mean and unit width are referred ag, in eq.(B.8). The transverse
momentum is corrected separately fobet = CB, ID, MS. Both scale sP® and smearing

r2et corrections on the transverse momentum are derived in detector regions
homogeneous in performance.

Scale correctionsP® on the transverse momentum are derived based on the numera-
tor of eq.(B.8). Inaccuracies in the simulation of the muon energy loss in the calorimeter
as well as in other detector materials are embedded into tisg®' term. Since the energy
loss in the ID is negligible s5®* is set to zero forDet = ID. Inaccuracies in the description
of the magnetic eld and of the geometry of the detector in the transverse plane with
respect to the magnetic eld direction are taken into account with thes?®' term.

The denominator of eq.(B.8) is instead related to corrections on the smearing of the
muon transverse momentum, based on the following parametrization of the momentum

resolution:
(pr)

oy TP T T2 pr (B.9)
with  being the sum in quadrature. The rst term in eq.(B.9) is related to uctuations
of the muon energy loss in the transversed detector material. Since these uctuations
have a negligible impact on the momentum resolution in the range related ¥ and J=
selected events, the corresponding termr{® in eq.(B.8) is set to zero. Uncertainties on
the modelling of the magnetic eld and its inhomogeneities may a ect the momentum
resolution. These e ects, together with the multiple scattering, are taken into account
with the second term of eq.(B.9), corresponding to rP®t. The last term in the expression

is related to residual misalignment in the detector and to the spatial resolution of the
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hit measurements. This corresponds to the r2¢ term in eq.(B.8).

Determination of scale and smearing corrections

Scale and smearing corrections for ID, MS and CB tracks are extracted from data by
comparing the dimuon invariant mass distributionm in data and MC events. A ton

m is performed in two mutually exclusivepr regions forZ and J= events, to enhance
sensitivity to pr dependent e ects. Speci cally, the transverse momentum of the leading
muon is used to de ne the regions related to th& resonance as 2& p'ad < 50 GeV
and pgad > 50 GeV, while the subleading muomp; is instead employed to de ne thel=
related regions as 8 < p$'Pead < 9 GeV andps“P'*ad > 9 GeV. Di erent detector

regions are employed to extract the corrections.

Firstly, background contributions in Z and J= events are estimated and added to
the simulated signal templates. The background related t@ ! events is extracted
from dedicated simulations. A data-driven method is instead employed i !
events due to the complexity of the simulation for the associated background processes.
Speci cally, a tis performed on J= data events using a Crystal Ball and an exponential
function to model the signal and the background respectively. The background model is
nally added to the simulated signal templates following the t result.

Scale and smearing corrections are then determined through an iterative procedure,
where the corrections values are updated to gain the best match between the data
distributions and the simulated templates. Speci cally, in each iteration corrections are
applied on the muonp; in MC events, then a binned 2 minimization is performed
to compare data and simulation, resulting in updated values of the corrections. The
procedure is repeated for 16 iteration, to ensure convergence. The averages of the last
ve iterations results are taken as nal scale and smearing corrections.

Several sources of systematic uncertainties are taken into account, related to the
modelling of theZ decay and to the choice of the twgr regions as well as of the mass
windows and the binning of the invariant mass distributions for theZ and J= res-
onances. A dedicated systematic uncertainty related to the background modelling for
J= events has been evaluated. Furthermore, the tting procedure has been performed
by only employingZ or J= events to evaluate the uncertainty related to the extrapola-
tion of the correction values topy regions that are not dominated by the events related
to the resonance considered.
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Results and validation

The scale and smearing corrections derived following the procedure described in the

previous section are validated using ! and J= ! events within ner
detector regions. Furthermore, ! events, that are not used to derive the

corrections, are employed as well in the validation as an independent sample.

The validation is performed by comparing the invariant mass distributionsn  re-
sulting from data and corrected simulation, since muon momentum scale and resolution
are directly linked to the measurement of the dimuon system invariant mass and
its resolution (m ), under the assumptions of negligible angular e ects and similar
momentum resolution for both muons. Speci cally, the relative mass resolution is pro-
portional to the relative momentum resolution as

1 p
— = p=— B.10
m 2p (19

while muon momentum scales = h(p™2s  p™® ) =g"® i is related to the dimuon mass
scales = mmeas miue =mtrue  gg

5 (B.11)

The invariant mass distributions of the dimuon system obtained from data and from
the corrected simulation are therefore compared to assess the goodness of the extracted
momentum corrections, as it can be seen in Figure B.6 far, J= and . For all the
considered resonances, the shapes of the peaks resulting from the corrected simulation
(with the addition of background estimates) agree with the ones resulting from data
within the statistical and systematic uncertainties, proving the e ectiveness of the muon
momentum calibration.

The assessment of the goodness of momentum corrections is also performed through
the comparison of the mean and width values related to the dimuon mass distributions
in data and in the corrected simulation. To extract those values, a t is performed on
m usingJ= , and Z events. The modelling of signal and background contributions
has been separately optimised for each resonance.

The ton J= ! events is performed in a di erent mass window with respect
to the one used to extract the momentum corrections. Speci cally, only events with
28<m < 39 GeV are considered, with the lower threshold increased to remove the
spectrum related to trigger turn-on e ects and the higher threshold increased to contain
also the (2S) resonance in the distribution. Two double-sided Crystal Ball functions are
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Figure B.6: Invariant mass distributions of the dimuon system in J= , and Z events.
Both muons in the system are reconstructed as CB. The data events are shown as black dots
while the MC signal simulation, corrected following the results of the momentum calibration,

is reported together with the added background estimate as a continuous red line. The bottom
panels show the data to MC ratios with related uncertainties.
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employed in the tto model the J= and (2S) peaks. All t parameters related to the
two peaks are left free oating when tting MC events, except the width of the (2S),
which is constrained to scale linearly with respect to the width of the main resonance
peak. When performing the t on collision data, the eight parameters related to the
Crystal Ball tails are xed to the values resulting from the simulation. An exponential
function is also added to the t model to account for background events in the data
distribution.

A similar procedure is employed when tting ! events, taking also into
account the (2 S) ans (3 S) resonances in the invariant mass window:8< m <
11 GeV. Three double-sided Crystal Ball functions are employed to model the three
resonances’ peaks, with all the related parameters left free oating when tting MC
events. The widths of the & and 2S resonances are however constrained to scale linearly
with respect to the widths of the IS and 2S peaks respectively. In the data t, a
polynomial function is added to the model to account for background events, and all
parameters related to the tails of the resonances' peaks are xed to the values resulting
from the MC t.

InZ ! events, the resonance peak is modelled with a double-sided Crystal Ball
function convoluted with a Breit-Wigner function, to account for both the experimental
resolution and the natural width of the resonance, that is instead negligible = and
decays. The invariant mass distribution in the 75< m < 105 GeV window is used. All
parameters are left free oating when tting simulated events and the resulting values
related to the parameters modelling the resonance tails are used as xed values in the
data t. Background events are modelled following an exponential function in the data
distribution.

The mean and widthm and (m ) values related to theJ= , and Z resonance
peaks resulting from data and corrected simulation are compared to validate the muon
momentum corrections, as reported in Figures B.7,B.8 and B.9 for CB muon tracks. For
all three resonances it can be seen that the values obtained from data and corrected
simulation are in agreement within the statistical and systematic errors. Speci cally,
the resulting mean valuesm as a function of the leading muon show deviations of
0:05% in the barrel detector region for all resonances. These deviations increase in the
detector end-caps up to 5%, 01% and 01% forJ= , and Z events respectively.
The dimuon invariant mass width values (m ) resulting from data and MC show
agreement as well, with a deterioration of the resolution exhibited going from the barrel
to the end-cap detector regions for all resonances.
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Figure B.7: Mean and width values resulting from the t on data and corrected simulation
using CB muons inJ= ! events. The values are shown as a function of the pseudorapidity
of the leading muon with associated errors. The bottom panels show data/MC ratio.

Figure B.8: Mean and width values resulting from the t on data and corrected simulation
using CB muons in ! events. The values are shown as a function of the pseudorapidity
of the leading muon with associated errors. The bottom panels show data/MC ratio.
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Figure B.9: Mean and width values resulting from the t on data and corrected simulation
using CB muons inZ ! events. The values are shown as a function of the pseudorapidity
of the leading muon with associated errors. The bottom panels show data/MC ratio.
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Appendix C

Validation of the EFT reweighting

The reweighting procedure applied to the signal samples employed in the analysis, as
reported in Section 5.1, has been validated using ttie nominal sample and additional
samples generated assuming di erent WC values for the three operators taken into ac-
count in the analysis: Ogrg, O(Lng and O(Lng. Speci cally, for each additional sample, the
reweighting validation has been performed by comparing the resulting kinematic distri-
butions associated to same-sign top events with the same distributions resulting from
the nominal sample after applying the weights related to the matching EFT assumption.
The validation has been performed both atruth- and reco-level The WC values related

to the additional samples employed are reported in Table C.1.

Figures C.1,C.2,C.3,C4,C5,C.6,C.7,C.8, C.9, C.10, C.13,C.14,C.11 and C.12
show the reweighting validation results atruth-level, while the validation plots at reco-
level are reported in Figure C.15, C.16 and C.17. No signi cant discrepancy has been
observed between the compared distributions on both levels.

CrRR \ c(LlFl \c(LlFl level
0.04| O 0 | truth, reco
0 0.1 | O | truth, reco
0 O | 0.1 | truth, reco
0 0.1] 0.2 truth
0.01|/ 0.05| O truth
0.02| 0 | 0.3 truth
0.01| 0.1 | 0.3 truth

Table C.1: Values related to the WCs used to generate the additionaltt samples employed
for the reweighting validation at truth- and reco-level
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Figure C.1: Truth-level reweighting validation related to the additional tt sample generated
with crr = 0:04; c(Lng = C(LBFl = 0. The red and blue lines show the distribution resulting from
the nominal and the reweighted samples respectively. All distributions are normalized to unity.

The bottom panels show the ratio between the nominal and reweighted sample entries.
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Figure C.2: Truth-level reweighting validation related to the additional tt sample generated
with crr = 0:04; c(Lng = C(LBFl = 0. The red and blue lines show the distribution resulting from
the nominal and the reweighted samples respectively. All distributions are normalized to unity.

The bottom panels show the ratio between the nominal and reweighted sample entries.
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Figure C.3: Truth-level reweighting validation related to the additional tt sample generated
with c(Lng =01 crr = c(LSFg = 0. The red and blue lines show the distribution resulting from
the nominal and the reweighted samples respectively. All distributions are normalized to unity.

The bottom panels show the ratio between the nominal and reweighted sample entries.
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Figure C.4: Truth-level reweighting validation related to the additional tt sample generated
with c(,_ng =0:1 crr = c(L8F3 = 0. The red and blue lines show the distribution resulting from
the nominal and the reweighted samples respectively. All distributions are normalized to unity.

The bottom panels show the ratio between the nominal and reweighted sample entries.
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Figure C.5: Truth-level reweighting validation related to the additional tt sample generated
with c(,_ng =0:1 crr = c(Lng = 0. The red and blue lines show the distribution resulting from
the nominal and the reweighted samples respectively. All distributions are normalized to unity.

The bottom panels show the ratio between the nominal and reweighted sample entries.
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