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Abstract

The enormous amount of data gathered by the LHC has put the SM
under severe tests, proving it the most successful theory in particle
physics. Despite such success, the SM is an inherently incomplete
theory. The current challenges facing the SM have led to the proposals
that new physics must exist. This new physics beyond the SM may
not be necessarily evident in the resonant production of new particles
at the LHC. An effective field theory approach (EFT) can be used as
a framework to parameterise possible deviations from the SM due
to the presence of such new states that can not be probed directly
with the current reach of our colliders. One possible EFT approach
is the Standard Model EFT (SMEFT), which we adopt throughout
this thesis. One of many possible probes of new physics is the top
quark. The motivation behind the vigorous effort put into probing
top quark processes is its high mass and strong coupling to the Higgs
boson. This original work in this thesis explores the use of SMEFT
in the search for new physics beyond the SM, focusing on top quark
interactions in three different processes.

Firstly, the thesis presents the CMS measurement of the rate of
the Higgs boson production in association with two top quarks in
multilepton final states at the LHC. In the attempts to measure the t{H
cross-section through the reconstruction of relevant differential observ-
ables, the quality of such reconstruction was computed in response
matrices, allowing the quantification of the inefficiencies originating
from imperfect lepton and jet assignments and missing energies in the
tinal state. The EFT effects from the relevant operators modifying the
interaction vertices in the tfH process were studied and parametrised.
This differential study provided constraints on the coefficients of the
relevant operators to the tfH production process.



Secondly, the thesis presents the single top quark production as-
sociated with a WZ pair at the LHC in the context of the SM and the
SMEFT. The uniqueness of the tWZ processes is manifested in its sen-
sitivity to unitarity-violating behaviour induced in its sub-amplitudes
through modified electroweak interactions. At NLO in QCD, tWZ
interferes with tfZ and tf, necessitating the employment of a method
to separate it from these overlapping processes meaningfully. We
used diagram-removal procedures to define the tWZ production at
NLO accuracy in a suitably defined phase-space region, obtaining reli-
able total rates and differential results in the SM and the SMEFT. Our
analysis also included matching NLO predictions to parton showers.

The final presentation is that of the four top quark production at
the LHC in the context of the SMEFT. We analysed all possible QCD-
and EW-couplings orders and relevant dimension-six operators. We
found several cases where formally subleading terms in the cross-
section expansion provided significant contributions, enhancing the
sensitivity to a broad class of operators. Inclusive and differential
predictions are presented for the LHC and the future proton-proton
circular collider, FCC-hh. We carried out a projection study through
which we assessed the EFT sensitivity at different collider energies
for all the relevant operators. Moreover, we performed a simplified
chi-square fit to set limits on SMEFT Wilson coefficients. In so do-
ing, we assessed the importance of including subleading terms and
differential information in constraining new physics contributions.
Finally, we computed the SMEFT predictions for the double insertion
of dimension-six operators and scrutinised the possible enhancements
to the sensitivity induced by a specific class of higher order terms in
the EFT series.
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Chapter 1.

The Standard Model of Particle Physics

The theoretical formulation of the Standard Model of particle physics (SM) over the
last century has revolutionised our understanding of nature’s fundamental building
blocks and provided an accurate description of the interactions among them. Those
fundamental interactions described by the SM constitute three out of nature’s four
known fundamental interactions, namely, electromagnetic, weak and strong force.
Despite the astounding precision by which the SM has been verified against a wide
range of experimental measurements, many questions and challenges remain open.
These challenges drive our perception of the SM as an effective field theory (EFT) and
that perhaps a more general theory can answer our most fundamental questions. To
set the stage for discussing EFTs in the next chapter, here I first present the SM and
the motivations behind pursuing physics beyond the SM (BSM) in the first place. In
the following, it is assumed that the reader has had a first graduate-level course in
quantum field theory (QFT) or particle physics. Throughout the thesis, and unless
otherwise specified, the use of natural units, i.e. i = ¢ = 1, is assumed. I relied mainly
on Ref. [3] in writing Sec. 1.2 and on Ref. [4] in writing Sec. 1.3.

1.1. The fundamental blocks of nature

The SM is a QFT classifying all the known elementary particles and describing their
fundamental interactions. The elementary particles in the SM fall under two main
classes, fermions and bosons. Fermions, and their corresponding antiparticles, are
half-integer spin particles obeying Fermi-Dirac statistics, while bosons are integer
spin particles obeying the Bose-Einstein statistics. Fermions are further classified into
quarks and leptons. Bosons in the SM are classified into spin-1 gauge bosons, the
so-called force carriers, and spin-0 scalar bosons. The SM has one scalar boson, the

Higgs boson, H.
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Fermions The SM fermions are classified into six quarks (up, down, charm, strange,
top, bottom) and six leptons (electron, electron neutrino, muon, muon neutrino, tau,
tau neutrino). Quarks are distinguished through their colour charge, allowing them to
participate in strong interactions, while leptons have no colour charge and therefore
do not undergo strong interactions. At low energies, quarks exhibit the phenomenon
of colour confinement which renders them strongly bonded to one another, forming
composite colour-neutral particles called hadrons. These composite states can either
be made of a quark and an antiquark (mesons) or three (anti)quarks, the so-called
(anti)baryons. Protons and neutrons are the lightest baryons in the SM. All quarks, as
well as the electron (e), muon (), and tau (1), carry an electric charge and weak isospin,
which allow them to interact with the other fermions via electromagnetism and the
weak interactions. On the other hand, the three neutrinos do not carry an electric
charge, so their motion is only influenced by the weak force in the SM'. Fermions
are classified into three generations; each generation member has greater mass than
the corresponding particle of any generation before it. The first-generation particles
are the building blocks of ordinary matter. Second- and third-generation particles,
on the other hand, decay with very short half-lives and are observed only in very
high-energy environments. Neutrinos in all three generations do not decay; they
“oscillate”. Neutrino oscillation is a phenomenon in which a neutrino of a specific
lepton flavour, i.e. electron, muon, or tau, can later be measured to have a different
flavour, hence the term “oscillation”.

Gauge vector bosons Gauge vector bosons are spin-1 particles and are the force
carriers mediating the electromagnetic, weak and strong interactions. A photon, 7,
is a massless gauge vector boson and is the mediator of the electromagnetic force
between electrically charged particles. The theory of quantum electrodynamics (QED)
describes photons. The W= and Z massive vector gauge bosons mediate the weak
interactions between fermions. The W bosons carry an electric charge of +1 or -1. The
Z boson is electrically neutral. These three gauge bosons and the photon grouped
collectively mediate the electroweak (EW) interactions described by the EW theory.
The gluons, g, are massless vector gauge bosons that mediate the strong interactions
between colour-charged particles, i.e. quarks and gluons. The theory of quantum

chromodynamics (QCD) describes gluons and their interactions.

! Neutrinos are massless in the SM. However, from neutrino oscillation experiments, we know they
have masses, albeit very light, so their motion must be influenced by gravity too. This is one of the
SM'’s shortcomings.
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The Higgs boson Finally, the Higgs particle (usually referred to as the “Higgs”) is a
massive scalar elementary particle and is considered the vital building block of the
SM. The Higgs particle is a spin-0 particle, hence is classified as a scalar boson. The
Higgs boson plays a unique role in the SM by explaining mass generation for all the
massive elementary particles. The Higgs boson was discovered at the Large Hadron
Collider (LHC) experiment at CERN in 2012 [5,6].

Gauge symmetries of the SM  The SM is an SU(3). x SU(2);, x U(1)y non-abelian
gauge theory. Moreover, the SM is chiral, meaning left- and right-handed fermions
are in different representation of the gauge group. The weak interactions arise from
the SU(2)y transformations, with three weak gauge bosons corresponding to the three
generators of the symmetry. Weak interactions only couple to left-handed particles
(hence the subscript L for left-handed). Therefore, the left-handed quarks and the
left-handed leptons form doublets of the so-called weak isospin, i.e. they form a
2 representation of SU(2);. Two particles forming an SU(2) doublet means they
transform to each other under an SU(2) transformation. The Higgs field is also in
a doublet representation of SU(2);. On the other hand, right-handed quarks and
right-handed leptons do not transform under SU(2);, or in other words, are weak
isospin singlets. The charge2 of the U(1)y symmetry is the so-called weak hypercharge,
Yy, a quantum number relating the electric charge and (the third component of) the
weak isospin. Quarks carry a colour charge and therefore transform as a triplet of
SU(3),, i.e. in the 3 representation of SU(3).. (Where the subscript ¢ denotes “colour”),
while leptons are singlets under SU(3)... The physical intuition is that if a quark field
transforms in the fundamental representation of SU(3), i.e. the 3 representation, then
the quarks come in three colours. The transformation properties of the SM fields under
the SM gauge groups are presented in Tab. 1.1.

1.2. The theory of QCD

QCD is based on the SU(3) gauge group [7, 8]. The special unitary group SU(N) has a
degree n and elements as n X n unitary matrices” of determinant equals one. In the

case of SU(3), there are a total of eight independent directions in this matrix space.

% In the context of symmetries, the “charge” is the generator of the symmetry.

3 A matrix U is unitary if it satisfies the condition uu" =1 where U" is the hermitian adjoint of U and
1 is the identity matrix.
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Field SUB). SU@2); UMy
O=uhd) s 2 16
u; = {ug,cg, tr} 3 1 2/3
d; = {dg,sg, br} 3 1 -1/3
L= (vt 1 2 1/2
e; ={eg, pr, T} 1 1 -1
H 1 2 1/2

Table 1.1.: Transformation properties of the SM fields under the gauge groups. Q; and L;
denote the left-handed (L) quarks and leptons doublets with the index i € {1,2,3}
running over the three generations of fermions. u;, d; denote the right-handed (R)
quarks, while e; denote the right-handed leptons.

These independent directions represent the eight generators of the SU(3) group, which
can further be thought of as the gauge transformations carried out by gluons in the
colour space. Gluons live in the adjoint representation of SU(3), i.e. the 8 of SU(3).
The dimension of the adjoint representation is equal to the number of generators of
the group, n® — 1. In QCD, these eight generators are a set of eight traceless and
hermitian matrices; the Gell-Mann matrices. These unitary matrices or the group’s
generators can act on one another as successive gauge transformations, or on quarks
in colour space. The latter, and as mentioned before, is represented by a triplet, i.e. a
three-component quantum field that transforms under the fundamental representation
of SU(3)., denoted by 1, or the conjugate field ¢,.
The QCD Lagrangian density describes the dynamics of the quarks and gluons,

1 —i . ; —i
Locp = —ZGZVGWV + 9, (") (D) it — mo Py (1.1)

where gtr; denotes the quark field with colour index i, i.e. ¥, = (¥or, Yyc. gqu)T, v is
a Dirac matrix representing the vector nature of strong interactions, with y being a
Lorentz vector index, m, is a parameter allowing for non-zero quark masses, GZV is
the gluon field strength tensor with adjoint colour index 4, a € [1, ..., 8], and Dﬂ is the
covariant derivative in QCD,
. a pa

(D]/l)lj = 51]ay — lgstijA]/I’ (12)
where g, is related to the coupling of the strong interaction, «,, through gg = 47w,
Aj, are the gluon fields, and tj; = 3Aj; with A" being the set of hermitian and traceless
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Gell-Mann matrices representing the generators of the SU(3) group. The gluon field

strength tensor is defined as follows:
Gy, = 0,40 — 3,A% + 8. fCALAS, (1.3)

where f “¢ is the structure constant of the SU(3) group appearing in the non-abelian

part of the field tensor.

1.2.1. Perturbative QCD

Perturbative QFT is the main tool for solving the QCD equations of motion at high
energy scales, Q > Agcp- Below the QCD scale parameter (referred to also the as the
QCD confinement scale) Agep ~ 200 MeV, where QCD becomes non-perturbative,
the quarks, antiquarks, and gluons would no longer exist as separate components but
as bound states, forming hadrons and mesons, and different tools would be needed
to solve it, e.g. lattice QCD and chiral perturbation theory. The calculation of Matrix
Elements at fixed order (FO) in strong coupling «, is the starting point to solve QCD
in the context of perturbative QFT. Calculations at the leading/lowest order in a;
(LO) have been highly automated through tools like MadGraph5 [9, 10] and several
others [11-19].

Factorisation Even though QCD high-energy scatterings can be solved using the
methods of perturbative QFT, there arises a complexity for hadron-initiated scatterings,
that is, hadrons in the initial state are composite. The compositeness of hadrons means
there are partons within clouds of further partons, constantly being emitted and
absorbed. Therefore, and besides perturbatively calculating the partonic scattering
matrix elements, one must also address the partonic structure of the colliding hadrons.
The Factorisation theorem [20] allows us to write the cross-section for hadron-initiated

processes in which the assumed factorisable cross-section reads

do;
011 = 2/ dx, / dx]Z/dCfol/hl Xis ) iy (6 M) d;z;f (1.4)

where i and j are indices running over all possible parton types in the incoming
hadrons, f enumerates all possible partonic final states, with Lorentz-invariant phase
space, ;. The parton density functions (PDFs), f;/,, and f;/, , parameterise the
distribution of partons inside the hadrons &, and h,. PDFs are not a priori calculable
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and must be constrained by fits to data. The fraction of the hadron momentum carried
by parton i and j is x; and x;, respectively. The partonic cross-section, dd, is calculable
within perturbation theory. The dividing line between the partonic cross-section and
parton density functions is an arbitrary scale, jf, the so-called factorisation scale. In
other words, factorisation in perturbative QCD separates the short- and the long-
distance physics, with the associated scale yr corresponding to the resolution by
which the hadron is being probed. It is worth noting, however, that y is not physical.
Therefore, ultimately, QCD predictions should have minimal dependence on this scale.

Running of QCD coupling Calculations in QCD can be dramatically complex, es-
pecially at higher orders in the strong coupling, a;. The evaluation of the matrix
elements can therefore give divergent results; non-physical infinities referred to as
ultra-violet (UV) divergences. Dealing with these infinities require the absorption of
the divergent terms into a redefinition of fields or parameters; this method is usually
called renormalisation. Therefore, in perturbative QCD, predictions for observables
are expressed in terms of the renormalised coupling «,( ]4%), where pp is some non-
physical renormalisation scale. Since QCD is not a theory with a fixed coupling, that is,
the coupling is not the same at all scales, taking i close to the scale of the momentum
transfer, Q, in a given process renders a( y% ~ Q7) indicative of the effective strength
of the strong interaction in that process. The “running” coupling thus satisfies the
renormalisation group equation (RGE),
2 dug 2
HR— > = Plas) = —as(by + -..), (1.5)
dpk

where by = (33 —2ny)/(12/7) is referred to as the 1-loop beta function coefficient
with 71 being the number of active quark flavours (effectively light, i.e. m, < Q)
considered. The minus sign in Eq. 1.5 signifies the asymptotic freedom of QCD, i.e.
the strong coupling effectively decreases with energy, and consequently perturbation
theory becomes better-behaved at higher energies. The dots on the r.h.s of Eq. 1.5 are
in place of by, 2-loop beta-function coefficient, b,, 3-loop coefficient, and so on, which
are related to the UV divergences at each loop order.

In parallel to the arbitrariness in the choice of the factorisation scale, jif, the uncer-
tainties associated with determining the renormalisation scale, g, at which a( y%)
is to be evaluated is another key obstacle in making precise perturbative QCD pre-
dictions. One way of handling this is to fix yf and pp to some physically meaningful
value related to the process being calculated and then performing a variation of
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and iy around that central scale. This variation provides an envelope of the so-called
QCD scale uncertainties around the calculated QCD predictions.

Fixed order QCD Considering the QCD production of some arbitrary final state,
F, the all orders differential cross-section for an observable, O, schematically reads
(where PDF factors have been omitted for simplicity)

2

d 0o
% = kgo/dCDF_,_k 5(0 - O(¢F+k))’ (16)

=
£,

()
F+k

tude for producing F in association with k additional partons and ! additional loops.

where the sum over k is a sum over additional final-state partons, A}, is the ampli-
The delta function ensures the formula gives the cross-section differentially in O and
not the total integrated cross-section. The start of the sum at k = 0, | = 0 represent
the leading order (LO) for producing F, while higher terms represent real and virtual
next-to-leading order (NLO) corrections, with real emissions being additional legs
in the amplitude and virtual ones are additional loops. For k > 1, the process under
consideration is the F production + k jets, F + k. Integrating over all momenta implied
by the d® ,; factor in Eq. 1.6 would include configurations in which the extra k par-
tons are collinear or soft leading to infrared (IR) QCD divergences. These divergences
are usually regulated by selections on angles or energies that would cut away these

regions in the phase space to make the FO QCD prediction reliable.

1.3. The EW theory and the Brout-Englert-Higgs (BEH)

mechanism

The EW theory is a unified theory describing two of the four fundamental interactions
in nature, electromagnetism and the weak interaction [21-23]. As mentioned before,
weak interactions are mediated through the W * and Z massive vector gauge bosons,
in parallel to the photon, v, which is the electromagnetic force carrier. The EW theory is
based on the SU(2); x U(1)y gauge group. In analogy to the discussion on QCD, here
the SU(2) group gives rise to three generators named the weak isospin, T, while the
U(1) group gives rise to one generator called the weak hypercharge, Y}y. The electric
charge quantum number, Q, is defined as T + Y}y, where T is the third component
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of the weak isospin4. The generators of the group formally dictate the gauge bosons
of the theory. The three bosons of the weak isospin (Wl,Wﬁ,Ws ) and the Bﬂ boson of
the weak hypercharge are not physical unless EW symmetry breaking (EWSB) and
the associated BEH mechanism [24,25] have taken place. After said EWSB and mass
generation through the BEH mechanism, the first two bosons of the weak isospin
become the W * massive vector gauge bosons, while the Wﬁ boson together with the
B, boson “mix” to form the photon, -y, and the massive vector gauge boson, Z. Such

mixing through the so-called weak mixing angle (or the Weinberg angle), 0y, reads

cos 0 sin @ B
T = W w . (1.7)
4 —sinfy cosOy W

These mixing angles play an important role in relating the masses of the W and Z
bosons, as later discussed.

The observation of nuclear § decays was the starting point of the theory of weak
interactions. The Fermi theory of weak interactions (which is in the next chapter
discussed as an EFT) attempted to explain the observed beta decays. In the original
form of the theory, Fermi proposed the weak interaction has a general form of contact

coupling between two vector currents,
G . . T
HFermi = 7% /d3x']17{1(x) ']L}i(x)r ]M = 1IJ7H1/)1 (1.8)

where Gp is the Fermi coupling constant, and ]I’fl and j, are 4-dimensional current
densities for hadrons and leptons, respectively. The Wu experiment conducted by
Chien-Shiung Wu et al. in 1957, in which the beta decay of polarised Cobalt-60 nuclei
was studied [26], led to the observation that electrons are emitted preferentially in the
direction opposite to the applied field, showing that parity is maximally violated in
weak interactions. Violation of parity necessitated that the interaction Hamiltonian

should be modified as follows:
Hy_a= N7 P, (L= 75) P .7, (1= 15) 9y, (1.9)

in a structure merely dictated by phenomenology. This modification is the essence of
the V-A theory (vector and axial-vector), originally formulated by Robert Marshak and

% This is called the “half-scale” definition. In this choice, the convention used by Peskin and Schroeder’s
“Introduction to QFT” [4] is followed. An alternative definition is Q = T3 + %Yw.
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George Sudarshan in 1957 and publicised by Richard Feynman and Murray Gell-Mann
in [27] in 1958, i.e. the weak interactions are produced by both vector and axial-vector
currents. The maximal parity violation in weak interactions dictates the transformation
of weakly interacting particles under the SU(2) gauge group: left-handed particles
form doublets, while right-handed particles form singlets of SU(2)y .

1.3.1. EW symmetry breaking in the SM

In QFT, the particle states are created from the vacuum, i.e. lowest possible energy
state. For two physical states to be related by some symmetry, the vacuum must be
invariant under such symmetry. Consider the two fields ¢; and ¢, being related by
the action of some symmetry generated by the hermitian operator Q, i.e. ¢; = i[Q, ¢,].
The corresponding creation and annihilation operators are therefore related in the
same way, i = i[(, a}], expanding the latter reads

1) = a1|0) = iQa}|0) — ia3Q[0) = iQ2) — ia3Q|0). (1.10)

Therefore, the particle states satisfy [1) = iQ|2) only if the vacuum is invariant, i.e.
Q|0) = 0. If the vacuum is not invariant under the symmetry operation, i.e. Q|0) # 0,
then the symmetry is spontaneously broken. A system is spontaneously broken if
the vacuum acquires a non-trivial vacuum expectation value (vev). The Goldstone
theorem states that for every spontaneously broken continuous symmetry, there is an
induced massless scalar boson, Nambu-Goldstone boson (usually referred to as the
Goldstone boson) for each broken generator [25].

Above the unification energy, on the order of v ~ 246 GeV, both electromagnetism
and weak forces merge into a single EW force which is described by the unbroken
gauge group SU(2); x U(1)y. In breaking the EW symmetry, the unified description
of EW theory is broken down to electromagnetism,

SU(2);, x U(1)y = U(1)pm- (1.11)
The EW Lagrangian, Ly, in the SM reads

Lew = Lx + 'Cf + Ly + Lyukawar (1.12)
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where Ly denotes the kinetic terms of the SU(2); and U(1)y gauge fields with W,,,
and B, being their field strength tensors, respectively,
1 1

L=~ Wi, W™ — 2B, B". (1.13)

The second term on the r.h.s of Eq. 1.12, £ £ denotes the fermions dynamics,
L;=Qu(iP)Qy +ug(iP)ug + dg(iP)dg + Ly (i)Ly, +eg (ilD)eg, (1.14)

where Q; and L; are the quarks and leptons doublets, respectively. The EW covariant
derivative, ID, is defined as 'y“ Dﬂ with DV reading

D, =9, —igoc"W, —ig'YB,, (1.15)

where ¢ where a = 1,2, 3 represent the three generators of the SU(2); group, and WZ
are the three associated gauge bosons. B, is the gauge boson associated with U(1)y.
The parameters g and g’ are the SU(2); and U(1)y gauge coupling constants, respec-
tively. The last two terms of Eq. 1.12 denote the Higgs and the Yukawa Lagrangians.
The Higgs Lagrangian shown is written as follows,

t t
Ly =|D,® + 1’0" — A(@'D)?, (1.16)

where the first term is the kinetic term of the complex scalar field ® = (go+(p0)T, the
second and the third terms form the most general renormalisable and SU(2) invariant
potential allowed. The scalar field transforms as a doublet under the SU(2);, group
with weak hypercharge Yy, (®) = % The minimum of the potential for yz < 0 occurs
at a non-zero value of v = \/LX where v is the vev acquired by the complex field. The
complex doublet ® can be written in terms of its four fields and acted on by an SU(2)
gauge transformation such that the upper component of the rotated doublet is zero,

while the lower component is real and positive,

0, +i6; 1 % 0
P = = " , (1.17)
I (0 + H) — ibs V2 v+ H

where the exponential factor denotes the SU(2) transformation with 6" being the
three additional fields of the complex doublet. The lower real-valued component
of the doublet field in Eq. 1.17 has now an arbitrary value given by the vev plus
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some fluctuating real-valued field, H. In the unitary gauge, the field ® can further be

simplified as follows:

@—L 0 (1.18)
\/E v+ H ’ '

where the the Goldstone bosons, 6%, are rotated away, leaving only the H fluctuation in
the spectrum after the spontaneous symmetry breaking induced by the non-zero vev,
v, of the ® field took place. This quantum of the H field is the Higgs boson.

1.3.2. The Higgs boson role in mass generation

The expansion of the kinetic terms in Eq. 1.16 using Eq. 1.18 induces the mass terms
for the gauge bosons plus additional terms involving the Higgs scalar particle. On the
other hand, expanding the potential term in Eq. 1.16 yields the Higgs boson mass term
and terms involving Higgs self-coupling. Combining all the mass terms as a result of

EWSBin L reads

mass

1 5 - 15 1 2.2
Loppss = Emwwwwy + EmZZVZV — M, (1.19)
where the definitions that have been adopted in the expansion and the induced masses
of the gauge bosons are as follows,

. v
WyﬂE = (W; ;zWi), My = . (1.20)

1
Z, = ————(gW3 — ¢'B,), my = /g +g’2;. (1.21)

M W

The fourth vector field denoted as A, is the electromagnetic field vector potential, it

Sl

remains massless and is defined as follows,

1
A, = ﬁ(g’wi +8B,). (1.22)

§ +8
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The Higgs boson mass term, mp, is a function of the vev, v, and some dimensionless
coupling, A, it reads

my = \/5;12 = \/gv. (1.23)

Having discussed the generation of gauge bosons masses through the so-called
BEH mechanism associated with EWSB, and before moving on the generation of
fermion masses, it is instructive to summarise the previous discussion: we started
with the complex scalar SU(2) doublet @ with four degrees of freedom, a three SU(2)
gauge fields, W;, each with two degrees of freedom; a total of six degrees of freedom,
and one U(1) gauge field, B,,, having two degrees of freedom, summing up to a total of
twelve degrees of freedom. After the spontaneous symmetry breaking, there remains a
massive scalar boson, H, with one degree of freedom, massive W * and Z bosons, each
having three degrees of freedom; a total of nine degrees of freedom, and a massless
photon with another two degrees of freedom. The total degrees of freedom is therefore
conserved through the EWSB. The transformation of the scalar degrees of freedom
from the complex scalar doublet ® to the SU(2); and U(1)y gauge bosons gave rise to
their longitudinal components, and so the massive W * and Z bosons.

We now turn to the mass generation of fermions. In the EW theory, fermions are
better described in a chiral basis since, as already mentioned, left and right-handed
fermions have different transformation properties under the SU(2); x U(1)y group,
and so a direct mass term like

—my (PR + Prpr), (1.24)

is forbidden to be written since it is not invariant under local gauge transformation.
The Yukawa couplings of the fermions to the Higgs boson allow fermions masses to
arise in a gauge-invariant way. The Yukawa Lagrangian from Eq. 1.12 can be compactly
written for quarks as follows:

ALy s = —AgQ Pdg — A, Q; P ug +h.c, (1.25)
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where ®° = —ig?®*. The coupling generates the mass term for the down quark as
follows:
1 - 0 m /2
—Ag—= (i dp) dp = A= —1—=, (1.26)
V2 v+ H v

and in the same way for the up quark and for charged leptons. In general, the direct
coupling of the Higgs boson to fermions is what gives rise to their masses. The
coupling of the Higgs boson to fermions follows the relation:

AL = —mfff(1 + %) (1.27)

where f stands for any quark or lepton flavour. The Lagrangian in Eq. 1.27 dictates
the interaction strength of the Higgs boson to be proportional to the masses of the
fermions. One experimental consequence of this relation is that the particles that
are easily produced in an experiment have very weak coupling to the Higgs boson
rendering them very difficult to observe.

Experimental consequences of the BEH mechanism In Eq. 1.7, the weak mixing
angle was introduced in showing the mixing of the Wi boson together with the B,
boson to form the neutral Z and «y physical bosons. The weak mixing angle can be

defined as follows:

e, sing, = 2 (1.28)
/ /
V8 T8 § t8

relating the masses of the W and Z bosons according to m, = m cos 8, which dictates

cosf, =

the W boson mass to be smaller than the Z boson mass.

The W boson mass is measured to be 80.433 4= 0.009 GeV [29] and the Z boson mass
is measured to be 91.1876 & 0.0021 GeV [30]. The Higgs boson mass term in Eq. 1.23 is
determined by a renormalisable coupling constant, A, which acts as a free parameter in
the theory. The parameter v is derived from the charged current of y decay, y — ev,v,,
of which the interaction strength (the so-called Fermi constant) is measured accurately
tobe Gy = 1.1663787(6) x 107> GeV ~? and can be related to the parameter v following
the relation v = (v/2Gy) ~1/2 ~ 246 GeV. The Higgs boson mass in the SM is measured
to be near 125 GeV, together with the precise measurement of v, the coupling constant

A in the SM can then be written as Agy; = mi /2v*. The parameter Ag,, controls the
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Higgs self-coupling and it has not been measured independently as of the time of
writing, such measurement of the Higgs self-coupling is indeed needed to understand
the EWSB fully.

The Higgs boson role in unitarity As previously discussed, and since the Goldstone
bosons constitute the longitudinal polarisation of the massive physical gauge bosons,
W* and Z. Therefore, the scattering V; V; — V; V| where V is W or Z bosons, puts
the Goldstone dynamics into a direct test. Without considering the Higgs boson, the
tree-level scattering amplitude would have the following form:
S —1— t
AW/ W, = Wiwp) =25~ + ﬁ( ), (1.29)
v? Vs

where s and t are the Mandelstam variables; numerical quantities encode the energy

of scattering. The contribution s/ v implies an unacceptable violation of unitarity at

o el |

high energies.

W W

Figure 1.1.: Tree-level Feynman diagrams for the scattering of gauge bosons process
W, W, — W W without the Higgs boson exchange.

Figure 1.2.: Additional diagrams for the scattering of gauge bosons process, W; W, — W W,
mediated through the Higgs boson exchange.

The additional tree-level W; W; — W; W contributions to the ones shown in Fig. 1.1
includes the Higgs boson exchange and are shown in Fig. 1.2. These additional
contributions recover the correct high-energy unitary behaviour through intricate
cancellation of the otherwise unphysical energy growth. The SM scattering amplitude
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then reads

1 52 # mi s t
ASM:? s+t— 5 = 5 :——2 — 5 |- (130)

s—my, t—my s—m;zZ t—my,

Such intricate cancellation led to the understanding that any small deviation away
from the SM Higgs dynamics would imply the presence of new-physics contributions

to the V V; — V| V] scattering amplitude for unitarity to remain restored.

1.4. The need for BSM physics

Despite the SM being the most successful theory in particle physics, it is inherently an
incomplete one. Over the years, this has led to the proposals that BSM physics must
exist to address these shortcomings of the existing theory. The shortcomings of the SM
can arise in the form of non-explained phenomena or theoretical predictions that were
not observed. The most recent contradiction to the SM is the anomalous mass of the
W boson reported by the CDF Collaboration [29]. The result shows tension with the
SM expectation [30] with a significance amounting to 7.0c.

Moreover, there are several lingering non-explained phenomena that the SM, so
far, has not been able to explain. Examples of these are gravity, dark matter and dark
energy, neutrino masses, and the strong CP problem.

Gravity A significant fundamental physical phenomenon in nature that the SM has
not been able to explain is gravity. It has been widely considered that the SM is incom-
patible with the theory of general relativity. This comes from the fact that incorporating
a spin-2 gauge field acting as a graviton renders the SM not renormalisable.

Dark matter and dark energy Dark matter and dark energy are yet another mani-
festation of the SM limitations. Cosmological observations show that around 26% of
our universe is dark matter while 69% is dark energy; this leaves around only 5% of
the universe explained by the SM. Many ideas exist on the nature of dark matter as
some new particles, some of which can be part of the SM, like neutrinos, while others
are potentially not part of the SM, like weakly interacting massive particles (WIMPs).
So far, none of the potential dark matter candidates has been observed, and so the

question of dark matter remains open.
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Neutrino masses Conversely to the SM predictions, neutrino oscillation experiments
have shown that neutrinos do have masses. Adding neutrino mass terms for the SM to
match the current evidence gives rise to new theoretical problems, for the generation
of neutrino masses is not necessarily arising in the same way as the masses of other

fundamental particles in the SM.

Strong CP problem CP-symmetry states that physics should be invariant to particles
swapping with their antiparticles and then left-handed and right-handed particles also
interchanging. The standing mathematical formulation of QCD hints at a violation of
such CP-symmetry in strong interactions, yet no such violation of CP-symmetry has
ever been observed in experiments involving only strong interactions. In the SM, the
parameter controlling the amount of CP violation is the so-called CP-violating angle
denoted by 6 which can can take any value between 0 and 27t. The measurement of
the electron dipole moment [31] requires 6 < 107 a particularly small value hinting
at a fine-tuning problem; the strong CP problem.

1.5. Towards an EFT approach

Theories extending the SM through novel explanations are derived to address current
open questions and overcome existing challenges. However, the final word on whether
one given proposal accurately describes experimental observation and thus can be
regarded as a valid theory of nature belongs to the experiment. In the search for new
physics beyond the SM, so far, high-energy experiments have found no indications
of BSM particle production. One explanation for this lack of evidence is that the ex-
perimental reach may not have yet reached the kinematic range where these potential
BSM particles can be produced in final states. This reasoning led to EFT approaches, a
powerful tool by which potential new physics effects induced by said BSM particles,
should we be unable to observe them directly, can be systematically parameterised
and searched for indirectly.



Chapter 2.

The Standard Model Effective Field
Theory

As discussed in the previous chapter, the proposal of the BEH mechanism resolved
the mass-generation conundrum in the SM through the breaking of the EW symmetry.
The main goal of the LHC was to reveal the SU(2); x U(1)y — U(1)gy mechanism. In
2012, the LHC discovered a scalar boson consistent with the SM Higgs boson associ-
ated with the Higgs field from the BEH mechanism. The scarcity of additional new
state discoveries at the LHC is unsurprising given the lack of statistically significant
deviations from the SM predictions. This can be a result of a moderate degree of de-
coupling of physics at higher energy scales A; A > myy, [32]. Assuming this is the case,
an outstanding improvement in the theoretical predictions of experimental results
will be required to indirectly search for physics beyond the SM. Knowledge attained
through indirect methods using EFT techniques has historically led to indications of
new states or theoretical frameworks. In this chapter, I relied mainly on two sources
for the EFT introductory discussion, these were Ref. [33], and Ref. [34].

2.1. Fermi’s theory as an illustration of EFTs

One famous example of EFTs is the Fermi theory which is treated here for illustration.
The original framework introduced by Fermi was intended to describe the neutron
decay. However, here the name is used to refer to the low-energy effective theory of
the SM below the W = mass scale where the W, Z, Higgs boson and top quark are all
integrated out of the theory. Considering a small subset of the Fermi theory where only
muons, electrons and neutrinos exist, we treat the muon decay process,

po(p) = e (k)ve(k)vy(ks), (2.1)

17
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with p and k referring to incoming and outgoing momenta, respectively. In the SM,
this process is mediated by the W boson, where the interaction reads

ALgy = SL(V,0,1 + T,0,6)W, + hec, 2.2)

V2

where 0, = 7P, with P; being the left-handed projection operator. The muon decay

amplitude A reads

2

_ 1 _
A = B2 (k)0 x (p)——5 X (k) )oy(ka), 9= p— ks, 23)
q — My

where my, ~ 80 GeV, x and y are two-component spinor wave functions depending on

the spin of the leptons. Considering the physical process of Eq. 2.1 in the kinematics of
2
H
(in the limit where the electrons and neutrinos can be treated as massless) rendering

the 1 — 3 body decay. The exchange of momenta would be constrained to 0 < qz <m

q2 / m%u <10°° The consequence of the latter observation is the Taylor expansion of
the amplitude:

2
A = Bb[x(k) e () oy (ko)1 -+ 0 /i), @24
W
where the amplitude no longer has a pole corresponding to the W boson propagation.

Before continuing this example, let us pause and attempt to address the fundamental
idea behind EFT in a brief interlude.

Interlude The fundamental idea behind EFT comes from the observation that the
non-analytic structure of scattering amplitudes is due to intermediate propagation
where physical particles can exist on-shell', i.e. p2 = m”. Therefore, having a QFT
constructed for relatively light particles (what we did in the Fermi theory example),
virtual heavy particles which can not be created at the energy scale of the problem
can be Taylor expanded, e.g. & (q2 / m%v) EFT’s power comes from the fact that Taylor
expanded amplitudes can be computed from EFTs with only relatively light particles.
The local interactions between the light particles encapsulate the “slight” effects
potentially arising from the virtual heavy particle exchange. This is essentially due
to the decoupling theorem [35]. The latter formalises how the non-analytic structure

! In this limit, amplitudes with propagators 1/ (pz —m” + ie) become sensitive to ie.
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of correlation functions due to heavy states are projected out when matching onto a
low-energy EFT.

The EFT we can construct through Eq. 2.4 can be written as the following interaction
term:

c _
ALgpr = F(vyapy)(eapve) +hc, (2.5)

where the expansion scale, A, and ¢, the so-called Wilson coefficient (WC) of the

dimension-six operator in Eq. 2.5, are defined as follows:

2

A=y, c= _TgL. (2.6)
The parameter m, marks the validity scale of the Fermi theory. Such procedure is
the so-called tree-level matching. For the latter, one compares the EFT and full theory
in the IR limit to match the WCs as shown in Eq. 2.6. The power of what we have
accomplished here is manifested in the fact that Fermi’s theory was used for weak
decay calculations even when the scales 1, and m; were not known. Needless to say,
for scattering energies close to or above my, the Fermi theory is no more useful since
the EFT expansion will break down in this limit.

So far, we have reconstructed an EFT theory only in hindsight. After all, we already
know that W and Z bosons exist. The above example was only intended to portray the
Fermi theory as a low-energy limit of a UV theory, in such case, this UV theory was
the SM (which we know). In this chapter, however, the aim is to discuss the SM itself
as a low-energy limit of an even more complete UV theory (which we do not know).
For this, we will have to construct the EFT Lagrangian without prior knowledge of
the heavy particles we will have to integrate out. This will require a more general
discussion on the principles of constructing EFTs. In explaining some aspects of EFTs,
I keep referring to the EFT Lagrangian obtained in Eq. 2.5.

2.2. Constructing an EFT Lagrangian

EFTs allow the computation of experimentally measurable quantities with finite errors.
An EFT has an expansion parameter J, usually referred to as the power counting

parameter, in which calculations are done in an expansion to some order n. The

? Recall the mass dimensions of the generic fields and tensors in d=4 spacetime dimensions: [¢]=1,
[¢]=3/2,[A H]Zl’ [XW]:Z, for scalar, fermion, and vector fields, and field strength tensors, respectively.
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) 1
error is then of order 5"

. The expansion parameter in the Fermi theory example
was 6 = q/my,. It is worth mentioning that the EFT Lagrangian of Eq. 2.5 is just
a subset of an infinite series of operators with the coefficients designed to absorb
divergences arising from loop diagrams, if computations are performed beyond the
tree-level. Having mentioned that, like any other QFT, EFTs require regularisation and
renormalisation schemes to obtain finite matrix elements.

The number of experimental inputs used to fix the Lagrangian parameters increases
with the order in J. Infinite predictions require an infinite number of terms and,
consequently, an infinite number of parameters. However, the power of the power
counting argument comes in instructing the calculation about terms to keep at a given
order in 4. In the muon decay of the Fermi theory example, the coefficient in Eq. 2.5
(which is historically written in terms of the Fermi constant, Gr) is fixed by the muon
lifetime. Given this input, the theory is then able to provide parameter-free predictions,
and so it has predictive power.

In writing down an EFT Lagrangian, the first step would be to determine the
dynamical degrees of freedom, i.e. the field content of the Lagrangian relevant for the
problem of interest. In cases where the EFT theory is a weakly coupled low-energy
version of a UV theory, like the Fermi theory example, this exercise is “simple”, since
it just involves retaining the light fields.

2.2.1. EFT expansion

The action S is the integral of the local Lagrangian density, £(x), (which I have been

referring, and will be referring to as just the “Lagrangian”),

S = /ddxﬁ(x), (2.7)

with the Lagrangian having mass dimension d, and is defined as the sum of local,

gauge-invariant and Lorentz invariant operators, Q;, with coefficients c;,
L(x) =) ¢;Qi(x). (2.8)
i

The operator has dimension D while its coefficient has d — D dimensions (from the

condition of dimensionless action; [S] = 0”), where D < d = 4. The Lagrangian

3Forh #1;[S] = h.
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constructed from imposing D < d = 4 is a renormalisable QFT Lagrangian including
the so-called relevant and marginal operators.
The EFT expansion is manifest in expanding the Lagrangian of Eq. 2.8 beyond D = d,

in powers of operators dimensions,

Lepr(x) = ZAf;‘_d QP (x), (2.9)

i

where c; is a dimensionless coefficient and A is an introduced short distance scale at
which new physics occurs. This expansion introduces the so-called irrelevant operators
which are suppressed by a positive power of A. The Lagrangian of Eq. 2.9 can be

expanded to arbitrarily high dimensions,

£(D=5)  p(D=6)
+ 2
A A

Lepp(x) = £P=4 4 T (2.10)
However, in the rather hopeless attempt of infinitely summing all the terms of the
series, not only the theory can not be renormalisable (discussed below), but also it
loses its predictive power. Therefore, the EFT series must be treated in terms of power
expansion in the § parameter.

As hinted before, in this thesis context, we will be dealing with the bottom-up
approach of EFT. That is, we are simply ignorant of the UV theory, more precisely,
to the physics lying beyond the validity of the EFT. The coefficients of the higher-
dimensional operators are therefore measured from the experiment, the relevant
quantity for experimental measurements is c;/ AP~ This is in opposition to the
matching we have done in the Fermi theory example, in which we had some knowledge
about the UV theory; the latter is called the top-down approach.

2.2.2. Power counting and renormalisability

Considering a scattering amplitude A with zero mass dimension, an insertion of an
EFT operator of dimension D would give a contribution to the amplitude of (g/ A)D_d
requiring the coefficient to have a mass dimension of 1/ AP~ according to Eq. 2.9,
where g in the expansion parameter is the momentum scale of the process4. For a
theory in d = 4 spacetime dimensions, the insertion of the higher dimension operator
leads to an amplitude proportional to (§/A)" where n = Y ;(D; — 4) and is called the

For the amplitude to remain dimensionless, kinematic factors are assumed to provide the remaining
mass dimensions.
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EFT power counting formula with i running over all inserted operators. An example
would be to add two dimension-five operators,i.e. i = 1,2 and D; = 5fori = 1,2. The

EFT power counting formula can be written as follows:
n=(D;—4)+ (D, —4) =2 — (q/A)? (2.11)

instructing the calculation to corrections up to order & (AZ), ie. 6"72 Equivalently,
we get the same result with one insertion of a dimension-six operator.

Loop diagrams are technically challenging to handle since momentum p is inte-
grated over all values from —oo to +o0, and obviously, the EFT expansion p/ A breaks
down. Retaining the given example, loop diagrams with two dimension-five insertions
are divergent, at the same order, one dimension-six insertion acts like a counter-term.
Two insertions of dimension-six operators will require dimension-eight counter-terms,
and so-forth.

Using the power counting formula, one can realise that for £ of D < 4, there are no
generation of higher dimensional operators taking place (there are no g/ A corrections),
and so divergences in the theory are already absorbed by new operators generated

< . .
D<4) 1 this sense, renormalisable

by loops, but which are already included in L
theories are just a special case of EFTs where A — co. For D > d, the theory is non-
renormalisable because, in principle, an infinite number of operators are needed to
renormalise the theory fully. However, in stressing again that the EFT series must be
treated in terms of power expansion, computations must be performed for a maximum
order of correction 1, then there will be only a limited number of operators that
contribute, and the EFT series will be renormalisable for this given order in n, e.g. at
n = 2 divergent loop diagrams with two dimension-five insertions are renormalised

with dimension-six counter-terms which arise at the same order of n.

2.3. Fields redefinition

In QFT, experimentally observable quantities are S-matrix elements. From the func-
tional integral in QFT, one computes the correlation function of the product of quantum
fields, Green functions. The relation between S-matrix elements and Green functions
is mediated through the LSZ reduction formula. S-matrix elements are on-shell scatter-
ing amplitudes of particles. The full S-matrix element contains an infinite number of
Feynman diagram, and so each Feynman diagram represents a term in the perturbation

theory expansion of the S-matrix element for a given interaction. The relation between
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the S-matrix element (pr|S|p;) and the amplitude A is given by the following;:

(pelSlpr) = (prlpr) +2m8(Ep — Ep) A (2.12)

where S is a scattering operator, and (pr| and |p;) are some final and initial momentum
eigenstates, respectively. The cross-sections as observables for scattering experiments,
o, are proportional to |A|2. Since S-matrix elements are physics observables depending
on particle states not the fields, they do not change under field redefinitions. Such
invariance of the S-matrix elements under fields redefinition is a consequence of the

equivalence theorem [36,37].

2.3.1. An example using classical equations of motion

Field redefinition using classical equations of motion (eom) is a special case, and I
here attempt to depict it through one simple example. The important aspect is that the
S-matrix is invariant under the shifted Lagrangian .Z[¢], which can be mathematically
expressed as follows:

Zlg] = Llg] + eFlg]S>,

5 (2.13)

where € is some small parameter, i.e. € < 1, F[¢] constitutes the redefinition of the
field ¢, and §S /¢ is the classical equation of motion. This procedure then shifts the
total Lagrangian £ with a term derived from the equations of motion of the lower order
Lagrangian.

Considering the following EFT Lagrangian:

L= a 19" g — m ¢* — Aq) + q)382g0+ 24’/ (2.14)
where the lower order Lagrangian is clearly made of the first three terms on the r.h.s

as the last two terms come at a suppression scale 1/ A%. The eom of the lower order

Lagrangian reads

Z (= —mP)p— =g, (2.15)
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Considering the following field transformation:

C
¢ — ¢+ Flpl =9+ A—lz(p?’, (2.16)

one can write the shifted Lagrangian .Z as follows:
¥ = agoa”(p mgo— /\(p-l- (P332§0+ (P

+ A—lzqt)?’ [(—82 —m*)g— ;qv ]

— %ayq)aﬂgo - %ngoz - [%AJF [C\—lm }qo + [A— - ;\12;} e+ (217)
On the significance of the dots The power counting of the EFT has been maintained
going from L to .Z, i.e. only retained dimension-six terms up to the suppression scale
of 0 (Az). Considering the eom of the higher order part of £ would have induced
terms of dimension-eight, i.e. &(A*). This is another manifestation of the strenuous
role of the power counting formula in organising EFT calculations.

Both £ and .Z provide the same S-matrix elements. However, in the latter, the
g0382q0 term has been eliminated at the price of redefining the coefficients of the q04 and
¢° fields. The fewer operator of .Z makes the EFT computation easier. Equations of
motion are usually applied to eliminate operator containing derivatives. In general,

tield redefinitions are often used to put EFT Lagrangians in canonical forms.

2.4. The SM EFT

SMEFT is a bottom-up approach EFT constructed of SM fields and respecting the SM
symmetries and is used to analyse deviation from SM predictions in searching for
BSM physics. Higher dimensional operators in SMEFT are generated at the scale A,
which is the scale of new physics and is unknown a priori. Nevertheless, as seen in the
previous discussions, one can still do systematic computations in SMEFT. The SMEFT

Lagrangian can be written schematically as follows’:

C; i1 —
Loverr = Lsm + Z A—ZZQ?W S+... (2.18)
1

> Where I have omitted the dimension-five SMEFT terms for them being not relevant to the discussion.
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where the Lg), is the renormalisable SM Lagrangian containing dimension-two and
dimension-four operators. It is worth noting that the dimension of an operator is
usually determined from the field content of the term, ignoring possible dimensionful
coupling constants. This section is devoted to discussing some key aspects of SMEFT,

focusing on dimension-six operators in particular.

2.4.1. Basis

The fact that dimension-six operators characterise low-energy effects of heavy particles
was already realised some time ago [38,39]. The invariance of the S-matrix under
tields redefinition concerted a vigorous effort towards using a complete and non-
redundant set of operators. Eliminating these redundancies can be achieved using
the classical equations of motion (as discussed in the example given in Sec. 2.3.1),
integration by parts®, Fierz identities, or even other methods. Starting from the
set of dimension-six operators constructed from the SM fields. The minimal and
non-redundant set of operators are referred to as basis. One construction of dimension-
six operators, excluding flavour structure (assuming one fermion generation) and
hermitian conjugates is referred to as the Warsaw basis and is given in Fig. 2.1 and
Fig. 2.2 [40]. I will adopt this basis convention for the rest of the discussion. Stressing
again, not all gauge and Lorentz invariant operators built out of SM fields must
be present because some operators were declared redundant and eliminated. This
construction of Ref. [40] was further extended in Ref. [41] to the three generations of
fermions. Moreover, bases for dimension-seven have been constructed in Refs. [42,43],
and for dimension-eight in Refs. [43-46]. In dimension-five SMEFT, there is a single
operator, usually denoted as the Weinberg operator [47]. After EWSB, the Weinberg
operator generates neutrino masses and mixing, however it violates, the lepton number.

Bosonic operators and two-fermion operators Purely bosonic operators contain an
even number of Higgs fields and even number of covariant derivatives D because
Lorentz indices must be contracted. This only gives rise to dimension-six bosonic
operators of the following forms:

{X°, X%, X’D?, X9’ D%, ¢°, ¢'D?, ¢’ D*}, (2.19)

® Terms related by a total derivative can vanish; in perturbation theory, total derivatives do not
contribute to the S-matrix element.



The Standard Model Effective Field Theory

26

X3 % and *D? v2p?
Qc fABCGﬁyGprg"u Qp (‘PT‘P)S Qeyp (‘fjj[‘fj)(_per‘r")

e | FAPCGIGIGT | Qoo | (Pl)DleTe) | Que | (') (@)
Qu | e WIWIPWEN | Qup | (¢'D"0)" (¢'Dug) | Qupo | (') (@)
Qﬁ? éJ JK ﬁ_]ﬁ{ v H’TJ P IV‘{( 1}

XQ{PE 2 ZX(,:‘ L’Q\,SED
,,T,,Cf‘-‘l GA'“V ‘r_ 1 o ,‘Hrf (1) T_-B . f_“"'uf
Qi PP Qew ('pJ )T ¥ Q;pl (¢"i Dy e)( 7 r)
- _ . e _
Qe | #leGAGc™ | Q| (Lo"e)pBu || Q5 | (#1iD] ¢) 1 vM,)
T r 71w — i ~ 8 = =
Qow |  ¢loW W Que | (o TYu)F G, || Qee | (911D, @) (E"er)
1 7 — ~Tr7 pug
Qv | oWl Wi | Quy | (o u)r' Wi, | Q% | (¢iD,¢)(g"a)
I o — . H .
QeB ©'p B B" QuB (gpo*ur )% Buy 593';3 (\PTT‘ D;{ )@ ?ﬂqr)
e
QB ol By B Qic | (o Tdr)p G, | Qpu | (911 Dy ) (@ uy)
yEs
QQI‘VB Crf’jTI:p I'I ﬁvB ad Qdﬂ’ (ng'u d )T ¥ II iy Q-‘,Od (‘rgh'D_u \,9) (dp’:"udr)
pr.i;g ‘:‘9\*7_139 U fyBﬁw Qap ((prr dr)ip g Q\pud T(TﬁDu@g)(ﬁpqﬂdr)

Figure 2.1.: All dimension-six operators in the Warsaw basis except for the four-fermion
operators. The Table is taken from Ref. [40].
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Figure 2.2.: All dimension-six four-fermion operators in the Warsaw basis grouped according
to their chirality structure. The Table is taken from Ref. [40].
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where operators of these forms (p2 D* X (pzDz, and X*D? are reduced through eom to
operators with two fermions or to the purely bosonic classes,

(x5, X%¢%, ¢°, ¢*D?} (2.20)

Moving to the classification of two-fermion operators, Lorentz invariance requires that
fermion fields come in pairs. According to the Warsaw basis, the set of two-fermion

basis are the following;:

{p*0”, v’ Xo,y*¢°D}. (2.21)

The set of operators belonging to the forms shown in Eq. 2.20 and Eq. 2.21 are all
presented in Fig. 2.1.

Four-fermion operators and Fierz identities Four-fermion operators are grouped
according to their chirality structure and can be simplified using the so-called Fierz
identities. I show a straightforward example of using Fierz identities to remove
redundant four-fermion operators.

Considering gauge and Lorentz invariant made from T'yyl bilinear. Only bilinears
with 1y, will be allowed because both [ fields are left-handed. The ! field can be SU(2)

singlets or triplets, and therefore, the are two ways to write down the invariant;

lerst ( 1(17) ( )i )(Z](-S)’)/yl(t)j) (2.22)
O™ = (2 W [T ) 2.23)

where i, j, k, m are weak SU(2) indices. Using the SU(2) Fierz identity,

[ )i [T, = 204,07 — id%,, (2.24)

the Ql31 operators can be written as follows:

Q™ = (7M1 (17,10 285,0f — o)
= 261,85 (1" 1107 (1,1 Om) — 516k, (17 A1) (1), 1O

_ 2(71(17)7#1@) )(l](cs),yyl(t)i) B (TZ(P),)/yl(r)z)(l](cs),yyl(t)k)’ (2.25)
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and then conveniently (k — j) written as:

QlSluﬂrst) _ 2(7}’%”1“”)(l}s)yyl(”i) _ (7(P>7ul(r>i)(7](S>7yl(t>f), (2.26)

i
Now one can apply the spinor Fierz identity on the first term of Eq. 2.25,

(¥17"PLyp,) (¢3'YyPLl/J4) = (¥17" Pvps) (¢3'Y;4PL¢’2)/ (2.27)

which can be written in terms of the SU(2) singlet as follows:

Q5 = 2(IP 101 (1), 107y — AP 10 1 107 = 2P0 — QP (2.28)

manifesting Ql31 is just a linear combination of Q);. This is the reason why ngl is not
included in the (LL)(LL) four-fermion operators of Fig. 2.2, where all the dimension-

six four-fermion operators in the Warsaw basis are presented.

2.4.2. Phenomenology of operators

Higher dimensional operators can lead to deviations from the SM interactions in two
ways, either through the modification of SM couplings, i.e. corrections to the coupling
strength for the SM-like interactions, or through introducing new interactions which
are not present in the SM. In this section, I briefly discuss some phenomenology aspects
of the different dimension-six operators.

In the Warsaw basis, the are four X° operators, two of which are CP-even and two
are CP-odd, each containing three field strengths as depicted in Fig. 2.3. Examples of

Figure 2.3.: Representative diagrams of the X’ operators insertions depicted by the shaded
blobs.

these operators are ones with three gluon field strengths that can be well constrained
in multijet production studies [45,49]. Moreover, although not as strongly, they can
also be well constrained in four top quark production. Operators involving three weak
gauge fields strength are constrained in diboson production [50-54].
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The g06 operator involves six Higgs fields. After EWSB, the structure of these
operators leads to introducing an H ® interaction to the SM.

The go4D2 operators modify the Higgs boson coupling to the EW gauge bosons.
These operators contribute to the Higgs production via vector boson fusion, where
they can potentially modify the HZZ coupling, as depicted in the left diagram of
Fig. 2.4. It is worth noting that, in general, operators involving Higgs fields, because
of the Goldstone degrees of freedom, can potentially connect to amplitudes involving
the longitudinally polarised W and Z bosons.

The X*®* operators involve gauge field strengths and Higgs fields. This leads
to interactions like g¢ — h, as displayed in the right diagram of Fig. 2.4, and h — 7,
which in the SM can only take place at the one-loop-level [55,56].

Figure 2.4.: Same as Fig. 2.3 but for the ¢*D? operator (left), and the X*¢* operator (right).

The ¢2¢3 operators violate the relation between the Higgs boson coupling and
fermions, i.e. they violate the Yukawa-coupling-mass proportionality. In acquiring vev,
the extra term, (q0+(p), from the EFT operators, shifts the Yukawa interactions. The top
quark pair production in association with the Higgs boson, tfH is one primary process
where these operators enter, as shown in the left diagram of Fig. 2.5. It is also worth
mentioning that these operators break the U(E’>)5 symmetry (a topic later discussed in
Sec.2.5.1).

The so-called dipole operators tszgo involve two-fermion fields, a gauge field
strength and a Higgs field. These operators enter many different processes, one
example is again the tfH production where they can affect the initial state gluon
interaction to the top quark as depicted in the right diagram of Fig. 2.5. Similar to

Figure 2.5.: Same as Fig. 2.3 but for the 1/124)3 operator (left) and the l[JZX @ operator (right).

l/)z q03 operators, this set of operators also violate the U(3)5 symmetry.
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The 1/)2 qozD operators modify the coupling of EW gauges bosons to fermions, for
example they modify interactions like Z — Il as shown in the left diagram of Fig. 2.6.

Finally, four-fermion operators, gb4, depicted in Fig. 2.6, from which four are baryon-
number-violating, can be highly constrained in proton decay studies (proton decays
violate baryon number). Mixed chirality IIJ4 operators also break the U(3)5 symmetry.

Figure 2.6.: Same as Fig. 2.3 but for the (> D operator (left) and the * contact operator (right).

Moreover, in one flavour assumption of SMEFT, a topic later discussed, these operators
can also be highly constrained in four top quark production.

2.5. On constraining the coefficients

The EFT model independence comes at the cost of a large number of SMEFT WCs
which are a priori unknown by the EFT bottom-up approach construction. Therefore,
these effective coefficients must be determined from experimental measurements. In
the dimension-six SMEFT, the total number of operators in the absence of any flavour
symmetry, i.e. including the three generations of fermions, are 2499 [41]. This number
represents all CP-even and CP-odd AB = AL = 0 operators, where AB = AL = 0
indicate operators conserving baryon and lepton numbers. In the absence of flavour
structure, i.e. assuming only one generation of fermions, this number reduces to a total
of 76 CP-even and CP-odd AB = AL = 0 operators. In our discussion above, we have
used the classification of dimension-six operators according to [40], in which they
include a total of 59 CP-even and CP-odd AB = AL = 0 operators, split into 15 bosonic
operators, 19 single-fermionic current ones, and 25 four-fermion ones. Relaxing the
AB = 0 constrain increases the number of operators to 63. This classification of Ref. [40]
is one widely used in the literature.

Global fits aim to constrain the WCs by fitting them to the data available from
the LHC and other particle physics experiments. There is a vigorous effort in the
community in performing these global studies [57-62]. The reason for these studies
being global is that they must consider all available datasets. This is because one WC

may contribute to multiple measurements. Moreover, ignoring a subset of coefficients
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in simplifying the fitting procedure may spoil the EFT model independence and

introduce an inherent scale dependence.

Interlude: on renormalisation group equations As previously mentioned, EFTs are
non-renormalisable theories and can only be renormalised order by order in 1/A.
One convenient choice in QFTs is to use a mass-independent regularisation and
renormalisation scheme. In turn, these schemes introduce a scale dependence in the
WCs. The example in Sec. 2.2.2 discussed the use of dimension-six counter-terms
in renormalising loop diagrams with two dimension-five insertions. In such case,
and because of using mass-independent scheme, a c(u) dependence is introduced,
where u denotes some relevant scale. This coefficient will evolve with u according to
renormalisation group equations (RGE),

dc;

where 7;; is the so-called anomalous-dimension matrix. While c(y) can vanish at some
certain p (or by symmetry arguments), it is still a scale-dependent coefficient. This
renders arbitrarily setting ¢ = 0 a scale-dependent statement.

For example, in doing one-loop matching, which requires scale-dependent coef-
ticients for renormalisation, if one is interested in computing observables at lower
scales, then RGE should be used to run the coefficients down. Realistically, in having
multiple operators, they mix in their running down. The anomalous-dimension matrix

in the RGE equation encodes this mixing.

2.5.1. Flavour assumption

The universality of the quarks and fermions flavours can be achieved through respect-
ing the U(3)” symmetry assumption,

U(3)° = SU(3), x SU(3), x SU(3), x SU(3); x SU(3), x U(1)°, (2.30)

where the fermion representations transform under the SU(3) rotations. Imposing
such symmetry is a common approach to practically deal with the enormous number of
operators should we consider all the different fermions flavours in the SM. According
to the Minimal Flavour Violation (MFV) hypothesis [63,64], in the SM, no sources of
flavour violation exist beyond the SM Yukawa couplings, i.e. only Yukawa interactions
in the SM break the U(3)” symmetry.
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SMEFT operators can also be classified according to their U(S)5 respecting. Impos-
ing the same symmetry in SMEFT reduces the 59 operators of Ref. [40] to 42, since also
operators with Yukawa interactions violate U(3)°.

A more relaxed flavour assumption which is used across the studies presented in
this thesis is the following:

U(3); x U(3), x U(2), x U(2), x U(3); = U(2)* x U(3)?, (2.31)

which singles out the top quark interactions from the global symmetry assumption,
and therefore such assumption is mainly used in SMEFT studies with a particular
interest in top quark operators. This minimal relaxation give rise to chirality flipping
operators, i.e. 1p2q03 and 1p2Xq0, since the latter and even though included in the
one-fermion generation SMEFT basis, they break the U(@3)° symmetry. Furthermore,
such relaxation of the symmetry allows the third generation quark doublet and right-
handed top quark fields to receive independent modifications to their couplings to
gauge bosons via the ¢2 (pZD operators.

2.5.2. Input schemes

The dynamics of the SM are dependent on 19 parameters whose numerical values
are expected to be established only by experiments. The subset of these parameters
inherent to the SM EW sector are the masses of the W and Z bosons, my; and m, the
SU(2) and U(1) gauge couplings introduced, ¢ and g, respectively, the Fermi constant
Gr, and the Higgs field vev, v. After EWSB, the independent SU(2) and U(1) gauge
couplings are absorbed into the fine structure coupling constant, «. While « is already
precisely determined from low-energy processes, the extraction of a(m) is needed for
studying EW processes.

In performing a SMEFT fit, theoretical predictions of observables are given in terms
of the SM input parameters and the EFT coefficients. Due to this shared dependence,
the SM and EFT parameters can be simultaneously determined from fitting to data.
Adopting a choice on which input parameters to use in the fit is the so-called EW input
scheme, see for e.g. [65]. The choice of inputs is already used calculating the theoretical
predictions before performing the fit. In SMEFT computations, the complexity arises
from the input parameters dependence on the EFT coefficients. This will result in
indirect constraints on the corresponding operators even if they are not necessarily

relevant to the problem.



Chapter 3.

Examples of top quark studies

This chapter is a brief introduction to top quark physics. It provides introductory
discussions on a selection of top-quark-related studies which illustrate some recent
improvements in theoretical predictions as well as the interpretation of LHC data
in the context of SMEFT. These studies were selected based on their novelty as well
as their relation to the original work presented in the following chapters of this
thesis. Sec. 3.1 serves as a brief introduction to top quark physics. In Sec. 3.2, the
theoretical improvements in the computation of the tfW production process and the
corresponding most recent measurement by the CMS collaboration are presented.
Sec. 3.3 introduces the theoretical basis of top quark spin polarisation measurements,
followed by a discussion on the most recent corresponding ATLAS measurement. In
Sec. 3.4, the EFT interpretation of CMS measurement of anomalous top quark coupling

in the tfy production process is presented.

3.1. On the top quark

The top quark is the most massive of all observed elementary particles. In 1995, the top
quark was discovered by the CDF and DO collaborations [66,67]. The mass of the top
quark, m,, is measured to be around 173 GeV. In the SM, the coupling of the top quark
to the Higgs boson, the top-Yukawa coupling, y,, follows the relation y, = v/2(m,/v)
where v ~ 246 GeV is the vev of the Higgs field. Given the direct measurement of
the top quark mass, the coupling y, is very close to unity; which is, in the SM, the
strongest coupling at the scale of the weak interactions and above; hinting at a unique
role for the top quark in the EWSB. Since the top quark is heavier than the W boson,
it decays semi-weakly, i.e., into a real W boson and a b quark. This contrasts with
other SM quarks that decay through a virtual W boson emission. This decay of the
top quark allows it a short lifetime of roughly 5x10~* seconds, further allowing it to

33
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decay before hadronising. This feature provides a remarkable opportunity to study a
“bare” quark as it is the only known quark not to form bound states. For the reasons
mentioned above, the top quark is believed to play a special role in the SM and many
of its extensions, making top quark physics a unique avenue where the understanding
of the strong interactions and EWSB can be tested.

In hadronic collisions of multi-TeV centre-of-mass energies, the most common top
quark production is the QCD top-antitop quark pair production (for short, referred to
as “top quark pair” production). At the parton level, the top quark pair production
mechanisms are gluon fusion and quark-antiquark annihilation, as depicted by the
diagrams in Fig. 3.1. Single top quark production (discussed thoroughly in Sec. 3.3), in
contrast, takes place through charged current interactions, as shown in Fig. 3.2. The
production rate for single top quarks is suppressed with respect to top quark pair
production by a factor of ~ 2-3 corresponding to the ratio of the strong and weak

interactions coupling strengths, a; and «,,, respectively.

t & o r—»— 1t

Figure 3.1.: Diagrams for the LO top quark pair production at the LHC.
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Figure 3.2.: Representative diagrams for the LO single top quark production at the LHC. All
modes of single top quark production are presented. From left to right, the t-
channel production through the exchange of a space-like W boson, the s-channel
production through the exchange of a time-like W boson, and the associated
production of a top quark with an on-shell W boson.

Through precise measurements of the top quark’s properties, e.g. mass and cou-
pling, essential information can be attained on the fundamental interactions at the
EWSB scale and beyond. While these extensively studied top quark properties can
further test the SM hypothesis, they can also discriminate between competing theories

of BSM physics. The different measurements presented in this chapter show that
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BSM effects can indirectly affect top quark physics. The EFT approach discussed in
Chap. 2 is used to describe such physics, hinting at where potentially indirect effects
of BSM physics can be observed. The guiding principles for interpreting top quark
measurements at the LHC in the context of SMEFT have been established in Ref. [68].

As previously mentioned, the topics chosen in this chapter are mainly motivated
by their relation to the main discussion of the thesis. The tfW process is one of
the main background contributions to the tfH and tftf multilepton signals. The
improved tfW calculation presented in Sec. 3.1, therefore, would potentially aid in the
background modelling for the corresponding measurements. Moreover, and while also
interesting from a theoretical point of view, the top quark spin polarisation and the tfvy
measurements presented in Sec. 3.3 and Sec. 3.4, respectively, provide complementary
bounds on WCs relevant to the tfH and the tWZ processes. The studies of both the

latter, together with the tftf process, are the primary constituents of this thesis.

3.2. Top quark pair production in association with a W

boson

The top quark pair production associated with a massive weak vector boson is an ongo-
ing investigation by the ATLAS and CMS collaborations. The inclusive measurements
at \/s =13 TeV for both tfZ and tfW are reported in Refs. [69,70]. In both processes,
there is an agreement between theoretical predictions and the inclusive measurements;
however, with a slightly higher measured cross-section for the {#fW process. It is worth
noting that the contributions from W and tfZ processes are dominant backgrounds to
the tfH [71] and the tftf analyses [72]. This imposes the necessity of precise modelling
of such major background for it to be properly subtracted, particularly in the multilep-
ton signatures for which the tension mentioned above has been reported in both the
ttH and the tftf analyses efforts. This observed discrepancy between the theoretical
predictions and the measurement has led to using a normalisation factor of ~ 1.5 for
the tfW background in the tfH analysis of Ref. [/1], whereas the tftf analysis required a
normalisation factor of ~ 1.6 [72]. This discrepancy also induces significant systematic
uncertainties for the experimental analyses in the multilepton signal regions. To that
end, several t{W theoretical calculations and studies have been performed aiming at a
more precise theoretical understanding of the process [73-54].

In the discussion of those theoretical efforts toward the understanding of the t#tW
process, the notation of Refs. [9,73,55] is followed to present the FO multi-coupling



Examples of top quark studies 36

expansion of a generic observable X for the process pp — £tV (+X) in the powers of &,
and a,,

tv +1tV
by (“S’[Xw) = Z “;ﬂ“; Zm+n+1,n/ (3.1)
m+n>2

where X indicates an extra QCD or QED radiation and m and n are positive integers.
The contributions at LO constrain the sum of the integers to m +n = 2 and involve only
tree-level diagrams. On the other hand, NLO corrections correspond to terms with
m +n = 3 and are induced by the interference among all the possible one-loop and
tree-level Born diagrams as well among all the possible tree-level diagrams involving

one additional quark, gluon or photon in the final state. The t{V observables at LO,

ng , can be expanded as follows:

HY 2 ffV 2tV | 3tV
Yio = agi23g + a0y, Xa g + ayXa 0
= ZLol + ZLoz ‘|— Z‘LO3' (32)

Similarly, the NLO corrections reads

vV 3 7V 2 2tttV 3tV 4 -tV
Z‘NLO = Q4 “wz‘4,0 + o “wz‘4,l + “s“wz‘3,2 + “wz‘4,3

= XnLo, T 2neo, T Ento,  Ento, - (3.3)

The complete NLO calculation of Ref. [73] has shown that the t{W NLO EW (zxgtxi,)
corrections reduce the LO cross-section by ~ —4%, while the dominant subleading
EW corrections (ocsocgj) increase it by ~ 12%. These large contributions at & (ucstxz,)
arise from the tW — tW scattering diagrams [74] presented in Fig. 3.3, a conclusion
that further indicates the complexity of this process and the necessity of a complete
understanding of tfW.

One study on the structure of the higher-order contributions in the tfW process
suggests a ~ 10% increase in the cross-section expected from (oc;ltxw), a coupling order
which is already at the level of next-to-next-leading order (NNLO) accuracy [56].
Since an NNLO calculation is not yet available due to its complexity, one way of
capturing parts of these contributions is using multi-jet merging at NLO. Merging is
the procedure of combining matrix elements characterised by different multiplicities
in MC simulations, a detailed discussion on the topic is in Ref. [87]. A real emission
radiation can be a jet attached to a QCD vertex (jocp) or one that is attached to
an EW vertex to the W boson (jeax), in a collinear (and) or soft limit. The QCD
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Figure 3.3.: Representative diagrams for two Born t#W amplitudes contributing to ;5 and

q/ Wj: q/ Wﬁ: g

X1 0,(left), and two NLO real emission ttW * g amplitudes contributing to 2Nro,
and Yy o,, where the latter involves the tW — tW scattering.

splitting functions’ of pp — ttW allow the inclusion of jocp emissions via the parton
shower (PS); this is, however not the case for the weak jets configuration. At LO
and through MadGraph5, the weak jets configuration is excluded from the merging
procedure and instead treated as independent finite contributions. The merging
procedure has been upgraded within MadGraph5 for NLO calculations in QCD using
the so-called FxFx framework [87], at which point these said separations were not yet
considered. The FxFx framework has been further extended in [88] to correctly account
for the separation of weak jets, and thus t{Wj,..i contributions hereafter referred to
as the “improved merging”.

The CMS collaboration has recently measured the {#fW production cross-section in
pp collisions at a centre-of-mass energy /s = 13 TeV using a recorded data sample
corresponding to 138 b~ of integrated luminosity [89]. This analysis has been per-
formed for events with two or three leptons, electrons or muons, and additional jets.
The measured cross-section amounts to 868 + 40(stat)fg%(syst) fb. The Monte-Carlo
(MC) simulation used in the analysis included terms corresponding to the X5, and
the Xy o, contributions from Eq. 3.2 and Eq. 3.3, respectively. The cross-section used
to normalise the tfW prediction is the one of Ref. [77] computed to NLO+next-to-next-
leading-log (NNLL) accuracy. In Fig. 3.4 a comparison between the measured t{W
cross-section and the theoretical prediction used for normalising the number of events
in the MC simulation, as well as to the one evaluated using the improved merging of
Ref. [88] is presented.

The measured cross-section from the combination of all the investigated leptonic
channels still exhibits the previously mentioned tension compared to the theoretical

prediction. Nevertheless, the comparison against the prediction using the improved

'Qcp splitting functions provide the mechanism for handling non-cancelled collinear divergences
arising from the radiation of massless partons from one of the incoming partons.
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merging procedures suggests the necessity of the correct accounting of weak jet con-
tigurations in the NLO merging.
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Figure 3.4.: Measured cross-sections for the tfW production in different final states compared
to theoretical predictions of Refs. [77,88]. The cross-sections are measured in the
ee, ey, and pup dilepton final states and in the trilepton channel. The cross-section
obtained from the combination of all channels is also presented. The figure is taken
from Ref. [89].

Due to the valence quark effects” in pp collision, an enhancement of the ttW™
cross-section is expected when compared to tW ™. This expected feature renders the
separate measurement of {fW ™ and t#W ™ of particular importance since it provides
information on the PDF of the proton. In the same CMS measurement, the cross-

section of both processes was measured, and their ratio in a simultaneous fit was

calculated. The measured ratio R+ - is reported as 1.61f8:ﬁ(stat)fgjgg(syst)
whereas the predicted value from Ref. [76] is R?&ﬁ JEW- = 1.94”:8:%2. Therefore, the

ratio measurement is found to agree with the SM predictions.

? Valence quarks are the quarks constituting the quantum number of a hadron. The proton has three
valence quarks, two up and one down quark. Since there are twice more up-quarks than down-quarks
in the proton’s parton distribution function (PDF), the +W measurement leads to more ttW ' measured
events compared to {tW events.
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3.3. Top quark polarisation in the #-channel single

production

Three main single top quark production channels are the t-channel production through
the exchange of a space-like W boson, the s-channel production through the exchange
of a time-like W boson, and the associated production of a top quark with an on-shell
W boson, all shown in Fig. 3.2. All single top quark production channels are connected
directly to the EW vertex tWb, so they can be used to measure the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element, V,;,. Moreover, single top quark production can be
sensitive to BSM physics; one way is through the modified structure of the Wtb vertex,

a topic discussed later in the EFT interpretation section.

3.3.1. Polarisation measurement

The CMS collaboration at the LHC has measured the t-channel single top quark cross-
section at /s = 13 TeV in pp collisions inclusively [90] and differentially [91]. The top
quark polarisation in the t-channel production has also been measured by the ATLAS
collaboration [92]. The measurement set bounds on the Wtb SMEFT dipole operator.
The theoretical motivation and the measurement results constitute this section’s main
topic.

At a hadron collider, the dominant mechanism for single top quark production
is through t-channel exchange of a W boson. Therefore, it is worth breaking down
the t-channel production diagrams into two sub-processes, a dominant sub-process
and a sub-dominant one. The dominant sub-process is the scattering of an incoming
up type (down type) quark from a bottom quark (antiquark) through the W boson
exchange producing a down type (up type) spectator quark and a top quark (antiquark)
as presented in the two most left diagrams of Fig. 3.5. The subdominant process, on
the other hand, proceeds with the scattering of a down type (up type) antiquark from
a bottom quark (antiquark), producing an up type (down type) spectator antiquark
and a top quark (antiquark), as shown in the two most right diagrams of Fig. 3.5.

In contrast to QCD top quark pair production, where the top quarks produced are
non-polarised due to parity conservation, single top quarks are always produced via
the left-handed EW interaction and therefore polarised. This impacts the produced top
quark’s spin direction and, in turn, the spin of its decay products. Therefore, it is worth
introducing the basics of top quark polarisation before presenting the corresponding
experimental measurement. The following density matrix can describe the state of an
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Figure 3.5.: The two left diagrams show the dominant sub-process of single (anti) top quark
t-channel production at the LHC, while the two right show the sub-dominant ones.
The diagrams shown are in the five-flavour scheme (5FS), where the b quarks are
included in the PDF of the colliding protons. The t-channel production of a single
top quark in the four-flavour scheme (4FS) proceeds as gg — q'tb exploiting gluon
splitting in the initial state.

ensemble of polarised top quarks,

1+ P, (3.4)

N =

p:

where I is the identity matrix, P is a vector in three-dimensional space, and & is the
Pauli vector”. Introducing the reference frame (x,y, z), the density matrix p can be

written as follows:

o= % 1+ I"Z P, —iP, ’ (35)
P.+iP, 1-P,
with eigenvalues A, = 1[1+|P|]. The following constraints on |P| are in order:
|P| <1,and |P| = 1 only and only if the top quarks are produced in pure spin states.
The vector P is a Bloch vector. A Bloch vector indicates the point within a sphere
which corresponds to a given state; a Bloch sphere. A Bloch sphere is a geometrical
representation of the state space of a two-level quantum mechanical system. The
surface of the Bloch sphere represents all the pure states; hence the constraint |P| = 1
for top quarks produced in pure spin states, whereas the interior of the sphere, |P| <1,
corresponds to all the mixed states. The components of P can be calculated as the

expectation value of the Pauli matrices,

P =Tr(p?) = (@), (3.6)

3 The Pauli vector is defined as & = 01k1 4 0,K2 + 03k3 where 0; with i = 1,2,3 are the Pauli matrices

representing the observable corresponding to spin along the k™ coordinate axis in three-dimensional
Euclidean space.
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where P; = 2(S;) for i = x,y,z with S representing the the spin operators4. The
component P; represents the expectation value of the spin operators, in other words,
the polarisation of the top quark along the i axis coordinate. The definitions of the
coordinates in terms of the process of interest are as follows. The Z-direction is taken
as the direction of the spectator quark’s three-momentum p;. The §J-direction is taken
to be orthogonal to both p; and the initial quark’s three momentum p;. The £-direction

is determined such that the coordinate system is right-handed,

=
S

—

A X P
, Ps 2 Fi (3.7)
| / |Ps % 7l

=

I
<

X
Do

where p; and g, in the top quark’s rest frame.

ot

The expected values of the polarisation of the top quarks and antiquarks at LO
accuracy in the SM were computed to be Pﬁ(t) = 0.90 and Pﬁ(t) = —0.86 [93] along the
direction of the spectator quark. In the NNLO calculation of Ref. [94], the predicted top
quark polarisation components were reported to be szt) = 0.965 and szt) = —0.957.
The measurement performed by the ATLAS collaboration in Ref. [92] used /s = 13
TeV pp collision data that amounts to a total integrated luminosity of 139 fb~!. The
analysis reports a high polarisation along (against) the direction of the spectator quark
in the top quark (antiquark) rest frame. The three measured polarisation components
for the top quark and the antitop quark are reported as follows:

P = (P, Py, P;) = (0.01,-0.029,0.91)(t) (3.8)
P = (P, Py, P;) = (—0.02,—0.007, —0.79) (£), (3.9)

and presented in Fig. 3.6 in a two-dimensional parameter space (P;, P;) with their

statistical-only and statistical-and-systematic contours at 68% CL reported.

3.3.2. Sensitivity to EFT

As previously mentioned, the modified structure of the Wtb vertex can be one way
to use single top quark production as a probe for new physics beyond the SM. A
systematic approach for testing the presence of effects from a modified Wtb coupling
is to exploit the framework SMEFT. Assuming massless b quarks, i.e. the 5FS, in
single top quark production, the relevant dimension-six SMEFT operators are the

* The spin operators are defined as the Pauli matrices normalised by the factor 71/2. In using natural
units where 1 = 1, S; = 10; and so (0;) = 2(S;), hence P; = 2(S;).
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Figure 3.6.: The observed best fit polarisation measurement reported with statistical-only and
statistical-and-systematic contours at 68% CL. The results are plotted in the two-
dimensional parameter space (P;, P;). The red point represents the NNLO SM
prediction based on Ref. [94]. The figure is taken from Ref. [92].

following [40,95-97]:

1 _

ol = liyf(¢+%>,ﬂqo)(Qv“rlQ),

QtW ytgw(Qa-yv I) Wyw

Q) = (@,7"'9.)(Q1,7'Q), (3.10)

with their definitions following that of Refs. [96,97], and where I use Q to denote a
generic dimension-six SMEFT operator in the Warsaw basis. More SMEFT operators
of dimension-eight can contribute to this process. However, it is generally assumed
these contributions are sufficiently suppressed by their 1/ A* factor. The interaction
Wtb vertex in the SM Lagrangian reads

3. gV,
LM _ Z g tf ()" PLt(x)W, (x) + hic, (3.11)

where g is the coupling strength, f(x) and W), (x) are the top quark and the W boson
fields, respectively. The quark fields are denoted by q(x) where f = d,s, b refers
to down, strange, and bottom quarks. The coefficient V, is an element of the CKM
matrix, and P; is the left-hand projection operator. The top (antitop) quark mainly
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decays to a W boson and a b quark. This decay is followed by the subsequent one to
an antilepton (Iepton) and (anti)neutrino. The studies of Refs [95,99] have shown a
near-perfect correlation between the flight direction of the lepton in the top quark rest
frame and the top quark spin. Due to the relative easiness of experimental detection
of the lepton, this correlation allows the determination of the top quark spin and
the coupling handedness from angular distributions. The four-fermion operator

3)
QqQ

measurement [92] was omitted. The other two operators in Eq. 3.10 modify the Wtb

rs has a negligible effect on angular distribution [97], and so in the latest ATLAS

interaction as follows:

C(3) fvz

. o Yy
L5m6 _ T8RP, t(x)W x(1+L)
Wtb \/E()’Y Lt(x) y() A2
n 2gvyt2th5(x)auv Prt(x)9, W, +h.c, (3.12)

A

where V, is assumed to unity. Comparing Eq. 3.11 and Eq. 3.12, it is clear that the
coefficient C((Pag only alters the magnitude of the Wtb interaction, and so of a limited
relevance to the differential study at hand. Therefore, in the ATLAS analysis, only
the effects of the O,y operator were considered. WCs are complex ones and so they
consist of real and imaginary parts, hereafter the WC of the 9,y operator will be
referred to as Re{C,yy } = Cyy and Im{C,y } = Cyypy-

In the coordinate system defined in Eq. 3.7, 8, is considered the polar angle of the
charged lepton momentum with respect to the i™ axis (i = £, 7,2). Using these polar
angles, one can obtain the differential angular distributions associated with the three
polarisation components. The ATLAS analysis has used the unfolded’ normalised
distribution of cos 63 and cos 8y to set bounds on the complex WC of the Q,yy operator.
The angular distribution of cos ;; has been ignored since it has been shown that it is
insensitive to the effects of the Q,;; operator [100]. The data collected by the ATLAS
experiment were compared to the effects of the O, operator, which contributes to
the production and the decay of the top quark. This comparison was performed
in a likelihood fit using the theoretical predictions from the simulated samples as
discussed in Sec. 2 of the corresponding ATLAS paper [92]. The results of the fitting
are shown in Fig. 3.7 for both the cos 6;; and the cos 0}, angular distributions. The
C;w mostly affects the polarisation’s component along the £-axis, P;, whereas C;;y
affects the j-axis correspondent, P; [92]. The reported best fit values for the coefficients

> The finite resolution of the detector smears the measured distributions. The deconvolution of the
detector effects aiming to restore the true underlying distribution is called unfolding.
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are Cyy = 0.3+£0.6(1.1) and Cyy = —0.3£0.2(0.5) at 68% CL (95% CL) showing
consistency with their SM prediction [92]. The obtained limits for the coefficients when
all EFT terms are included up to & (A_4) and at the 95%CL for C;yy are [-0.9,1.4] and for
Ciw are [-0.8,0.2]. This recent ATLAS measurement has improved the bound on the
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Figure 3.7.: Data to EFT fit for the polarisation angles cos 0, (left) and cos 0y (right). The best fit
result in the red line is the EFT prediction using the best fit values for the WC, C;yy.
The blue line is the SM prediction obtained as described in the ATLAS analysis [92].
The brown (green) line shows the model at its upper (lower) 95%CL bounds for
Cyw (left) and C;yy (right). The figure is taken from Ref. [92].

imaginary part of the Q,; operator, i.e. C;;y, compared to the previous corresponding
ATLAS results.

3.4. Top quark pair production in association with a

photon

The cross-section measurement of a top quark pair production with a photon, 7, is a
probe for coupling the top quark to photons. This probe can serve as a test for the SM
predictions and provide sensitivity to new physics phenomena beyond the SM. The
current large amount of data collected by the CMS detector made the measurements
of relatively small cross-sections, like the one of the ¢ty production, feasible. A new
analysis by the CMS experiment has measured the cross-section of the tfy production
process in the decay channel constituting two oppositely charged leptons using 138
fb~! data recorded for pp collisions at /s = 13 TeV [101]. The analysis measures the
tty cross-section differentially and consequently interprets the results in the context of
SMEFT to obtain limits on the relevant WCs. This EFT interpretation constitutes the

main discussion of this section.
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The CDF collaboration found the first evidence of tfy production in pp colli-
sions [102]. The ATLAS collaboration was the first to observe the tfy production
at LHC at /s = 7 TeV [103]. Further measurements were performed by the ATLAS
and CMS collaborations at /s = 8 [104,105] and /s = 13 TeV [106-108]. The mea-
surement in discussion defines a fiducial phase space for the tfv signal process with
criteria on the kinematic properties of the photon, leptons, and jets at the particle level.
The events considered are the ones in which the photon is radiated from a top quark
or an incoming quark, as shown in Fig. 3.8, or any of the charged decay products of
the top quarks. The tfy SM production has been computed at NLO in QCD and EW

g T t
g
§ v
g t q t

Figure 3.8.: Representative diagrams for the LO tty production where the photon is radiated
by a top quark (left) and by an incoming quark (right).

theory [78,109-114]. The top quark decays and photon radiations from the final-state
particles at the NLO accuracy have also been performed [115, 116]. The sensitivity to
new-physics modifications has been studied in the SMEFT framework in Ref. [117].
Since the measurement of tfyy production is sensitive to the EW dipole moments of
the top quark, the operators Q,;y and 9,5 can be used to modify the tfy vertex. The
Q,w operator is presented in Eq. 3.10 while the O, operator is defined as follows [117]:

Qup = yth(GUVUt)quyv' (3.13)

Due to the SM gauge symmetries, complementarity arises between the ttty and tfZ
vertices [118-120] and therefore, a linear combination of the Warsaw basis coefficients
of the Q,;y and Q,;p operators can describe the modification of the tfZ interaction

vertex,

¢z = Re{—sin O, C;p + cos Oy Cy }, (3.14)
¢ty = Im{—sin Oy C,5 + cos Oy Cipy }, (3.15)



Examples of top quark studies 46

and the tf+y interaction vertex [101],

¢, = Re{cos Oy Cip — sin 0y, Cyyy }, (3.16)
I

Cy = Im{cos 8y C;p — sin Oy Cyyy }, (3.17)
where the superscript I indicates the imaginary part of the coefficient. With the
assumption that W boson helicity fractions measurements are a better probe for
Cyw [121], the Cyyy were set to zero in the CMS analysis [101]. This choice renders ¢,
and c,; dependent parameters.

The new physics hypothesis was parameterised in terms of the ¢;; and cf 7 coeffi-
cients, while all other operator coefficients were set to zero. The effects from possible
new physics deviations are then probed in the differential measurement of the photon
pr distribution. The other observables were found to be insensitive to this new-physics
effects [101]. The observed 95% CL individual limits were reported as [—0.53,0.52]
and [—0.58,0.52], for ¢;, and cfz, respectively. A similar measurement by CMS was
performed using final states with one lepton and jets (I+jets) [105]. The more significant
number of signal events at large photon pr values in the measurement of Ref. [105]
increases the sensitivity to the SMEFT operators modifications, and thus, a further
improvement in the obtained constraints was expected. The combined result from the
two measurements are reported at 95%CL as [—0.36,0.31] and [—0.38,0.36] for c;, and
cf 7, respectively, providing the best published limits to date [101].



Chapter 4.

Measurement of the ttH production
rate at the LHC

As discussed in the previous chapter, top quark interactions can serve as a window
to BSM physics. Such potential new physics can be encapsulated as slight deviations
from SM predictions, i.e. the SMEFT approach, or as resonances in direct searches,
i.e. UV-complete BSM scenarios. Regardless of the particular interpretation of BSM
physics, the top-Yukawa coupling remains one of the traditional probes of top quark
interactions due to its crucial role in many new physics scenarios. Over the last years,
vigorous effort concerted by theoretical and experimental communities has been put
into studying the top-Yukawa coupling. An example of one of such experimental
efforts is the measurement of the tfH production rate at the LHC.

This chapter presents the CMS measurement of the {fH process, performed in
pp collisions at /s = 13 TeV. Two CMS measurements targeted the tfH production
process; an inclusive measurement [ ]1 and a differential one. Both constitute the
material presented in this chapter. The inclusive {fH measurement is performed in
ten different final states, with electrons, muons and taus, referred to as “channels”.
One of the ttH production channels is the two-leptons-same-sign channel, 21SS+07,,
where | denotes light leptons (e, #) and 7, denotes hadronically decaying tau leptons.
This discussion is focused only on the 21SS4-071), channel for it being the one with the
highest sensitivity and largest signal yield. This led to the further use of 21SS+07, in
investigating the top-Higgs system’s differential behaviour for the differential study,
aiming to constrain new physics in the context of SMEFT.

The chapter is organised as follows: following a brief introduction in Sec. 4.1,
Sec. 4.2 discusses the data and simulated samples used in the inclusive analysis.
Sec. 4.3 covers the event selection followed by a discussion on the signal extraction

! The measurement originally targeted both the tfH and the tH signals, I focus here on the {fH one.

47
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and systematic uncertainties in Sec. 4.4. The results from the inclusive measurement
are presented in Sec. 4.5. The prospect of the differential measurement and the EFT

interpretation are discussed in Sec. 4.6 and Sec. 4.7, respectively.

Declaration

The discussion constituting Sec. 4.2-Sec. 4.5 is based on the inclusive measurement of
the ttH production of Ref. [122]. The author’s work, however, was primarily focused
on measuring the ttH process differentially for which the presentation of the inclusive
measurement is intended to serve the purpose of setting the stage.

Sec. 4.6 and Sec. 4.7 present the analysis effort put into performing a differential
measurement of the tfH process. This work was not public by the time of writing, only
internally within the CMS collaboration. Therefore, some aspects of those sections
could have been already outdated or further improved by the time of reading. This
being the effort to which the author of this work mostly contributed, such contributions

are as follows:

e Measuring the tfH differential cross-section through reconstructing the relevant
differential observables in the 21S54-07, final state.

o Assessing the efficiency of the originally planned-to-use boosted decision tree
(BDT)-based discriminant (referred to as the “top-tagger”) for targeting hadroni-
cally decaying top quarks. An assessment led to more optimal methods to identify
top quarks with better efficiency than the top-tagger.

o Computing the response matrices that assess the quality of the differential
reconstruction. This computation allowed us to quantify the inefficiencies from

imperfect lepton and jet assignments and missing energies in the final state.

e Internal study of the NLO and PS effects on the tfH process laying the theoreti-
cal foundation of the differential study.

e Parameterisation of the EFT effects induced from the relevant SMEFT operators
to the tfH process and aiding in the EFT reweighting procedures.

e Contributing to the documentation of the work mentioned above.

4.1. Introduction

The Higgs boson discovery by the CMS and ATLAS experiments in 2012 [5,6, 123]

motivated a profusion of research that focuses on studying the properties of the
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newly discovered particle. In the SM, the top quark-Yukawa coupling, v, is directly
proportional to the top quark’s mass. The latter being the heaviest fermion (that
we know of) renders its Yukawa coupling at the order of unity. This strength of the
top quark coupling to the Higgs boson may allude to a top quark’s unique role in
the EWSB [124-126]. Furthermore, a measured deviation from the SM prediction
of y, may serve as a shred of evidence for BSM physics [127]. The measurement of
the tfH differential cross-section can disentangle effects arising due to a modified
Higgs self-coupling from other effects such as the presence of anomalous top-Higgs
interactions [128]. In the context of SMEFT, the tfH process provides a firm handle on
the relevant dimension-six coefficients [129]. Moreover, and as will be discussed in
Sec. 4.7, the ttH process offers valuable insight into the interplay between the top quark
and Higgs measurements in constraining new physics. Such interplay emphasises
the complementarity between different sectors of the SM in performing global EFT
studies. The LO diagrams for t{H production are shown in Fig. 4.1.
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Figure 4.1.: Representative diagrams showing the tfH production process at the LHC at the
LO accuracy.

The above-mentioned reasons render the theoretical understanding and precise
experimental measurement of the tfH production process a crucial and an exciting
endeavour. An enormous theoretical effort has been done in calculating the SM

prediction for the tfH process at NLO in QCD [129-137]. In Ref. [138], the SM ttH
production cross-section at NLO in QCD along with EW corrections at the same order
SM

is reported to be ¢;;;; = 506.5 fb. This chapter presents the most recent experimental
measurement of tH, and its interpretation in the context of the SMEFT.

4.2. Data and Monte Carlo simulation

The data used in the analysis are pp collisions recorded at /s = 13 TeV by the CMS
detector at the LHC during the years 2016-2018. The total integrated luminosity of the
analysed data is 137 fb .
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The event samples produced using MC simulation were used to calculate signal
selection efficiencies, estimate background contributions, and train machine learning
algorithms. This inclusive analysis is performed in ten different final state channels.
However, as mentioned before, the discussion here is focused on the 21SS+07, channel
for which the most relevant background contribution is ¢f production in association
with a W boson, t#tW. The t{W background sample was generated at NLO in QCD us-
ing MadGraph5. The modelling of tfW included additional ocsoc?u corrections [74,75]. The
NLO program POWHEGv2.0 [139-141] was used to simulate background contributions
stemming from diboson production, WZ, ZZ, and from other SM Higgs production
processes. The NNPDF3.0LO (NNPDF3.0NLO) [142-144] set of parton distribution func-
tions (PDFs) were used in simulating the LO (NLO) 2016 samples, while NNPDF3. 1
NNLO [145] were used for 2017 and 2018 LO and NLO samples. Parton showering,
hadronisation, and the construction of the underlying event were modelled using
Pythiav8.2 [146]. The modelling of the tfH signal and the backgrounds were further
improved by normalising the simulated samples to cross-sections computed at higher
order in QCD. These higher-order cross-sections are found in Ref. [138] for the signal
and ttW processes. Pileup, i.e. the presence of simultaneous pp collisions in the same
or nearby bunch crossings, was modelled by superimposing inelastic pp interactions
simulated using Pythiav8.2 to all MC events. All MC events were passed through a
detector simulation of the CMS apparatus, based on GEANT4 [147, 148].

4.3. Event selection

This analysis originally targeted tfH and tH events where the Higgs boson decays are
generally as follows, H—+W W™, H— 1"t , or H— ZZ, with the corresponding
subsequent decays. The branching fractions of these (125 GeV) Higgs decay modes
are ~21%, ~ 6%, and ~ 2%, respectively. Furthermore, the branching fraction of
the W boson decay into leptonic final states amounts to ~ 32.5%, while the Z boson
branching fraction to charged leptons is ~ 10.2%. The T lepton branching fraction to
purely leptonic decays is ~ 35.2% [149].

For the ttH signal and in the 21SS+07;, channel, the Higgs boson is assumed to
decay via H— W' W™~ where one W boson decays to hadrons and the other one to
leptons. Moreover, one top quark decays semi-leptonically, i.e. t — bW — bly;, and
the other decays hadronically, i.e. t— bW — bqg’, and analogously for the antitop
quarks. The leptons from the W boson and the top quark should have the same sign
for the 2ISS+-07;, final state to be achieved. This final state constitutes an experimental
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signature consisting of electrons, muons, missing energies caused by the neutrinos
stemming from W boson decays, b-jets from the top quark decays, and the light-quark
jets originating from the decays of either the Higgs boson or the top quark.

Events were selected at the trigger level using a combination of single- and double-
lepton triggers. Even though requiring same-sign leptons reduces the signal yield
by about half, it increases the signal-to-background ratio by a large factor since it
removes the background arising from tf +jets production in which both top quarks
decay semi-leptonically. Vetoing events containing opposite-sign pairs of same-flavour
leptons suppresses the background contributions from processes like tfZ and Drell-
Yan (DY). The suppression of background contributions arising from DY production in
the 21SS+07;, channel was further improved by imposing a requirement on the linear
discriminant, L, > 30 GeV. The latter is a variant of missing transverse momentum
designed for an optimal trade-off between discrimination and sensitivity to pileup.
It is defined by L, = 0.6p5" 4 0.4HI™, where pI"*® denotes the magnitude of the
missing transverse momentum vector, and Hy S is a variable generally defined in
the same way as p?iss but with imposing some fiducial cuts® on the objects entering
into its definition, rendering it less sensitive to soft hadrons which predominantly
originate from the pileup. To target the tfH signal, events were selected to have at
least three central jets of pr > 25 GeV and || < 2.4, of which two must be tagged
as b-jets. Tab. 4.1 presents a summary of the event selection criteria applied for the
21S5+07, final state.

Selection 21SS + 0ty
Target tfH decays t — blv, t — bqq with H— WW — lvgq’

Trigger Single and double-lepton triggers

lepton pr pr > 25/15 GeV

lepton 7 ln| <2.5(e) or || < 2.4(u)
Charge 2 SS leptons plus charge quality requirements

Number of central jets > 3 plus b-tagging requirements
Missing transverse momentum Lp > 30 GeV

Table 4.1.: Summary of the event selection criteria for the tfH signal process in the 21SS+-071,
channel.

2 Fiducial cross-section is the cross-section of a process defined through a set of fiducial cuts so that the
distinctive signatures of a given process are detected with the sensitive regions of the detector volume,
i.e. the fiducial volume.
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4.4. Signal extraction and systematic uncertainties

Signal extraction In order to separate the tfH signal from the background contribu-
tions, a maximum likelihood (ML) fit to the distributions of several discriminating
observables was employed. The following expression is the likelihood function:

L(datalp, 0) HP i, 0) T T p(6x|6x), (4.1)
k

where the index i refers to individual bins of the discriminating observables dis-
tributions that are included in the fit. The factor P (n;|p, 0) represents the Poisson
probability to observe n; events in a given bin i, where v;(y, 0) events are expected
from the sum of signal and background contributions in that bin. The number of
expected events is a linear function of the parameter of interests (POls); y,7;; and y;p,

vi(1,8) = vy’ (8) + vy (8) + 07 (6), (4.2)
where the symbols vttH lt H, and I/ZB denote, respectively, the SM expectation for the
ttH signal contribution, similarly for tH, and the summed contributions expected
from background processes in bin i. The notation v;(p, 6) indicates that the number of
events expected from signal and background processes in each bin i depends on a set
of parameters, denoted by the symbol 6, that represent the systematic uncertainties,
and are referred to as nuisance parameters. Individual elements of the set of nuisance
parameters 0 are denoted by the symbol 6, where each k represents a specific source
of systematic uncertainty. The function p(8;|6;) represents the probability to observe a
value 0, in an auxiliary measurement of the nuisance parameter, given that its true
value is 6. This probability’s density function depends on whether the systematic
uncertainties affect the distribution’s normalisation or shape. A detailed discussion
can be found in Sec. 9 of Ref. [122].

The discriminating observables used for the fit were chosen based on different
studies performed with simulated samples of signal and background events. They
are the outputs of machine learning algorithms that were trained using simulated
samples of signal and background and were chosen in line with their discrimination
power, aiming at maximising the expected sensitivity of the analysis. The background
training was performed on ttW, t{Z, tf +jets and diboson contributions. For signal
extraction in the 21SS+07;, channels, artificial neural networks (ANNs) were employed.
Examples of the observables used as input to the ANNs are electron multiplicity,
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leptons three-momenta, transverse and invariant mass. All input variables to the
ANN:s for the analysis ten different channels are presented in Ref. [122].

The ANNSs used in the 21SS+07;, have multiple output nodes that allow for the
discrimination between the tfH and tH signals from backgrounds, accomplish the
separation of the tH from the tfH signal, and perform a distinction between individual
types of backgrounds. The softmax [150] function is chosen as an activation function
for all output nodes, this permits the interpretation of their activation values as
probability for a given event to be either tfH signal, tH signal, t{W background, or
other 21554-07j, background contribution. The selected events were therefore classified
into those four categories according to the output node with the highest corresponding
probability value. The four distributions of the probability values were input to the
ML fit. The training is performed using the TENSORFLOW package [151] with the KERAS
interface [152].

Systematic uncertainties Several experiment- and theory-related effects can affect
the event rates and the previously mentioned distributions of the discriminating
observables. These effects are referred to as systematic uncertainties and are modelled
by nuisance parameters in the ML fit. Examples of experimental sources are trigger
efficiencies and the efficiency of identifying electrons and muons. On the other hand,
theoretical uncertainties mainly arise from missing higher-order corrections to the
perturbative expansions in cross-section computations, also from uncertainties in the
PDFs. MC sample and sideband statistical uncertainty are the uncertainties associated
with the limited number of simulated MC events and the amount of data events in the
sideband region used for estimating the background contribution due to misidentified
leptons. Tab. 4.2 summarises the impact of all systematic and statistical uncertainties
on the tfH signal rates and the main background contributions. It is worth noting that
ttW and tfZ processes show mostly lower systematic uncertainties impacts since the
three-lepton and four-lepton control regions were included in the maximum likelihood
fit.

4.5. Inclusive measurement results

An example of the distributions included in the ML fit are shown in Fig. 4.2. These
distributions show the activation value of the ANN output node in the 21SS+07,, and
are classified as tfH signal and tfW background. The expected distributions for signal
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Source Bpin/taul%)  Apgw/Bawl%]  Bpgslpiz1%)
Trigger efficiency 2.3 12 1.9
Leptons reconstruction and identification efficiency 2.9 17 3.2
b-tagging efficiency 3.6 13 2.9
Misidentified leptons and flips 6.0 2.6 14
Jet energy scale and resolution 34 1.1 1.2
MC sample and sideband statistical uncertainty 7.1 2.4 2.3
Theory-related sources affecting acceptance and shape of distributions 4.6 2.0 4.2
Normalisation of MC-estimated processes 13.3 13.9 11.3
Integrated Luminosity 22 1.8 3.1
Statistical uncertainty 20.9 59 5.8

Table 4.2.: The impact of the systematic and statistical uncertainties on the measurement of
the tfH signal rates as well as the t{W and t{Z background rates.

and background are shown for the value of the POI and nuisance parameters obtained
from the ML fit.
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Figure 4.2.: Distributions of the activation value of the ANN output node with the highest
activation value for events selected in the 21SS+07;, channel and classified as
ttH signal (left), and ttW background (right). The distributions are shown in the
different subcategories based on the leptons flavour.

The production rates of the tfH and tH signals were determined through a binned
simultaneous ML fit, in which the production rates of tfH (and tH) constituted the
POIs. The symbol p; (and ;) denotes the ratio of the production rate of each
signal process to its SM expectation. Assuming the distributions of the discriminating
observables for the tH and tfH signals agree with their SM expectation, the produc-
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tion rate for the tfH signal was measured to be p;; = 092+ 0.19(stat)f8jg(syst)

times the SM expectation. This is equivalent to a tfH production cross-section of
466 + 96(stat) TZ0 (syst) fb. The corresponding observed (expected) significance of the
ttH signal amounts to 4.7 (5.2) standard deviations, assuming the tH process to have
the SM production rate. The production rates measured in each of the ten individual

channels are shown in Fig. 4.3, also rate when all channels are combined.
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Figure 4.3.: The production rate yi;;; of the tfH signal measured in each of the ten channels
individually and for the combination of all channels.

The event yields for tfH, tH, and all the backgrounds are given in Tab. 4.3. The
misidentified leptons refer to events with the reconstruction of at least one electron or
muon due to misidentifying a non-prompt lepton. The conversion background consti-
tutes events in which one or more electrons are reconstructed due to the conversion of
a photon. The flips background in the 21SS+4-07;, channel consists of events where the
charge of a reconstructed lepton is mismeasured. Finally, rare backgrounds are the
sum of background contributions other than those arising from ttW, ttZ tt +jets, DY,
diboson backgrounds, or from SM Higgs production (¢¢H, ggH, WH, ZH, ttWH, and
ttZ H). Example of these rare backgrounds are tW, tZ, and tftt production processes.
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Process 21SS 4- 0ty
ttH 222 £ 51
tH 119 + 85
tEZ+tEy" 322 £ 25
HW+HEWW 1153 + 64
WZ 296 + 31
zZ 312 £33
Misidentified leptons 1217 £ 91
Flips 121 + 19
Rare backgrounds 222 4 48
Conversion 42 £ 12
ggH+qqH+VH+ttVH 353 £ 4.0
Total expected background 3517 + 85
Data 3738

Table 4.3.: The number of events selected in the 21S54-07;, channel compared to the expected
events yields from the tfH and tH signal processes and the background contribu-
tions. Uncertainties represent the sum of statistical and systematic components.

4.6. Towards a differential measurement

The importance of differentially measuring the tfH production process was highlighted
in Sec. 4.1. Moreover, achieving the differential results within the simplified template
cross-section (STXS) framework [153] is also crucial in allowing the integration of the
top-Higgs coupling results in the global fits; to study the properties of the 125 GeV
Higgs boson. The STXS are physical cross-sections defined in mutually exclusive regions
of phase space, i.e. “bins”. The experimental measurements are unfolded to the STXS
bins, which are common for all analyses. This is a crucial feature of STXS and is the
reason why it allows for a global combination of all measurements in different decay
channels and from ATLAS and CMS.

The 21SS5+4-07;, final state is characterised by the largest expected yields, and so
it was further used in performing the differential measurement. Nevertheless, the
decision on which final state is to be investigated is yet driven by another primary
consideration, which is the possibility of performing a full or approximately-full
kinematic reconstruction of the final state in question. Such a possibility is crucial
to disentangle the top quark-related portion of the event from the Higgs boson one.

The kinematics of the 215S54-07), final state can be determined by 40 free parameters
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through the following constraints:

P(t) = P(b) + P(W), P(t) = P(b) + P(W),

P(H) = P(W) + P(W),

P(W) = P(l;) + P(vy), P(W) = P(ly) + P(va),

P(W) = P(q1) + P(q2), P(W) = P(q3) + P(q4), (4.3)

where P denotes the four-momenta of a given particle. The 21S54-07), final state
can be determined using 39 measurements and constraints, as outlined in Tab. 4.4.
The remaining constraint can be added using experimental hypotheses, for example,
splitting the neutrinos missing energies, EYTniSS, into components assigned to the two

neutrinos in the final state.

Object Parameter Type N,4s Incremental total
Charged leptons Ep Measurement  2x4 8
Jets Ep Measurement  6x4 32
Neutrinos E;”iSS,Ey'F 55 Measurement 2 34
Hadronic W-bosons on-/off-shell ~ Constraint 2 36
Top quark mass m; = mg Constraint 2 38
Higgs boson mass my Constraint 1 39

Table 4.4.: The 39 measurements and constraints which can be used to determine the 21SS+07,
final state for its kinematic reconstruction.

As previously mentioned, in the 21SS+07;, channel, one top quark decays hadroni-
cally, and the other decays semi-leptonically. The Higgs decays to WW, where one W
boson decays to hadrons and the other to leptons. This leads to two b-jets and four
light jets arising from the hadronic W boson decays. The BDT-based discriminant
that targets hadronically decaying top quarks, the so-called “top-tagger”, was the first
choice in the differential analysis, as had been the case in the inclusive measurement.
The top-tagger computes the likelihood of three jets to be originated from a hadronic
top decay. Those jets are required not to overlap, within AR< 0.4, with an electron or a
muon. Input to the BDT-discriminant includes kinematic information on jets arising
from W boson decays as well as information on the b-tag discriminators. The BDT is
trained using an aggregation of ttH, ttW, tfZ and tf+jets MC samples. It is trained for
all channels in which tfH signal events are expected to contain top quarks that decay



Measurement of the tfH production rate at the LHC 58

hadronically. However, it was found that in around 50% of the times, the discriminant
“mistaken” the two jets arising from the W boson decay in the Higgs decay leg for
jets originating from the W boson decay in the top quark decay leg. An alternative
method to reconstruct the Higgs boson pr as the differential observable firstly used
in this analysis, which was found to be more optimal, is to reconstruct the W bosons
from light jets whose invariant mass is close to that of it. The closest lepton in AR
to that two jetsS, is assumed to be the one originating from the other W boson in the
Higgs decay leg, and it recoils against the tf system. Therefore, this lepton, along with
the two light jets, were used to reconstruct the transverse momentum of the Higgs
boson. This reconstruction method resulted in a 70-75% selection efficiency of tfH
events, corresponding to the percentage of events in which the Higgs boson pr was
reconstructed.

The initial step in the unfolding procedure and the estimation of the quality of
the reconstruction is to compute a response matrix defining the event migration
probability between the particle-level and reconstructed quantities. These response
matrices were obtained using the generator and reconstruction information in the
simulated samples, shown in Figs. 4.4-4.9 and discussed below. At this point, it is
worth introducing the notations used in these matrices. The “visible” Higgs boson pr,
denoted as pzfis' (H), is the reconstructed pr with no attempts to include the missing

energy of the neutrinos. The full generator-level, i.e. the MC truth, p; is denoted as
gen.

Pr
and is computed as the transverse component of the sum of the four-momenta of the

(H). The generator-level py corresponding to p?s’(H) is denoted as pf;&gen( H)

generated lepton and quarks from the Higgs decay. In Fig. 4.4 and Fig. 4.5, p3** (H)
is compared to png (H). Even though there is a reasonable correlation, there are two
main sources of smearing.

The first source is due to estimating only the pzfis'(H ) without considering the
missing energies of the neutrinos. The entity of such smearing was further assessed
through analysing the response matrices of p?s'gen' (H) compared to p5 " (H), as dis-
played in Fig. 4.6 and Fig. 4.7. The second source of smearing is due to the difference
between the reconstructed and the generator-level quantities, i.e. p?s'gen'(H ) and
p?s' (H). This inefficiency arises from the imperfect lepton and jet assignments used in
the reconstruction algorithm, i.e. the two jets coming from the W boson through the
Higgs decay leg are not always identified correctly. This smearing was further assessed

in the response matrices for the two quantities as shown in Fig. 4.8 and Fig. 4.9.

3 AR is a measure of the distance between two objects in the ¢-7 space of the detector and is defined as
AR =/ (An)” + (8g)".
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Figure 4.4.: Response matrices showing pzj’-is'(H ) against p3 (H) for the estimated yields
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Figure 4.5.: Same as Fig. 4.4 but in the bins of the STXS scheme. The three bins used are
[0-60],[60-120], and [120-200] GeV.
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As of the time of writing, an improvement in eliminating both smearing sources is

foreseen. The first smearing source can be reduced by including the missing energies
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Figure 4.7.: Same as Fig. 4.6 but in the bins of the STXS scheme. The three bins used are
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Figure 4.9.: Same as Fig. 4.8 but in the bins of the STXS scheme. The three bins used are
[0-60],[60-120], and [120-200] GeV.

of the neutrinos in the reconstruction algorithm with dedicated techniques, whereas
smearing due to imperfect lepton and jet assignments can be suppressed through the
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use of algorithms that solves the combinatorics problem; identifying the correct jets to
be assigned to the W boson from the Higgs decay.

4.7. EFT interpretation

The relevant dimension-six SMEFT operators impacting the tfH process are those
which modify the tfH, ttg and ggH vertices [129]. These operators establish a connec-
tion between the top quark and the Higgs boson sectors in the SMEFT at dimension-six.
The EFT interpretation of the tfH differential measurement proceeds through consid-
ering diagrams with at most one EFT insertion at the production level, as presented in
Fig. 4.10. The modification via the Q,, operator rescales the top-Yukawa coupling in

g 00000

Figure 4.10.: Representative diagrams showing one insertion for each relevant dimension-six
SMEFT operator to the tfH production process, represented by the blob. The
diagrams are for the Q,,, Q,¢, and Q,¢ operators, from left to right, respectively.

the SM and introduces a new ttHH vertex (left diagram of Fig. 4.11). The modification
from the chromomagnetic dipole operator Q,; gives rise to a dipole interaction in
the SM tfg vertex, and introduces ggtt (right diagram of Fig. 4.11), gttH, and ggttH
vertices. In principle, the modification induced from Q¢ is relevant for tfH, for it

t > H & §< t
3 H & t
Figure 4.11.: Higher-point vertices induced by SMEFT operators. Left is the ttHH vertex
induced by Q,,. Right is the ggtt vertex induced by Q.

being a loop-induced interaction between the gluon and Higgs fields, but it is not
included in the SMEFT model used in the analysis, i.e. the dim6top model [68], and so
it does not take part of the EFT interpretation. The operators Q,, and Q, are defined
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as follows [40,129]:

Q=i (¢ 9)(Q1)3, (4.4)
QtG = VYi8&s (éavaAt)qu;?w (4-5)

with their definitions follow that of Ref. [129]. The background contributions to the
ttH process arise mainly from the t{W process followed by the tfZ one, as shown in
Tab. 4.3. Both background processes are also affected by the O, operator as it modifies
the ttg interaction. It is worth noting that O, is often considered as better constrained
in top quark measurements, e.g. tf production. However, it has been shown in
Ref. [129] that limits obtained on ¢, from tfH are not so far from their corresponding
tt ones. This suggests that future Higgs measurements, e.g. at the High Luminosity
(HL)-LHC, will become increasingly important in constraining this coefficient. Such
observation further emphasises the importance of a differential study in tfH, as well as
the interplay between top quark and Higgs measurements in bounding new physics
effects.

Samples for the ttH, ttW and ttZ processes were generated with the inclusion
of variations induced from the SMEFT operators. The dim6top model was used to
simulate those effects at LO accuracy in QCD. In this model, the EFT degrees of
freedom of top quark processes are defined as linear combinations of Warsaw basis
operator coefficients and the U(2), x U(2),, x U(2)4 symmetry (among the first two
quark generations) is imposed. This symmetry singles out the interactions involving
the top and the bottom quark. Simulations using the dim6top model are only possible

at LO accuracy in QCD and, in the unitary gauge, at tree-level.

4.7.1. EFT parameterisation

Taking into account the additional amplitudes arising from the dimension-six SMEFT
insertions, the total matrix element of interest can be schematically written in its SM

and EFT components,
40
A= Asy+) Aprr, (4.6)
i

with the index i indicating the sum of all the matrix elements arising from the N

operators included in the analysis. The cross-section can therefore be written as
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follows:

N C. N C.C

v oo, + ; Feih ) /’\—fa]-k, 4.7)
where C; is the WC of the jth SMEFT, and ¢; being the corresponding cross-section.
This formulation leads to four categories of terms in the expansion of the cross-section
o; the pure SM contributions represented by the term o,,,, the contribution from
the SM interference with the EFT amplitudes represented by (C;/ AZ)(Tj. The term
(CiC/ A4)0'jk represents the interference between different EFT operators in the con-
dition j # k # 0, and also represents the pure quadratic EFT contributions in the
condition j = kand j, k # 0. In Eq. 4.7, the cross-section is given as a function of the
WCs and is parameterised as a multidimensional quadratic function. The latter can
be fully constrained by (N + 1)(N + 2)/2 terms, allowing the determination of the

yields dependence as a function of the WCs at any bin.

4.7.2. EFT reweighting

As a precursor for this discussion, it is worth reminding the reader of the concept of
“event weights” in particle physics studies. In working with real data collected by the
experiment, one can usually fill a histogram with events, each with a weight of unity.
In contrast, filling a histogram with MC events requires using event weights. The
reason is that MC simulations do not represent the real number of events we expect in
actual data. Therefore, weighting each event with an appropriate weight is necessary
to normalise the MC distribution such that it represents the real number of expected
events.

The reweighting functionality of MadGraph5 [154] allows the association of events
generated under a particular theoretical hypothesis to an additional weight corre-
sponding to a different theoretical hypothesis. Both original and additional weights
are based on matrix-element computations. The additional weight can be therefore
propagated through the simulation chain without having to perform a full simula-
tion for the new theoretical hypothesis. This approach is very convenient as it only
requires generating a single sample per process of interest. However, one limitation
of reweighting in MadGraph5 is that for a reliable reweighting procedure, both the
original and the new hypothesis should have non-negligible contributions to the same
parts of the phase-space [154]. To validate the reweighting procedure, the generator-
level distributions generated under the exact EFT hypotheses (including linear and
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quadratic contributions of the EFT) were compared against distributions generated
under the SM hypothesis but then reweighted to obtain the EFT one, as shown in
Figs. 4.12-4.13. Good agreement was observed between the reweighted and the exact
EFT hypotheses for both operators in the tfW sample. For the tfH sample, Q,s exhibits
a slight disagreement between the original EFT prediction and the one reweighted
from the SM. One possible way to mitigate this effect is to use a different baseline
scenario for the reweighting rather than using the SM as the original hypothesis. These
considerations may be taken into account at the later stages of the analysis.
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Figure 4.12.: Comparison of the reweighted t{H MC signal distribution (magenta) in p(H)
bins, against exact EFT predictions using the dim6top [65] and the SMEFT@ONLO [155]
models, and the SM. The comparison was performed for the Q,; (left) and Q,,
(right) operators contributions. The WCs of the operators were individually set to
1 and A is fixed to 1 TeV. The inset shows the ratio of the reweighted distribution
to the exact one obtained by the dim6top model (magenta) and the ratio between
the two EFT predictions obtained from both models. The y-axis is the number of
events normalised to unity.

4.7.3. Constraining new physics

Constraining the values of the WCs requires the disentanglement of the signal from the
various backgrounds and the exploitation of the kinematic variables sensitive to the
effects of EFT modifications. In exploiting those kinematic variables, the differential
variable m, the reconstructed total invariant mass of the tfH system, is, so far,
the variable® used in titting the data. A likelihood scan to an Asimov dataset’ was

* The inclusion of the Higgs boson transverse momentum, pr(H), is foreseen.

> At the time of writing, the fit was performed using an Asimov dataset. Therefore, the ML is maximised
at exactly zero by construction. The “observed” label of Fig. 4.14 is not to cause confusion.
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Figure 4.13.: Same as as Fig. 4.12 but for t{W process and in the W boson transverse momentum
bins.

performed to constrain the values of the WCs, shown in Fig. 4.14. In scanning a
given WC, the others coefficients were set to their SM values. The EFT predictions
were computed including the linear and the quadratic contributions in SMEFT. The
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Figure 4.14.: Likelihood one-dimensional scans as a function of the WCs of the O, operator
(left), and of the Q,, operator (right).

preliminary bounds on the effective coefficients obtained from this likelihood scan and
reported in the panels of Fig. 4.14 demonstrate the potential of the tfH measurement
in constraining the relevant effective coefficients. Further optimisations in this analysis
are foreseen. The obtained bound on ¢, is comparable to the results of a recently
published CMS analysis which considered events containing one or more top quarks
produced with additional prompt leptons and reporting an individual 2¢ interval on
¢y of [-1.26,-0.69] U [0.08,0.79] [156].



Measurement of the tfH production rate at the LHC 66

This chapter presented the top-Yukawa coupling as one potential probe of top
quark interactions. In the next chapter, we move to a different top quark probe, the
top quark coupling with EW gauge bosons, and investigate its potential sensitivity to

new physics effects using the SMEFT approach.



Chapter 5.

tWZ production at NLO in QCD at the
LHC in the SMEFT

The previous chapter discussed the top-Yukawa coupling as a probe of top quark
interactions. In this chapter, I present the top quark couplings with EW gauge bosons
as a different probe of the top quark. The tWZ process is a rare top quark EW process
which has not yet been measured at the LHC. Its unitarity violating behaviour through
modified EW interactions offers a promising sensitivity to new physics, this motivates
its study in the context of SMEFT with the aim of having its data included in global EFT
studies. Moreover, unlike tfZ and tZj processes, tWZ does not receive contributions
from four-fermion operators at tree-level, such feature can aid in decorrelating effects
from four-fermion operators and top quark EW couplings.

This chapter discusses the study of tWZ at the LHC in the context of the SM and
SMEFT [1]. At NLO in QCD, tWZ interferes with tfZ and tf processes, and a method
to meaningfully separate it from these overlapping processes needs to be employed.
We found the diagram-removal procedures to provide reliable results for the SM and
the SMEFT in a suitably defined phase space region. We provide robust results for
total and differential cross-sections for tWZ at /s = 13 TeV, including the relevant

dimension-six operators, also matching short-distance events to PS.

Declaration

The following is the author’s contribution to this work:
e The implementation of the diagram-removal procedure in MadGraph5.
e Writing the analysis codes used in obtaining all the predictions.

e Performing all computations and making all plots.
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e Obtaining predictions in the different helicity eigenstates, initially to cross-
check with what is expected from Ref. [157]

e Matching the NLO computation to PS using Pythia8

The author’s contribution excludes the helicity amplitudes calculation presented in
Tab. A.1.

5.1. Introduction

At the tree-level, tIWWZ is similar to the tW production process, except for the added
emission of one Z boson from any external or internal line, i.e., gb —tWZ. Even
though characterised by a relatively small cross-section of ¢/(100) fb, the advantage of
studying the tWZ process is manifested in its unique unitarity-violating behaviour
induced in its sub-amplitudes and arising from the modification of the top quark
EW interactions [74,157]. Therefore, tWZ might provide enhanced sensitivity to new
physics deviations in the context of SMEFT. Our work aimed to explore whether such
a feature could be exploited to constrain or discover new physics. An LO study has
confirmed the promising potential [158].

At LO accuracy and in the 5FS (where b quarks are massless), tWZ is easily identi-
tied through the tree-level partonic process gb — tWZ as shown in Fig. 5.1. On the

b Z b t
W Z

8 t 4 W

Figure 5.1.: Representative diagrams for the LO tWZ production in the 5FS.

other hand, at NLO, real corrections of the type gg — tWbZ arise featuring a resonant
(anti)top quark in the intermediate state and therefore overlap with gg — tf, t — bWZ,
i.e., tf production at LO, as well as gg — tfZ,  — bW, i.e. tfZ production at LO. Both
processes are displayed in Fig. 5.2. This overlap poses an apparent problem. The
cross-section of tfZ is roughly five times larger than tWZ, while tf cross-section is
larger by a few orders of magnitude at LO. A “naive” computation would therefore
lead to a poorly-behaved perturbative expansion on the one hand, and on the other, to
a loss of the overall precision due to the “LO overlap” with other final states whose

predictions are currently known at higher accuracy. Therefore, such overlapping



tWZ production at NLO in QCD at the LHC in the SMEFT 69

W Z
Z t
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Figure 5.2.: Representative diagrams of the gg-initiated production of tf (left) and ttZ (right)
processes with a potentially resonant (anti)top quark leading to the tWZb final
state.

resonant contributions need to be subtracted to achieve a meaningful operative defi-
nition of tWZ. Different methods have been proposed to achieve such subtraction of
resonances that is local in phase space [159-168]. For this work, we followed that of
Refs. [167,168]. In subtracting the resonant contributions, the quantum mechanical
nature of the process introduces ambiguities whose impact on the analyses needs to
be carefully assessed, both for the SM and the SMEFT amplitudes. Such complexity
renders achieving a meaningful definition valid at NLO accuracy for tWZ production

more complicated than tW or even tW H processes.

5.2. On the nature of the problem

Considering tWZ at NLO, the overlapping processes involve contributions where
an intermediate (anti)top quark can be on-shell and thus resonant. Essentially, the
complication arises from amplitudes sharing the same tWZb final state; yet are nat-
urally associated with different underlying partonic processes, i.e. tf and t{Z. Even
though appearing at the same a, and «,, order of the perturbative expansion, these
terms are enhanced when the top quark is close to being on-shell through a factor of
1/a,, induced from top quark width (due to the top quark propagator). Therefore,
including these diagrams would potentially lead to substantial corrections spoiling the
perturbative convergence of the tWZ cross-section. Moreover, a consistency problem
arises: top quarks appear in the same diagram on the one hand as stable asymptotic
states and on the other hand as intermediate ones. In the former case, their width
should be set to zero to fulfil the local cancellation of IR divergences, whereas, in the
latter, a finite top quark width must be kept to regularise the resonant propagator. In
general, this violates QCD gauge-invariance.
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One possible way to evade such complications is to consider the LO process in terms
of (pseudo-)stable final states, i.e., pp — bbW ' W™ Z in the 4FS and treat the top quark
width in the complex mass scheme [169,170]. While this approach has its advantages,
it also poses non-trivial challenges. Ignoring the decays of the vector bosons and
considering only the leading term (a?ai), this process can be easily computed at the
tree-level. In doing so, all processes mentioned above, i.e., doubly resonant tf and tfZ
processes, singly resonant tWWZ, and non-resonant contributions would be accounted
for simultaneously, together with their interference'.

While the automatic computation at the NLO in QCD accuracy through event gen-
erators could also be envisaged, this approach is currently not considered practical for
two main reasons. First, such NLO computations are not available and implementing
them would entail considerable work, not least in our use case, in which we investigate
a vast parameter space of BSM effects in this process. Second, such an approach would
encounter complications in the experimental workflow, as some of the processes that
would be included in the computation and considered as backgrounds, i.e., tf, are
known at higher accuracy and are currently simulated independently. Finally, at the
theoretical level, the reliability of a 4FS for such a high—Q2 process can be scrutinised,
i.e., how to re-sum potentially large logarithms; log mi/ Q7. Therefore, it is more
beneficial to consider an alternative approach that is sufficiently accurate to define
the signal at NLO accuracy, and the experimental studies can directly employ that. To
this aim, we developed a procedure to remove the additional resonant contributions

appearing at NLO and yield an operative definition of tIWWZ.

5.3. Methods of resonance removal

Methods to remove resonances appearing in higher-order corrections are reason-
ably well-established. These methods were successfully applied to similar processes,
tW [159] and tWH processes [167]. Resonant overlap removal methods, which can
be applied at the differential level, fall into two broad categories, dubbed diagram
removal (DR) and diagram subtraction (DS). In the latter, a constructed suitable gauge-
invariant subtraction term locally suppresses the contribution of the resonant process.
In the former, resonant diagrams are set to zero, thus requiring a much simpler imple-

mentation but possibly inducing some gauge dependence of the final result. A variant

! The computation of pp — bbW W™ Z including the decays of the vector bosons is available at NLO
QCD accuracy with massless b quarks [171]. In this case, the b quarks must be resolved in order to
obtain a finite prediction; hence the phase space for tWZ cannot be probed.
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of the DR scheme, which retains the interference between resonant and non-resonant
diagrams, is also possible, often dubbed as DR with interference (DR-I) or DR2 (in
this case, the standard DR is referred to as DR1). In this work, we employed the DR
schemes. The studies of tW and tWH observed the DS results to lie between DR1 and
DR2 [167]. This observation renders the difference between the latter as a measure of
the uncertainty associated with these schemes.

So far, DR and DS techniques have been limited to cases where resonant diagrams
correspond to 1 — 2 decays. These cases are now treated in a fully-automatic man-
ner [168]. However, as previously mentioned, tWZ production has two underlying
resonant processes, one of which proceeds through a 1 — 3 decay, and so in this work,
we implemented the diagram removal procedures by hand. Therefore, we consider it
worthwhile to spend some time describing our process structure and establishing the
notation.

The general amplitude, .4, can be decomposed into a non-resonant and a resonant

part,

A= Anon—res + ZAres,i/ (5.1)

where the index i labels different resonant processes (in the case at hand, tf and t£Z).

The amplitude squared reads

2
(5.2)

Z Ares,i

i

2 2
|A| = |Anon—res| + 2¥te <Anon—res ZAres,i> +
i

In the case of standard DR procedure (DR1), one discards the resonant terms before

squaring the amplitude, i.e.
2 _ 2
"A|DR1 = |‘An0n—res| : (5.3)

In the case of diagram-removal with interference (DR2), one only discards the squared
resonant matrix elements in the squared amplitude but keeps their interference with

the non-resonant part, i.e.

‘A’%RZ = "Anon—res|2 + 2%te (Anon—res ZAres,i> . (5-4)



tWZ production at NLO in QCD at the LHC in the SMEFT 72

It must be noted that, in the case of DR2, one could keep the interference terms between
different resonant amplitudes. However, in the following, we will not consider these

terms.

54. tWZ in the SM

We initiated the study by first computing tWZ at NLO in QCD in the SM. In doing such
computation, the choice on whether to include the interference between the resonant
and the non-resonant amplitudes shall be made. This choice is mainly derived from
how the predictions will be employed. Since this work aimed to use the tWZ process in
constraining new physics effects via an EFT parameterisation, an operative definition
of tWZ as an independent process must be provided, and interference with other
processes, including the resonant ones, must be reduced as much as possible. Such
reduction can be achieved by designing suitable selections which suppress the resonant
contributions. In the case of top quark resonances, a suitable selection is to veto the
b-tagged jet (b-jet) that would emerge from the top quark decay [159]. Generally, these
b-jets originating from the top quark decay tend to be harder than ones originating
from real emission diagrams since the latter are enhanced in the soft and collinear
limits. Indeed, imposing such a requirement significantly suppresses the difference
between DR1 and DR2. This suppression of the discrepancy between DR1 and DR2
predictions implies a negligible overlap with the resonant processes and a satisfactory
level of control on the theoretical uncertainty associated with the subtraction method.

The left panel of Fig. 5.3 shows the differential cross-section predictions in the
W{ T4~ invariant mass bins for the tW/{ process at NLO in QCD in the DR1 and
DR2 schemes (where we have considered the decay of the Z boson), both at the
inclusive-level and after imposing a veto on central (|| < 2.5) or hard (py > 30
GeV) b quarks. We also applied a minimum threshold on the dilepton invariant
mass of 30 GeV to suppress the photon-mediated contributions. The first two insets
show the relative scale uncertainties of the DR1 and DR2 predictions for the inclusive
and b-veto cases, respectively. The third inset shows the ratio of the DR1 and DR2
differential cross-sections for the two cases. The apparent discrepancy between DR1
and DR2 at the inclusive level (the no b-veto case) indicates that a significant overlap
exists in the full phase space, while in the b-veto case, the discrepancy disappears.
This is in line with the observed behaviour in previous studies of the tW [159] and
tWH [167]. We observed in the inclusive case the discrepancy between DR1 and DR2
and the scale uncertainty of the latter grows significantly as a function of energy,
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indicating a pathology in the predictions. This is likely because we are probing regions
of phase space where the potentially resonant diagrams are no longer so, causing
gauge-invariance issues; the diagrams lose their special status away from the resonant
region and should therefore be retained to ensure a well-behaved amplitude.
Looking ahead to the following EFT study, we simplified the definition of the tIWZ
process by maintaining a stable Z boson in lieu of the dilepton pair. We justify this
simplification as follows: in imposing the b-veto, effects due to diagrams not involving
a Z — U splitting matter only far away from the Z boson peak, where the cross-section
is suppressed. If we select only diagrams with resonant Z bosons and compare the
cross-section with the case where all diagrams are retained, the dilepton invariant
mass distributions depart from each other for less than 10% in the range [70, 150] GeV,
as displayed in the right panel of Fig. 5.3. Moreover, the tIWWZ component of tW//¢
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Figure 5.3.: The differential cross-section in the invariant mass bins of the W¢* ¢~ system for
the tW /¢ process at NLO in QCD (left). Predictions are given for the DR1 and DR2
overlap removal schemes before and after imposing a veto on central (|| < 2.5) or
hard (pr > 30 GeV) b quarks. The first two insets depict relative scale uncertainties,
and the third one shows the DR1/DR2 ratio. DR1 and DR2 predictions of the
invariant mass of the lepton pair, M, (right). Full predictions labelled “Normal”
are shown alongside the “sch”, the latter only includes diagrams with a Z boson in
the s-channel. The inset shows the ratios of the distributions w.r.t to the “Normal”
DR1 prediction.

can easily be isolated by requiring the dilepton invariant mass to lie around the Z
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boson peak. Moving further with this simplification, we can also safely neglect the
tE, t — Wb{{ resonant process: inspecting the five-body decay t — b¢™ ¢ ~¢*'v shown
in Fig. 5.4, the opposite-charge, same-flavour lepton pair invariant mass peaks at
low values showing a suppression at the Z boson mass. Besides, t - WZb occurs
exceptionally close to the top quark threshold and never contributes to the cross-

section in practice.
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Figure 5.4.: The normalised invariant mass distributions of the /v and ¢/ pairs in the five-
body, t — bete” y+1/y decay, where different lepton flavours were simulated to
distinguish those predominantly coming from intermediate neutral and charged
gauge bosons. The top quark decay was performed in the 5FS and using the
complex mass scheme at LO. A minimum invariant mass threshold of 30 GeV was
imposed on the same-flavour, opposite-charge lepton pair.

5.5. tWZ in SMEFT

5.5.1. Probing new physics via high-energy top quark scattering

Since tWZ is a rare EW top quark production process, it can serve as a potential probe
of the top quark weak couplings that are, to date, relatively poorly measured. Although
tWZ cannot compete in terms of total rate with more traditional probes such as tfZ,
it has the significant advantage of being sensitive to unitarity-violating behaviour
induced by modified EW interactions. Searching for the expected energy growth in
EW top quark scattering amplitudes is a complementary avenue for searching for
new physics via new interactions. The relevant sub-amplitude probed by tWZ is
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bW —t Z, whose tree-level SM diagrams are given in Fig. 5.5. The embedding of the

sub-amplitude into the tWZ process at a hadron collider is also shown. This scattering

14 zZ W
e

b t b
Figure 5.5.: SM diagrams for the b W — t Z sub-process. The far right diagram shows the em-

bedding of the b W — t Z sub-amplitude, represented by the blob, into gb — tWZ
production at a hadron collider.
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is affected by modified weak interactions of the top and bottom quarks and the SU(2)
gauge bosons self-interactions. However, it is not immediately evident that such
modifications can potentially lead to an unacceptable growth with energy (beyond
the maximal E" dependence admitted by perturbative unitarity for a 2 — 2 scattering
amplitude). The feature indicates that the theory has a finite range of validity in energy,
beyond which new unitarity-restoring-physics must appear, motivating the use of
SMEEFT to classify the possible deviations from SM interactions.

The application of this concept to top quark EW scatterings was studied in detail
for a wide range of amplitudes and associated collider processes in Refs. [74, 157],
highlighting the connection between modified SM interactions and SMEFT operators,
as well as the emergence of energy growth via contact interactions between fermion
and gauge or Goldstone boson currents. Moving from amplitudes to the observable
cross-sections is vital in determining the interference structure of the new physics
contributions with the corresponding SM amplitudes. In most cases, when the scat-
tering states involve longitudinal polarisation of gauge bosons, the energy-growing
SMEFT helicity configurations coincide with the leading high-energy SM ones, such
that their interference also grows with energy, providing an enhanced LO sensitivity to

the effective coefficients, and in turn motivating searches that exploit these channels.

5.5.2. Advantages of tIWWZ

EW-induced ttZ /W production does embed interesting EW top quark scatterings.
However, these production modes are not only dwarfed by their QCD-induced counter-

parts but also, at LO, they feature an off-shell EW state in the s-channel that suppresses
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any interesting energy growthz. Moreover, these processes can receive modifications
through many four-fermion operators mediating top quark pair production, further
diluting sensitivity to EW top quark interactions.

The tWZ process also compares favourably to related EW processes embedding the
bW — t Z sub-amplitude, namely tWj and tZj. The edge of tIWWZ comes in realising
that while tWj for instance, embeds the b W — t Z amplitude, such final state corre-
sponds to a real-radiation contribution to tW production at NLO. This QCD-induced
process does not embed b W — t Z and, therefore, would likely reduce the sensitivity
to several EW top quark couplings. Furthermore, and even at LO, tWj only differs
from tf production and decay by a single b-tag. This may pose additional challenges in
reconstructing the final state; that is, a f event with one b quark mistagged as a light
jet will have a final state identical to tWj. Conversely, for tWZ, only NLO corrections
overlap with tfZ and weakly with tf.

Another possibly competing process is tZj. It was found in Ref. [157] that this
process has a significant promise in probing EW top quark couplings. However, due
to phase space cancellations, some of the expected energy growth at the interference
level was not observed. Finally, tWZ is not affected by any top quark four-fermion
operators at the tree-level, contrary to all the other processes discussed. Therefore, it is
worth considering tWZ as a complementary probe of new top quark interactions.

5.5.3. SMEFT operators relevant to tWZ

We considered SMEFT contributions to the tWZ process using the flavour symmetry
assumption given in Eq. 2.31 and explained in the corresponding chapter. In our
analysis, we followed the notation and operators conventions of Ref. [155] where we
kept the symbol O for operators aligning with this convention. On the other hand, the
symbol Q is retained for operators given in the original Warsaw basis. Eq. 5.5 shows
all SMEFT operators affecting the b W — t Z scattering and /or tWZ full amplitude
in our flavour assumption where the simple linear relations between the O and O

operators are shown in the same equation.

2 Part of the NLO EW corrections to t£X involve the so-called X scattering diagrams, which do not
suffer the above mentioned s-channel suppression. [73,75]. This renders tX good candidates to study
top quark EW interactions when considering NLO EW corrections [74,157].
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O, = (¢'D"¢)'(¢'D,9), Oy = Quw + (e /51) Qs
O = (' 19) B W, O, = —Qu/s,
Oy = e Wiy WP WHE, 0 =i(¢'D, 9) (27" Q),
O, =igs (QU"' T, t) ¢ G;?U +h.c, QLY = i((erBy 7,9)(Q7" 7'Q),
Q. =i(Qt" 1,t) §W,, +hc, Ol = 9L,
Q, =i(Qt"t) §B,, +he, Ogp = Q0+ Qo
0,=i(¢'D, ¢)(E1't). (55

In keeping with the the conventions of Refs. [65, ], i.e. the “top-basis”, the linear
rotations between O and Q leads to the following rotation of the corresponding WCs:

¢ = Cws ¢, = —sinb,,C,; 4+ cos6,,C,,
G B ) _ ~O ®)
Coq = CfPQ’ Co = Cpr o C(pQ' (5.6)

where c; are the coefficients corresponding to O operators, and C; are the coefficients
corresponding to Q operators (note the rotation to c;; is the same one used in Eq. 3.14).

In summary;, there are eight relevant operators consistent with the flavour symmetry
assumption and contributing to tWZ via the bW —tZ sub—amplitude3. Although
it does belong to the b W — t Z scattering, the top quark chromomagnetic moment,
O,c, does affect the tWZ process through the coupling of the initial state gluon to
the top quark. The first three entries of Eq. 5.5 are of the bosonic type in that they
do not contain any fermion fields. They are primarily constrained by non-top quark
data, such as EW precision data and diboson production. Interestingly, the typical
assumption that these are better constrained than the remaining top quark operators
does not hold any longer, particularly at the marginalised level. Nevertheless, we
expect improvements in constraints in this sector to continue to be driven by non-top
quark data and therefore restrict our analysis to the other operators,

{Ofp%' O;é)' O Owyr Oz O} (5.7)

ot/

® Note that, in keeping with the assumed flavour symmetry, the right-handed charged current

operator, O, = i(¢" D, ¢) (9" b), and the operator modifying the right-handed Zbb coupling,
& _

0, =i (¢" D, ¢)(b7" b) are omitted, even though they contribute to the b W — t Z amplitude. The

interference term of O, and the entire energy-growing contribution from O, are suppressed by the b
quark mass.

b
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5.5.4. The bW — tZ sub-amplitude

In this section, we summarise the discussion of Ref. [157] relevant to tWZ. The work
of Ref. [157] involved relating new interactions in the top quark EW sectors to the
energy growth in the bW — t Z scattering. Dimension-six operators contributions
to 2 — 2 scatterings can maximally have a quadratic dependence on the energy E.
The interaction vertices of Fig. 5.5 depict the types of modified interactions that can
potentially affect the tWZ process. Starting with modifications of the existing SM
interactions, it is apparent that all possible neutral and charged top, and bottom
quarks gauge interactions exist, i.e. t{Z, bbZ and Wtb, as well as the W' W~ Z triple-
gauge coupling. In the high-energy (massless) limit, only the gauge couplings of the
left-handed top and bottom quarks are relevant.

The energy growth arising from modifications of these vertices is understood to
originate from the violation of some delicate unitarity cancellations in the SM. By this
logic, one can rule out a shifted Wtb vertex as a possible source of energy growth
since it appears in every diagram. Therefore it can only lead to a global rescaling
of the amplitude. On the other hand, the remaining interactions participate in said
unitarity cancellations. The leading energy growth is found to be in the left-handed,
fully longitudinal helicity configuration, (A,, Ay, A, A,) = (—,0,—,0), and scales as
~ E2,

A(—,0,—,0) o \/s(s+1) (g, — &, + 8wz) s (5.8)

where gfL, thL and g,,, denote generic couplings for the left-handed bbZ, t{Z and the
triple-gauge interactions, respectively, and s, t are the Mandelstam variables. Assigning
SM values to each coupling leads to an exact cancellation, underlining that the non-
abelian gauge-invariance of the theory relates all three couplings. On the other hand,
independently modifying the couplings violates gauge symmetry and leads to non-
unitary behaviour. Subleading sources of energy growth are also present,

A(_I — _/O) = A(_IOI — _) X \/__t(giL - thL +gWZ) ’
A(=,0,+,0) & V=t (21 (g5, — 87, + &wz) — SwzM7) - (5.9)

The first corresponds to a change from longitudinal to a transverse polarisation of the
W or Z boson with respect to Eq. 5.8, carrying the same cancellation structure and
differing only by a factor of ~m,, ,/+/s associated to the helicity flip. The second
has a non-trivial cancellation structure between the gauge couplings of two different
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fermion representations, gauge boson self-interactions and the gauge boson masses.
The involvement of the gauge coupling alongside the appearance of the gauge boson
masses strongly suggests a connection to the EWSB, even though the Higgs boson
does not explicitly participate in the scattering.

The helicity amplitudes4 contributing to the b W — t Z scattering for the top-quark-
specific operators of Eq. 5.7 are summarised in Tab. A.1 of appendix A.

The schematic high-energy behaviour of the corresponding SM helicity amplitudes
is also given in the same table, from which one can infer the behaviour of the corre-
sponding SMEFT interference term. The effective theory description can be used to
identify the SMEFT origin of the three above mentioned examples. The modification
of the interaction can be interpreted as coming from various combinations of the three
current operators, (9;,2, (’);fQ) and O,,. The maximal growth from the (’)fp‘z operator can
be identified with a dimension-six contact term, in the Feynman gauge, between the

charged fermion and Goldstone boson currents,
6) ~ (7 05 ot
O, D (8,9"b,)(G 9,G") +hec (5.10)

In the high-energy limit, the Goldstone equivalence theorem [172] identifies ampli-
tudes involving the Goldstone bosons with those of the longitudinal gauge degrees
of freedom. This explains the ~ E? dependence induced by this operator in the fully
longitudinal configuration. It is worth noting that the SMEFT introduces new Lorentz
structures which are not present in the SM; this includes the weak dipole interactions.
The ones relevant to the tWZ process are the O,, and O,, operators, which couple the
right-handed top and the left-handed bottom quarks. They predict maximal energy
growth in the mixed transverse-longitudinal configurations with a flipped fermion
helicity.

The SM has a constant energy growth in the three configurations (according to
the polarisation of the gauge bosons). Of which, the left-hand fully-longitudinal one
coincides with the leading energy growth from Ofg, such that one would expect an
energy-growing interference term. Other sources of energy growth in the SMEFT
have a counter SM energy dependence, such that the interference term is significantly
suppressed. This is a consequence of the so-called “non-interference” theorems from
helicity selection rules in 2 — 2 scattering at dimension-six involving at least one

transverse gauge boson [173].

* In the helicity amplitude approach, amplitudes are calculated for a given assignment of particle
helicities.
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5.5.5. Embedding the bW — tZ sub-amplitude

Before moving on to the SMEFT predictions of tWZ, I present the results from em-
bedding the b W — t Z sub-amplitudes into the tWZ process at the high-energy limit.
Our aim was to compare the impact of the b W — t Z sub-amplitude in the full tIWZ
process to our expectations from the previous analysis, where we assessed the scaling
of bW — t Z with /s with different operators insertions. We can then quantify the
extent to which the energy growth is retained in realistic collider observables. We
simulated the contribution from each operator in Eq. 5.7 with MadGraph5 using the
SMEFTatNLO model. Exploiting MadGraphb feature of handling the polarisation of initial
and final states [174], we split the cross-section in the helicities of the W and Z bosons,
where “T” and ‘0" denote transverse (A; = £ ) and longitudinal (A; = 0) polarisation,
respectively, and appropriately summing/averaging over all others. The polarisation
is defined as the projection of the spin component along the particle momentum in the
centre-of-mass frame of the partonic collision, not in the lab frame.

The differential cross-sections in the invariant mass bins of the WZ system, m,,,,
are presented in Fig. 5.6, where m,,, acts as a proxy for the b W — t Z sub-amplitude
scattering energy. SMEFT contributions were truncated at interference-level, & (A_z),
with ¢;/A*> =1TeV ~2. The expected high-energy enhancement from the operator
contribution is apparent in the fully longitudinal configuration (upper left panel). The
inset shows the ratio of each operator interference term to the SM. At low energies,
the effect of this operator leads to a net positive shift with respect to the SM, while the
new-physics contribution exhibits a sign change at around m,,, = 500 GeV. For this
coefficient value, the relative impact reaches 100% at around m,,, = 1 TeV. Beyond this
point, the & (A_Z) truncated prediction is not physical since it predicts a negative cross-
section. Moreover, for this configuration, the energy-enhanced effect from O, can be
understood as follows: at LO, large m,,, involves a recoil against a high-p top quark.
The recoil is enhanced by the derivative interaction of the chromomagnetic operator.
The contribution from O,,, appears relatively mild and enhanced at low energies. This
tully longitudinal configuration has no induced energy-growing interference effects
for all other operators, in line with the expectations from the energy scaling in Tab. A.1.

In fact, taken at face-value, Tab. A.1 implies that we should not observe any other
energy-growing interference effects in any different configuration. Nevertheless, we
still observe some of the “non-interfering” operators yielding some energy growth.
This observation suggests that finite mass effects remain essential in our studied energy
range. In both mixed longitudinal-transverse configurations (upper right and lower

left panels), energy growth is evident for O,,, and mildly for O,,. O, exhibits energy
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process in the WZ invariant mass bins for different W and Z helicity configurations.
SMEFT predictions were computed for ¢;/A> =1 TeV ~2, and truncated at the
interference-level, @(A™?). The curly brackets indicate the helicity eigenstates
following the notation of MadGraph5, where {0} and {T} refer to longitudinal and
transverse polarisation, respectively. The inset shows the ratio of the SM+EFT
contribution to the SM.

growth for Ay, A; = +£,0 but strangely not in the other mixed configuration. The

effects from C’)((;Q) persist, albeit at a milder level. The fully transverse configurations

(lower right panel) do not show any evidence of enhanced interference effects but do
O, and O,..

receive energy-constant contributions from O

®)

pQ’
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It is interesting to note the hierarchy in SM rates among the different configurations,
the fully-transverse being the largest (56.20 fb), followed by the mixed transverse-
longitudinal (47.64 fb) and finally the fully-longitudinal (12.57 fb). Measurements
that are blind to the gauge boson polarisation are weighted by the relative size of
each configuration. This dilutes the impact of the rarer configuration modes, which is
evident in the left panel of Fig. 5.7 showing the interference effects of each operator on
the total unpolarised differential cross-section. The contributions from (’);2 and O,,
have a minor relative impact, and the crossing point of the former is shifted to higher
m,,, through the positive and constant effect in the fully-transverse configuration.
Diluted by their lack of effect on the fully-transverse configuration, the contributions
from all other operators are immensely suppressed. The right panel of Fig. 5.7, includes

the quadratic & (A_4) terms in the unpolarised cross-section prediction. For this
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Figure 5.7.: Same as Figs. 5.6 (left) and Fig. A.1 (right), but showing contributions to the total
unpolarised cross-section.

point in parameter space, i.e. c;/ A* =1TeV 2 the quadratic terms start to dominate
around m,,, ~ 350 GeV, yielding significant energy growth for all operators except for
Ofpg and O,,. One can therefore anticipate that the latter two operators are not likely
to be significantly constrained by high-energy measurements in tWZ. The polarised
breakdown of the full SMEFT contributions are shown in Fig. A.1 in appendix A.2.
Ultimately, the relative importance of quadratic terms depends on both the probed
energy scales and the data constraining power. It, therefore, should not be used as a

measure of the EFT validity until a global fit is performed.
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5.6. tWZ SMEFT predictions

In this section, I present our tWZ SMEFT predictions using high-energy observables, i.e.
m,,,, that maximise sensitivity to the SMEFT by enhancing unitarity-violating effects.
As discussed in Sec. 5.4, in the high-energy phase space regions, the contribution of
the t overlap becomes non-resonant and should be retained. Therefore, as far as the
SMEFT phase space is concerned, it is only the t{Z overlap that we should care about.
Furthermore, we made the simplifying assumption of keeping the Z boson stable.
On one side, this maps better to the discussion on unitarity-violating behaviour in
bW —t Z, and on the other, the approximation was already justified in our study of
the SM process.

For our SM predictions, we simulated the tWZ process via MadGraph5 at NLO in
QCD accuracy. The same is true for SMEFT predictions, where we have also used
the SMEFTatNLO model. In contrast to the SM results, for SMEFT predictions, we
used the recommended fixed factorisation, renormalisation scales jif, pig of 172 GeV
~ (m; + m,, + m,)/2, since MadGraph5 does not evolve operator coefficients’. The
proton PDFs and their uncertainties are evaluated employing reference sets and error
replicas from the NNPDF3.1 NLO global fit in the 5FS, in which the bottom quark is
taken to be massless. We did not make any parton-level selections. The b-veto method
for suppressing the overlapping resonant contributions proved effective for the SM
and the SMEFT.

It is worth noting that, in principle, all of the operators contribute to the over-
lapping processes, which we consider in our simulation. However, in practice, the
b-veto should suppress these effects. One should consider this when considering the
overlapping processes as backgrounds in a SMEFT interpretation. Finally, some of
the operators can also modify the top quark width. Our predictions did not model
this effect as we assumed the top quark to be stable, except in the resonant diagrams
where in applying DR/DS, the width only acts as a regulator. In these cases, its precise
value does not matter as long as it is negligible with respect to all other relevant scales

since the resonant squared amplitude is never evaluated.

> The EFT renormalisation scale parameter, mueft, of SMEFTatNLO in MadGraph5 is not relevant unless
the running of the EFT coefficients is included. We did not consider the running of the EFT coefficients
in this work.
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5.6.1. Fixed order predictions

Tab. 5.1 presents the SM inclusive cross-section predictions as well as predictions in
a high-energy region of the phase space at LO and NLO in QCD. The high-energy
region was defined by requiring the transverse momenta, p, of the W and Z bosons to
be greater than 500 GeV. For SMEFT contributions, Tab. 5.2 summarises the inclusive

Inclusive High-Energy
LO NLO DR1 NLO DR2 LO NLO DR1 NLO DR2
SM | 103.36(4) 1355 106.70(15) T¢omee  106.80(9) 2% | 0.073(0) 1395  0.048(0) 1958  0.036(0) 2882

Table 5.1.: The SM contributions [fb] to inclusive and high-energy tWZ production at LO and
NLO accuracies within their QCD scale uncertainties at /s =13 TeV. These results
are for DR1 and DR2 predictions when applying a veto on b quarks with |¢| < 2.5
or py > 30 GeV. The stability of the SM DR1 and DR2 cross-sections signifies the
efficiency of the b-veto.

cross-sections of the linear & (A_z) and quadratic contributions & (A_4) for each of the
six relevant operators, at LO and NLO at ¢;/ A* =1TeV ~2. The impacts of the SMEFT

O(A7?) 0
LO NLO DR1 NLO DR2 LO NLO DR1 NLO DR2
o | 1978() G 2120201805 2187(3) 55 | 49a() g 4TI 472078
bo | 21900 3% 2690 5T 274() 55 | 044(0) 1530 048(0)'35  048(0) g5
177(0) 850 181(0)T55 18407350 | 0.19(0)5ig  0.18(0) 75 017(0) 55
eow | -1134() 5T -11.49(2) 550 -1168(1) 1351 | 24.06(3) 5500, 2338(5) 5180 2279(3)Tedi
ez | 026(0)11r0n  035(2) ghe 03415560 | 5.23(1) g 4902) g5 4.94(1) 55w

13.00% 400% 4.65% 11.61% 6.97% 6.95%
ce | 7.95(0) 300 736(1) 50 7:26(1) 750 | 15.04(3) T 1500 12.19(8) 070sy,  12.17(7) 7106

Table 5.2.: The LO and NLO SMEFT contributions [fb] to inclusive tWZ production, at linear
and quadratic levels, including QCD scale uncertainties, for the LHC Vs =13 TeV
and ¢;/A* = 1 TeV ~%. These results are for DR1 and DR2 predictions obtained
when imposing a veto on b quarks with || < 2.5 or pr > 30 GeV.

operators on the inclusive cross-section and in the high-energy region are presented
in Tab. 5.3. Moreover, the radar charts shown in Fig. 5.8 depict the relative impact of
each operator with respect to the corresponding SM prediction at NLO. The Left and
right panels show the effect of the interference term and squared term, respectively, for
c;/ AP =1Tev 2 Purple (orange) points correspond to the impact on the inclusive

(high-energy) phase space.
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Inclusive High-Energy
Ci 0(A”?) oA™Y 0(A”?) oA™Y
LO NLO K LO NLO K LO NLO K LO NLO K
CS;)()Q 0.191 0.200 1.05|0.048 0.044 092 |-0.870 -0.715 0.82| 5.626 7476 133
Cgo?g) 0.021 0.026 1.24]0.004 0.004 1.00| 0.028 0.056 2.00| 0.058 0.057 0.98
¢yt | 0017 0.017 1.00 | 0.002 0.002 1.00 | 0.017 0.023 1.35| 0.056 0.054 0.96
cw | -0.110 -0.109 0.99 | 0.233 0.213 091 | -0.528 -0.524 0.99 | 30.905 40.695 1.32
¢z | -0.003 -0.003 1.00|0.051 0.046 0.90| 0.098 0.076 0.78 | 7.739 10.482 1.35
¢ | 0077 0.068 0.88|0.145 0.114 0.79 | -0.232 -0354 153 | 7.488 5242 0.70

Table 5.3.: Relative SMEFT operator contributions (DR2 predictions) to inclusive and high-
energy tWZ production, i.e. SMEFT cross-sections normalised by the corresponding
LO (NLO) SM predictions in the inclusive and high-energy regions shown in Tab. 5.1.
The “K-factors” are defined as the ratio between NLO and LO impacts, these are not
traditional K-factors since the NLO process is defined up to the diagram-removal
scheme and the b-veto implementation.
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Figure 5.8.: Relative impact of the linear (left) and quadratic (right) SMEFT contributions to the
tWZ process at NLO accuracy in QCD, applying the DR2 overlap removal and a
veto on central (57| < 2.5) or hard (pr > 30 GeV) b-jets. They were obtained by
dividing the cross-section contributions over the inclusive (magenta) and high-
energy (orange) phase space regions by the corresponding SM prediction. The
high-energy phase space region is defined by requiring the W and Z bosons py to

be greater than 500 GeV.

In the left panel of Fig. 5.8 and as expected from Tab. A.1, the enhancement at

high energies of the (’)fpz interference term is apparent. Furthermore, a significant
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enhancement of O,, indicates cancellations at the inclusive level being lifted by the
selections. The interfering growth observed for O, in the LO differential distribution
shown in Fig. 5.7 is confirmed here. Finally, the neutral current operators (9((,,;3> and
O, do not display significant energy-growing interference, in line with expectations.
Moving to the quadratic contributions in the right panel, we observed energy growth
across the board. The growth here is beyond the one depicted in Fig. 5.7, thanks to
the logarithmic scale. As seen from Tab. 5.3, the impacts are broadly found to be
stable under QCD corrections, where significant deviations from unity occur in cases
where the overall contribution is relatively small. Notable exceptions are the (’)((;2:)2
and O, impacts in the high-energy region. This stability under QCD corrections
further confirmed that our DR treatment of the t{Z and tf overlap has been correctly
identifying the phase space of the tWZ process in the SMEFT case.

I now move to the differential SMEFT predictions; for these, we used kinematic
observables, namely the transverse momenta of the top quark, W or Z, and the WZ
invariant mass, My . Since we already observed that the contributions from O, and
(’)fpg operators are relatively insignificant, we omitted them in the rest of the study.
Differential distributions are presented for the remaining operators, (9;2, O, O,, and
O,¢ in Figs. 5.9, 5.10, 5.11 and 5.12, respectively. These are DR2 predictions generated
for the /s = 13 TeV LHC in subtracting only the tfZ overlap and applying the b-veto.
The main figure shows the NLO prediction in the SM in black, alongside predictions
for c;/ A* =1TeV 2 The red and green lines correspond to SMEFT prediction taking
only interference into account or both the interference and the squared contributions,
respectively. The first inset displays the relative scale uncertainty obtained from a nine-
point renormalisation and factorisation scale variation around the 172 GeV central
scale. The second and third insets show the ratio of the two coloured lines in the main
figure to the SM prediction. For reference, both insets include the same ratio at LO.

The Of’% distributions in Fig. 5.9 confirmed our expectations formed from the
previously discussed helicity amplitudes and LO studies. The energy-growing in-
terference contributions are present in all distributions except for pr(t); the latter
does not capture considerable energy-growing effects. This is expected since the final
state top quark is not part of the embedded b W — t Z scattering. The energy growth
is most pronounced in My, confirming the latter is likely the best proxy for the
sub-amplitude centre-of-mass energy.

Figs. 5.10 and 5.11 show the same distributions for both weak dipole operators.
Both operators show the expected growth in the quadratic contributions, which is

particularly strong for O,,.. The latter also exhibits some sub-dominant interference
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Figure 5.9.: Clockwise from top left: the transverse momentum of the (anti)top quark, pr(t), of
the W= boson, pr(W), the invariant mass of the WZ pair, My, and the transverse
momentum of the Z boson, pr(Z) at DR2 for the (’);‘2 SMEFT operator when the
ttZ overlap is subtracted and the b-veto is imposed, at FO NLO accuracy. The
legends correspond to different computations for different SMEFT contributions.
The first inset shows the scale variations in the process. The middle and the last
insets show (at LO and NLO) the interference and the full SMEFT contribution
relative to the SM, respectively. The relative scale uncertainties are computed on
the summed cross-sections and not separately on the interference and the quadratic
SMEFT contributions.
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Figure 5.10.: Same as Fig. 5.9 but for the O, operator

contributions, in contrast to O,, whose interference is highly suppressed. In contrast to
the current operator (’)(%, both weak dipole operators do impact the pr(t) distributions,
albeit in a milder way than the other kinematic variables.

Fig. 5.12 presents the predictions for the top quark chromomagnetic operator, O,.
This operator does not contribute to b W — t Z scattering and therefore has a slightly
different behaviour from the previous three operators. As expected from Fig. 5.8,
energy growth is evident in all quadratic contributions. The main difference with the
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Figure 5.11.: Same as Fig. 5.9 but for the O,, operator

other operators is that the relative sensitivity of pr(t) is about the same as the other
kinematic variables. Such observation highlights that the final state gauge bosons that
participate in the EW top quark scattering do not have particular importance in this
case. Similar to other dipoles, the interference contributions are suppressed due to the
helicity flipping structure of this type of effective operator. Finally, in all distributions,
the last two insets emphasise the stability of the relative SMEFT impacts under QCD
corrections.
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Figure 5.12.: Same as Fig. 5.9 but for the O,; operator

5.6.2. NLO matched to PS

This section presents SMEFT predictions matched to PS. For this exercise, we used
a single EFT operator, (’)2035, which best probes unitarity-violation in bW — t Z. We
matched short-distance events with Pythia8 using the MCONLO method [175] as au-
tomated inside MadGraph5. The (anti)top quark was allowed to decay in our setup.

In contrast, W and Z bosons either appearing in the partonic event or originating
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from the decay were kept stable. Jets were defined using the anti-kt algorithm [176]
implemented in FastJet [177], with cone radius R = 0.4, and the requirement of
having p(j) > 30 GeV and |1(j)| < 4.5. A jetis b-tagged if a b-hadron appears among
its constituents and if |%(j,,)| < 2.5. The analysis assumed 100% b-tagging efficiency.
We selected events with exactly one b-jet and a central W and Z boson, |(W)| < 2.5 &
17(Z)| < 2.5, hereafter referred to as the 1-bjet scenario. The latter is the equivalent
of imposing the b-jet veto we used in obtaining FO predictions, since at NLOPS the
top quark decay typically gives rise to an extra b-jet. Most of the time, this jet is the
hardest in the event.

The NLOPS predictions are presented in Fig. 5.13, where the transverse momentum
distributions of the W boson and of the Z boson are displayed. The former distribution
refers to ones of W bosons arising from the hard-scattering event, which is differenti-
ated from the one stemming from the top quark decay using the MC truth. The top
row of Fig. 5.13 shows the SM distributions in the two diagram removal schemes.
From these distributions, the efficacy of the single b-jet requirement in bringing the
two predictions together is apparent, thus acting like the parton-level b-veto. Figures
in the lower row show the effect of (’)fg. The behaviour of higher-dimension operators
closely resembles that of FO, shown in Fig. 5.9. A common feature of the NLOPS
results is the increased scale uncertainty compared to the FO predictions and the more
significant discrepancies between DR1 and DR2 predictions in the distributions tails.
This feature was also observed in Ref. [167] in the tWH process, likely occurring due
to additional b-jets from the top quark decays. Therefore, the analysis at high-pr may
occasionally select the “wrong” b-jet. Ref. [167] showed that this discrepancy is fully
suppressed when using MC truth information on the b-jet origin. In summary, the
tWZ process is very stable under PS. This stability is expected because EW interactions
primarily drive such process. In general, the results presented prove the principle
for the realistic generation of precise SMEFT predictions. Therefore, the methods
presented in this work can be used in future measurements and new physics searches.
The latter being primarily through precision LHC EFT interpretations of tiWWZ data in
the SMEFT framework.

Since global EFT studies are the ultimate goal of the SMEFT paradigm, more data
from different measurements will undoubtedly aid in our understanding of the top
quark couplings. This motivates the theoretical studies of different top quark processes
in the SMEFT approach. One phenomenologically rich top quark process is the four

top quark production, which is the main topic of the next chapter.
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Figure 5.13.: The top row shows the NLOPS predictions for the transverse momentum of the
W= boson, py(W) (left) and of the Z boson, pr(Z) (right) in the SM at DR1 and
DR?2 for both inclusive and 1-bjet scenarios. The insets in the top row are the
same as in the left panel of Fig. 5.3. The bottom row shows the same observables
at DR2 for the (’)fQ) operator when the selection of one hard b-jet is imposed, at
NLOPS. The insets in the bottom row are the same as in Fig. 5.9



Chapter 6.

Complete SMEFT predictions for four

top quark production

The dimension-six SMEFT compromises many of the so-called four-fermion operators
connecting four fermion lines in a contact-interaction term. A subclass of those four-
fermion operators is the so-called four heavy, i.e. operators connecting four heavy
quarks. The main probe of this subclass of operators is the four top quark production
which is an inherently non-trivial process with several interesting subtleties. This
renders the study of four top quark production in the context of SMEFT key to future
global studies.

In this chapter, I discuss the four top quark production at hadron colliders in the
context of SMEFT [2]. This work analysed the tree-level four top quark production,
including all possible QCD- and EW-couplings orders and relevant dimension-six
operators. We found several cases where formally subleading terms give rise to
significant contributions, providing sensitivity to a broad class of operators. We
obtained inclusive and differential predictions at the LHC and a future pp circular
collider operating at /s = 100 TeV. Moreover, we performed a toy fit to set limits on
SMEFT Wilson coefficients. We assessed the importance of including subleading terms
and differential information in constraining new physics contributions. Finally, we
computed the SMEFT predictions for the double insertion of dimension-six operators
to scrutinise possible enhancements to the EFT sensitivity induced by higher order
terms in the EFT series.

Declaration

The following is the author’s contribution to this work:
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e Contributing equally with Rafael Aoude in splitting the EW couplings in the
simulation.

e Contributing equally with Rafael Aoude in cross-checking the analytical lead-
ing order coupling expansion with the one obtained from the simulation.

e Writing the analysis codes used in obtaining all the predictions.

e Performing all computations and making all plots excluding the plot presented
in Fig. 6.12.

The author’s contribution excludes the writing of the Mathematica used for the toy fit.
The implementation of the O, operator in SMEFTatNLO is not a part of the author’s

contribution.

6.1. On the four top quark process

The third run of the LHC, characterised an increase in collision centre of mass-energy
from 13 TeV to 13.6 TeV and a two-fold increase of luminosity, will provide a new
handle on rare phenomena. Among the rarest and most spectacular processes at the
LHC is the production of four top quarks, tftf. This process is marked by a tiny SM
cross-section at 13 TeV, of about 12 fb [73], i.e., around five orders of magnitude lower
than that of tf production. Despite the tiny rates, tftf signatures are distinctive, leading
to a prosperous and energetic final state, which is challenging to mimic through other
processes. The very high-Q2 and low backgrounds offer a unique opportunity for
probing new physics [176-191].

NLO corrections of four top quark production in QCD were computed first in
Ref. [192] and then included in event generators [9,78,193]. The complete NLO pre-
dictions of tttt production in pp collisions at 13 TeV for the LHC and at 100 TeV for
tuture circular colliders were calculated in Ref. [73]. The latter study revealed a pecu-
liar and unforeseen interplay between EW and QCD contributions, with significant
contributions with opposite signs arising from formally subleading terms. Significant
subleading contributions were also observed in the case of new physics contributions
to tEtt [155,190].

In the SM, representative diagrams of the pure-QCD &(a2) it production are
shown in Fig. 6.1, occurring through g¢ and g7 initial states. QCD-induced diagrams
typically provide the leading contribution. However, diagrams involving EW cou-
plings insertions can also be significant. Examples of the latter are shown in Fig. 6.2,
where top quarks scatter through the exchange of a Higgs boson or Z /",
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Figure 6.1.: Representative LO diagrams of & (a2) for the SM four top quark gg-initiated (left)
and gg-initiated (right) production at the LHC.
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Figure 6.2.: Representative LO diagrams of ¢ (w,«,,) for the SM four top quark production at
the LHC. The diagrams show the EW tt — tt scattering involving the exchange of
a Higgs boson (left) or a Z boson/virtual photon (right).

In the SM at /s = 13 TeV, it turns out that contributions from the interference of
this class of diagrams with the leading QCD amplitudes and from their amplitudes
squared are significant, reaching more than a third of the leading tree-level QCD
contributions. Nevertheless, these two contributions come with opposite signs, and
there is a substantial cancellation between them. This can be seen explicitly in table 7
of Ref. [73].

The peculiar behaviour of the cross-section as a double series in a; and «,, for the
SM process certainly motivates a detailed study in case of inclusion of new physics
effects and in particular in the SMEFT framework. In such context, four top quark
production is exciting as it is the most straightforward process where top quark self-
interactions could be probed at the tree-level. Such interactions are described by a set
of dimension-six operators of the form yipip operators with four top quark fields (left-

or right-handed). Other processes at colliders do not directly constrain these operators
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at the tree-level. Therefore four top quark production is naively expected to be the
tirst place to see their effects’.

In this work, we considered all contributions from the SM and the SMEFT, including
all the dimension-six CP-even SMEFT operators entering at tree-level. Part of our
motivation was that in the SMEFT, the interference & (A72) is expected to provide the
leading contribution to the cross-section. As the interference projects the kinematic
and colour structure of the SM amplitude, its size can change significantly from one
operator to another. It is also expected to vary depending on which contributions are
included in the SM, as different operators have different colour and chirality structures.
We retained all possible tree-level contributions at different orders in QCD and EW
couplings in our computations. We further split the EW-induced contributions into the
gauge and top-Yukawa ones and determined the inclusive and differential predictions
for the LHC and FCC-hh. We organised our predictions in line of &, where each term
is expanded in the weak parameters, highlighting the potential significance of the

formally subleading terms.

6.2. SMEFT framework to four top quark production

6.2.1. Relevant operators

We computed the SMEFT predictions using the same flavour assumption and the
notation and operators conventions as in the tWZ study of Chap. 5. We included
all dimension-six four quark operators (including an up quark) from the set of
four-fermion operators shown in Fig. 2.2. The translation of these operators from
the Warsaw basis to the top-basis of is given in Tab. B.1 of appendix B. Moreover,
we used the following set of two-fermion (2F) and purely bosonic operators (OF):

{014, 012, Oy, 016, 04, Oy,

are defined in Eq. 5.5 apart from the following ones:

Oc, Oyc}, ie. the contributing operators, all of which

2
t v A
0,0 = (o9~ )i
A ~B, C,
Oc = gszBCG;wG l/pGp Y,

2
U \=, .
O, = ((ergo — 7) Qtp +h.c. (6.1)

! Proposals for constraining four-top-quark operators through loop effects have appeared in Refs. [155,

7 7 ]'
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In the SMEFTatNLO model, the operators O,; and O, are defined with an inclusion of
an extra g, factor in their definitions. The consequences of the latter normalisation are
later discussed when presenting the inclusive predictions.

The most recent bounds on the effective coefficients of the four-fermion operators
from the global study of Ref. [59] are given in Tab. B.2 in appendix B. The bounds on
the set of contributing operators are given in Tab. B.3 of the same appendix, apart from

the O operator, which is constrained by studies including multi-jet production.

6.2.2. Leading-order coupling expansion

In the presence of SMEFT operators, the scattering amplitude can be expanded as

follows:

1
A= Agy + _A(d6) A (‘A(d6 2+ A(dS)) (6.2)

leading to the following decomposition of the partonic differential cross-section up to
oA™Y,

1
do = dogy + 2 —5 A0 + A (d‘fquad +dogp +dogg), (6.3)

The leading SMEFT contribution, do;,;, comes as the linear interference between Agy
and A 44, while the dog,,q and do(qy)) are the squared single insertion and double
insertions contributions, respectively. In terms of the amplitudes, all the & (A_4)

contributions can be schematically written as follows:
2
A0guad ~ [ Awae) " A0gp1~ | Asm A ezl d0gg~ | Asm Aasl, (6.4)

where the latter is the contribution arising from SMEFT dimension-eight operators
interfering with the SM amplitudes. The systematic treatment of dimension-eight
operators is beyond the scope of this work.

The differential cross-section for the SM can be expanded in terms of the different

strong and weak couplings as follows:

dogy = ) af oy daSM =Y alda dasl]k), (6.5)
n,m ik
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where the couplings are defined as follows:

gs e’ vi

=5 v= M= (6.6)
where g, and e are the strong gauge and electromagnetic coupling, respectively, and «,,
collectively represents « or w;. The tftf production occurs via the gg— and gg-initiated
channels. Even though we considered both production modes in all predictions
that follow, it is worth noting that contributions induced through quark-initiated
amplitudes are at least one order of magnitude smaller than gluon-initiated ones.
This is expected since the tftf production cross-section is dominated by the gg-initial
state. Each of the amplitudes is a six-point diagram; hence, the SM amplitude has four
couplings, i.e. (i +j + k) = 2, and are expanded in the following way:

(Bik) _ (2,0,0) (1L10) | (1,0,1)
(Lik) _ 2 200) 110) 101)
Ay a9 = ASM a0 T % <¢x Agr g T A 0 > (6.7b)
(020) | ,3/2, /2 03/21/2) (0,1,1)
(“ ASM g T4 ASM a9 &t ASM 44 )

where the half-integer couplings arise from diagrams containing a Higgs coupling to
a top quark via one top-Yukawa vertex and another coupling to two EW bosons via
one EW vertex. Each of the two W bosons couples with a fermion line. This structure

3/2 1/2
( /“t/>

leads to diagrams at &'(« as shown in Eq. 6.7b. Similarly, linear interference

cross-section can be decomposed as follows:

k
Tint = Za” a dUlnt le (X] nit] )’ (68)
r]r

Each of the expanded partial cross-sections is a sum of contributions from different
WCs,

dolm) — =} ]dcf(” ) (6.9)

int int[r]’

and similarly for (i, j, k). The label [r] runs over the possible dimension-six operators.
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The tttt interference cross-section consists of two production channels; the gluon-

and the quark-initiated ones 2,

T t
Aine = Ay g + A0 ~ 2R (Aswrgg Abrrg ) +2%R (Aswigy Abergg) - (610)

The insertion of a single dimension-six four-fermion operator in the tftf amplitude is
depicted in Fig. 6.3. The EFT amplitudes for the four-fermion operators read,

f f
8§ e f q Gt
&) q

g Q9 t

B
|

t t

Figure 6.3.: Representative diagrams for the tftf amplitudes with blobs representing the one
dimension-six EFT insertion, in the gg-initiated production mode (left) and in the
gg-initiated production mode (right).

(i,j.k) _ (1,0,0)
ASIJng,[ALF] - “SAEFT,gg [4F]” (6.11a)
(k) 4(100) (0,1,0) (0,0,1)
ASl\ZL‘M 48] = %sASNgq a7 T “AsM g ‘Xt'ASM,qq [4F]" (6.11b)

The cross-section induced by the four-fermion opera’cors3 can therefore be written as

follows:
A0t gg, 1471 = o d‘fl(jt%g) + & <"‘ do—l(rfttgg) + daﬁt%?) (6.12a)
A0int gq,1ar) = o] d(fi(j{,o,jg )
+ rx? (ac dal(rilqg) +oa,d g;;?)
o (o) el a0l ey dal) o doly )
+ ) dogy) + (@0l dogi
+ (a* ;) d(fl(r?é;) + (a®?a¥?) d(fi(r?t%m/z) + (aa?) dai(r?t”lq’;). (6.12b)

% We have omitted the PDF dependence on the r.h.s.
3 We performed the same exercise for two-fermion and purely-bosonic operators, however, for simplicity,
we omit the presentation of those expansions.
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6.3. The hierarchy of inclusive predictions

This section presents the numerical results from the complete LO SMEFT predictions
of the t#tf production process at /s = 13 TeV for the LHC, and at /s = 100 TeV for
future circular pp colliders. The numerical setup here is the same as the one used for
the tWWZ study described in Sec. 5.6. The only difference is that here we fixed yr and
jg to a relevant scale for tftf, i.e. 340 GeV ~ (4m,)/2. The decomposition of the tftt
SM cross-section is given in Tab. 6.1.

Vs O) O(a) O(w) T, 0(adn,) ¥, 0(a) ¥, 0(w) | Incusive
13TeV 615 -144  -0.58 2.33 x X 6.46
100TeV 2570  -313  -197 753 X X 2812

Table 6.1.: The table shows the decomposition of the LO tftf SM cross-section at the LHC and
the FCC-hh in fb. For &'(ay °), we summed all possible coupling combinations and
present the total cross-section at a given order in &;. The “ X ” denotes negligible
contributions.

The strength of the interference between the SM and EFT amplitudes of all dimension-
six SMEFT operators belonging to the four-fermion and contributing operators is
presented. The interference strength is the interference cross-section in fb when the
WC of interest is individually set to unity and the scale of new physics A is fixed to 1(3)
TeV, for the /s = 13(100) TeV scenario. In presenting the results, the four-fermion
operators were categorised into two sub-classes; ones with 4-heavy quarks (4H) and
ones with 2-heavy-2-light quarks (2L2H); those insertions are depicted by the blobs
shown in the diagrams of Fig. 6.3.

The total inclusive interference cross-section in the four-fermion case can be defined
as follows:

Tindl, = 03 + 03 + 01 + 0y, (6.13)

where o; with i = 3,2,1,0 denotes the contributions to c;,, arising from terms with
order océ in the cross-section expansion. For example, the ¢, term denotes the interfer-
ence cross-section arising only from the formally subleading terms in «, i.e. & (ocfzx)
and 0 (oc?oct) in Eq. 6.12a and Eq. 6.12b, which can be collectively written as follows:

int int

n = (w0 + 0,200, 619
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The interference strength is depicted in the heatmaps presented in Figs. 6.4-6.9, the
columns correspond to the operator coefficients. The top row shows the total inclusive
interference cross-section oy, labelled INCL, while subsequent rows correspond to the

separate contributions arranged in order of «;, in line with the example of Eq. 6.14.

o (LO) = 6.46fb @ VS =13TeV  4-heavy 0j. [fb]

-0.5

-1.0

cQQ8 cQQl cQtl cttl cQt8

Figure 6.4.: Depiction of the interference strength of the 4-heavy operators. The columns
denote the WCs in their UFO notation. The top row shows the total inclusive
predictions, i.e. summing all the QCD and EW-induced contributions. The sub-
sequent rows are in order of «; indicating the summation of terms including the
given order of a,. The predictions are obtained at c = 1, Vs =13TeV, A = 1TeV.

of#t(LO) = 6.46fb @ VS = 13TeV 2-heavy 2-light oy [fb]

cQq83 cQqsl cQu8 ctq8 cQds ctu8 ctd8 cQgql3 cQqgll cQul ctql cQd1 ctul ctdl

Figure 6.5.: Same as Fig. 6.4 but for the 2-heavy 2-light operators

v/s =13 TeV Starting with the 4-heavy operators in Fig. 6.4, we observed that for
all of them, the dominant interference is the one arising from formally subleading
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Figure 6.6.: Same as Fig. 6.4 but for the set of contributing operators.

tttt,

offf(LO) = 2.8pb @ V5 =100TeV 4-heavy Oy [fb]

-20

-60

cQQ8 cQQ1l cQtl cttl cQt8

Figure 6.7.: Same as Fig. 6.4 but for the FCC-hh scenario. The predictions are obtained at
A =3TeV.

orders, 0,. This contrasts the naive expectation where the leading term in QCD is
expected to provide the highest contribution to the cross-section through ¢3. Such
observation highlights the significance of the EW scattering of tt — tt, present in the
tttt production at LO and depicted in Fig. 6.2. The significance of such EW scattering
in tftf was pointed out in the NLO SM computation of Ref. [73]. It is worth noting
that such naive expectation not only underestimates the interference strength of the
4-heavy operators but also generates the “wrong” sign of the interference structure.
That is, 0, for all the 4-heavy operators has the opposite sign of 03. The former dictates
the overall sign of the inclusive predictions. Furthermore, the lower-order-«, cross-
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Figure 6.8.: Same as Fig. 6.7 but for the 2-heavy 2-light operators.

ot(LO) = 2.8pb @ VS = 100TeV 2F/OF oyt [fb]

INCL

04 175.46 222.75
150
(%}
100
50

Figure 6.9.: Same as Fig. 6.7 but for the set of contributing operators.

sections, i.e. 0, where n < 2, are heavily suppressed, rendering the consideration
of cross-section contributions only down to ¢, enough to attain reliable predictions
for this set of operators. Finally, for the 4-heavy operators, the singlet operators, i.e.

OlQQ, Oét, and (’)tlt, were observed to have a “stronger” interference compared to the

8
Qe

discussion of differential predictions.

octet ones, (’)BQQ and O,,, we analysed this effect which will be presented later in the

Moving on to the 2-heavy-2-light operators presented in Fig. 6.5, we observed,
except for the (’)g; operator, that the interference strength of all the operators in
this class is dominated by the formally leading o3 cross-section. This hints at the
electroweak scattering effects being less critical in the interference with gg-initiated
EFT amplitudes. The insertions of the 2-heavy-2-light operators are only present in
the gg-initiated production shown in Fig. 6.3.
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Finally, the interference strength of the set of contributing two-fermion and purely-
bosonic operators is presented in Fig. 6.6. Due to the model normalisation, i.e. the
inclusion of g, for O,; shown in Eq. 5.5 and for O as shown in Eq. 6.1, it is immedi-
ately apparent those have a non-vanishing o, cross-section. This is expected because
a contribution to the cross-section at this order in «, is not available for the other
contributing operators; therefore, their leading cross-sections are ¢3. In contrast to
the O, and O,, dipoles, the contributing two-fermion operators, O,,, (’)fpg, and O,
have formally subleading dominant cross-sections, i.e. ¢,. The O,; operator even
though dominating at 0, has a non-negligible o, cross-section. Finally, and in com-
plete contrast to O, the interference strength of the O operator tends to be inversely
proportional to orders in &, in other words, proportional to the number of electroweak

propagators.

v/s =100 TeV  The only difference between the numerical simulation performed at
v/s =100 TeV for future pp colliders, and the one of /s = 13 TeV for the LHC, is that
for the former, we fixed the scale of new physics A to 3 TeV. This is intended to ensure
a reliable expansion of the EFT series given the high collision energy of FCC-hh. The
interference strength at the FCC-hh scenario from the 4-heavy, 2-heavy-2-light, and
the contributing operators are presented in Fig. 6.7, Fig. 6.8, and Fig. 6.9, respectively.
Apart from the expected up-scaling of the cross-sections in the FCC-hh scenario, we
saw a similar pattern across the board when comparing to the LHC study, albeit with
some slight differences: the o interference of O, has an opposite sign in the 100 TeV
scenario. The Ogu and Oth operators have a slightly dominant o, in contrast to the
LHC case where the dominant cross-section is 3. Finally, for the O, operator, and
while o7 is still significant in parallel to the LHC scenario, the o3 interference is slightly
stronger in the 100 TeV scenario.

In summarising this section, Tab. 6.2 shows the operators aligned with their most
dominant cross-section contributions. Furthermore, we put together all operators

featuring an unexpected enhancement to their cross-sections from formally subleading
terms;

all 4-heavy  and {(9(32’;, Otgr Ot (’)((P;g), Oyt Oy - (6.15)

We coined this group of operators the non-naive ones. More precisely, we defined
non-naive operators as ones for which any of their formally non-leading terms is
significant in estimating their total interference cross-section.
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Table 6.2.: Indication of the most significant contribution to the total cross-section of each
operator at /s = 13 TeV. Entries labelled x denote such coupling order is not
allowed for the given class of operators. The blue colour indicates operators with
contributions not only dominant at this given order in &, but also other (higher
or lower) orders in a; are significant enough that they can alter the total rate if not
considered.

6.4. Differential predictions

This section presents the LHC and FCC-hh differential predictions for the set of non-
naive operators of Eq. 6.15. The rest of the operator differential predictions at the LHC
and the FCC-hh are given in appendix C. We obtained the differential distributions
in the invariant mass bins of the four top quark system, m;; ~ /s, for which we
also included the SMEFT diagonal quadratic contributions at the & (A_4). The input
parameters are the same as the ones used for the inclusive predictions. Predictions for
non-naive operators are given in Figs. 6.10-6.14, and split into pure SM predictions, SM
predictions summed to the linear EFT interference, and SM predictions summed to the
linear EFT interference and the diagonal quadratic contributions. Moreover, the results
are presented in every order of «,, e.g. INT201 indicates the interference contribution
(INT) induced from & (Dézlkt) terms, where the first, second and third digits denote the
orders of a,, «, and a;, respectively. For orders “below” the formal subleading order in
ag, we summed all EW-induced contributions at this given a-order. For example, 1XX
indicates summing all possible EW-induced contributions with one a coupling, in
parallel to the notation used in Sec. 6.3; 1XX = 0. The relative scale uncertainties were
computed individually for each EFT contribution. Contrary to inclusive predictions,
the differential computations are performed for WCs values extracted approximately
from the global fit of Ref. [59]. An exception is O, for which the value of its coefficient

is specified in the corresponding plot.
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Vs = 13 TeV  One clear pattern in all of the 4-heavy operators predictions is the
sizeable interference cross-section arising from the & (a?a) term, and depicted by the

blue line in the second inset. This observation corroborated what we observed in
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Figure 6.10.: Differential predictions at /s = 13 TeV in the m,,, for the set of non-naive 4F
operators. The values of the coefficients were approximately extracted from the
global fit study of Ref. [59]. The first inset displays the relative scale uncertainties
individually calculated for the SM, the interference and the quadratic EFT con-
tributions. The second inset shows the impact of the EFT interference to the SM.
The last inset shows the ratio of the total EFT contributions to the SM.

the inclusive predictions; formally subleading contributions are significant. For o,
we found that the dominant contribution comes from the & (a?cx) terms rather than
those of & (a?zxt). Moreover, similar to the inclusive predictions, singlet operators
were observed to interfere with the SM comparatively stronger than octet operators.
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Figure 6.11.: Same as Fig. 6.10 but for the non-naive two-fermion and purely-bosonic operators.

I had already mentioned this pattern in Sec. 6.3. However, I relegated the detailed

discussion to this section.

Interlude: on singlets and octets interference pattern It is expected that in formally
QCD-dominated production processes, e.g. top quark pair production, amplitudes
with colour octet insertions exhibit a “stronger” interference pattern with the SM
compared to colour singlets, in tf for instance, colour singlets contributions vanish at
the tree-level when considering only purely-QCD induced SM amplitudes [57]. In four
top quark production, the interference between colour singlet operators and the QCD
SM amplitude is non-zero due to the presence of more complicated colour structures,
which allow the top-antitop quark pair to be in a colour singlet state. This is evident

at the o3-level, where the colour singlets interference is comparable to the colour
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octet ones. In addition, and as discussed previously, the EW scattering effects in the
gg — tttt born-level amplitudes, depicted in Fig. 6.2, provide significant contributions
to the cross-section, in the SM and in the SMEFT. This explains the weaker interference
strength of colour octets compared to colour singlets in the set of 4-heavy operators
at the o,-level. The reason comes from the different colour flow in the ¢t s-channel
scattering sub-amplitude; EFT amplitudes with a colour octet insertion would interfere
with the formally-leading SM amplitudes where a gluon is the mediator of the tt — tt
scattering. On the other hand, amplitudes with the insertion of a colour singlet
operator are expected to interfere with the formally subleading SM amplitudes where
the tt — tt scattering is facilitated via an electroweak mediator.

In contrast to the 4-heavy operators, the previously mentioned insignificance of
EW scattering effects in the gg-initiated production channel explains the “typical”
stronger interference strength of the 2-heavy-2-light colour octets compared to colour
singlets. The only exception to this is the (’)g; operator. Interestingly enough, (’)Z}] is
also the only 2-heavy 2-light operator in the set of non-naive operators. This suggests
that the enhancement from formally subleading terms is indeed intertwined with the
“unusual” stronger interference arising from EFT amplitudes with colour singlets. The
interference pattern of colour octets and singlets in the set of 4-heavy operators is

summarised in Fig. 6.12.
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Figure 6.12.: The ratio of the linear EFT interference to the SM prediction for the non-naive
4-heavy operators. Solid lines depict the & (w?zx) contribution, while dashed lines
depict the & ((xf) one. Thick (thin) lines represent colour-singlets (-octets).

Moving to the non-naive two-fermion and purely-bosonic operators, we observed
a different EFT structure compared to 4-heavy ones. EFT amplitudes with insertions of



Complete SMEFT predictions for four top quark production 109

four-fermion operators have effective contact terms as depicted in Fig. 6.3. The energy
scaling of such amplitudes leads to consistent growth of the quadratic contribution as
a function of +/s. This is seen in the third inset of the distributions of all four-fermion
operators in Fig. 6.10. On the other hand, two-fermion operators exhibit suppression
of their quadratic contributions and, in most cases, a decaying interference. Such effect
is apparent in the third insets of Fig. 6.11, with a notable exception of the O, operator.
The latter receives enhancement in its energy scaling from their gluon field strength
derivatives, hence its different EFT structure: the linear contribution scales as ~ 1/ ES,
while the quadratic one scales as ~ 1/ E?. Such EFT structure is also evident for O;in
Fig. C.3.

We concluded that the 4-heavy operators are the most sensitive probes to four top
quark production. This can be deduced from their sizeable interference magnitude
compared to the 2-heavy-2-light operators and the two-fermion and purely-bosonic

ones.

v/s = 100 TeV Despite the high collision energy used in simulating the FCC-hh
scenario, the increased value of A, i.e. A = 3 TeV, significantly suppresses the
magnitude of the EFT contributions compared to the ones from the LHC study. It
is worth reminding that changing A from 1 to 3 TeV suppresses the interference
contribution by a factor of 9 and the squared one by 81.  Nevertheless, and in
exploiting the predictions of m,;, at higher energies, we observed the expected energy
growth of EFT contributions as a function of /s; inherently due to the contact term
nature of those operators. Again, we observed the colour singlet interfering with
the SM more strongly than colour octets, drawing parallels to the LHC predictions.
However, in contrast to the LHC predictions, for almost all 2-heavy-2-light colour
octets presented in Fig. C.2 for the FCC-hh scenario with its corresponding choice of
A, we observed the linear interference contributions dominating quadratic ones. For
two-fermion and purely bosonic operators, albeit with a milder quadratics growth
for O, at FCC-hh in Fig. C.4, we saw a similar pattern between the LHC and FCC-hh
predictions.

6.5. Sensitivity projections at hadron colliders

Given the current evidence of four top quark production amounting to 4.7¢ signifi-
cance [196], tftt is expected to be discovered at the LHC with the Run IIT data. Four
top quark production is primarily induced by gluons in the initial state rendering the
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Figure 6.13.: Same as Fig. 6.10 but for /s = 100 TeV.

gg-initiated production dominating ~ 87% of the SM tftf cross-section at 13 TeV and
~99% at 100 TeV. Since the main background contribution to the tftf signal comes
from t{W production [197], which proceeds only in the gf-initiated mode, an increase
in the collision energy can lead to an improvement of the signal-to-background of the
tttt production. On the other hand, systematic uncertainties polluting the experimental
measurement can be progressively reduced as a function of an increasingly integrated
luminosity. The study of Ref. [198] combined the expected tftf experimental sensitivity
at future LHC runs and the state-of-art theoretical calculations [73] to predict the total
uncertainty by which the tftf cross-section can be determined. The reported expected
uncertainty on the tftf cross-section are 102%, 58%, and 40%, at 95% CL, for 13, 14, and
27 TeV runs respectively with a corresponding integrated luminosities of 300 1,3
abfl, and 15ab [198]. In this section, and using these estimated uncertainties, we
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Figure 6.14.: Same as Fig. 6.11 but for /s = 100 TeV.

reproduced the study of Ref [198], and subsequently added predictions from FCC-hh
for comparison. It is worth noting that this study assumed the sensitivity of the ef-
fective operators to be mainly induced from inclusive measurements. We imposed
an EFT validity cut on the invariant mass of the four top quark system so the SMEFT
predictions can be matched to UV models with higher energy scales, i.e. m;,; < 3 TeV.
The EFT validity cut is assumed not significantly to alter the projected sensitivity.

To attain the projected sensitivity, we scanned different values of the WCs, com-
puting the tftf signal strength, .y, at each point. The signal strength is defined as
Ui = éﬁé / (Téff;, where aé{f; is the obtained SMEFT cross-section including the inter-
ference and the quadratic contributions at each value of the WCs, and the (Tetf('; is the
tttt cross-section assuming no EFT contributions. The WC scans for all the 4-heavy

operators presented in Fig. 6.15 showed a significant EFT sensitivity enhancement at
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Figure 6.15.: Four top quark production signal strength as a function of the coefficients of all
the 4-heavy operators. The EFT predictions include both linear interference and
quadratic contributions. The horizontal lines represent the expected measurement

at each collision energy derived from the corresponding total uncertainty.

high collision energies, in contrast to the 2-heavy-2-light operators, of which the (’)g;

operator projection is presented in Fig.

6.16%.

The reduced sensitivity of 2-heavy-2-light operators at high energies is because the

gg-initiated production dominates over the 7g one as the collision energy increases.

* One can consult Ref. [198] for the obtained WCs limits of all the 2-heavy-2-light operators at future

LHC runs.
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Figure 6.16.: Same as Fig. 6.15 but for the C’)Z}i operator (left) and the O, operator (right).
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Figure 6.17.: Same as Fig. 6.15 but for the O, operator (left) and the O operator (right).

This effect subsequently leads to a marginal improvement in the obtained limits at
higher energies. Furthermore, even though all the two fermion operators can be better
constrained in different measurements, in Fig. 6.16, we also showed the scan of the O,
operator’s WC. The latter is the most collision-energy-sensitive two-fermion operator
in the contributing operators. Finally, the projections for the purely bosonic operators
O,c and O, are shown in Fig. 6.17. We summarised the expected individual limits on
the WCs of the 4-heavy operators in Tab. 6.3.

In obtaining the limits, we used the previously mentioned expected total uncer-
tainties at future LHC runs (represented by the horizontal dashed line in the plots).
We kept an estimate of 5% total uncertainty in the tftf cross-section measurement
at FCC-hh. Our results showed that high collision energies will undoubtedly aid in
constraining the 4-heavy effective coefficients through the tftf production. On the
other hand, we expect other top quark processes to be more sensitive to the rest of the

operators.
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¢; 13TeV  14TeV 27 TeV 100 TeV

coo [223]1 [1822] [1218] [-0.250.7]

cho [6.759] [5,7] [-3.75,5.1] [-1.0,2.25]

cor [2.62]  [214] [-1411] [-0.6,0.3]

Q

c?%t [-4253] [324] [2127] [-0.451.05]
[_

12,14] [-0.7,1.2] [-0.6,0.8] [-0.15,0.35]

Table 6.3.: Theoretical limits on the five 4-heavy operator coefficients expected at the 13, 14, 27,
and 100 TeV scenarios, at the 95% CL level.

6.6. Toy fits

In this section, we present limits on effective operators’ coefficients from simplified X
individual fits in various collider scenarios: the LHC, FCC-hh and the HL-LHC. We
explore the impact of (i) subleading EW terms, (ii) differential information and (iii) the
collider energy on the WCs bounds.

Impact of subleading EW terms We start by considering the relevance of the sub-
leading terms in the interference cross-section expansion of the 4-heavy operators. In
Fig. 6.18, the individual limits on the 4-heavy coefficients at the FCC-hh are presented
in two cases: (I) with only QCD-induced (leading) terms taken into account, and (II)
when contributions to the cross-section from all tree-level terms in the mixed QCD-EW
expansion are included. For the SM prediction at the FCC-hh, we use the results
of Tab. 6.1 with a 20% theoretical (systematic) uncertainty. EFT predictions include
only the linear interference contributions. For simplicity, we assume the experimental
measurement to be that of the SM cross-section reported in Tab. 6.1 with a 5% total
(statistical and systematic) uncertainty. The importance of the subleading terms is
evident when considering only the contributions from linear interference. However,
and since quadratic contributions of four-heavy operators are only QCD-induced,

including them in the fit would reduce the sensitivity to the subleading terms.

Impact of differential information The HL-LHC will run at /s = 14 TeV with 3
ab~ ! of integrated luminosity; therefore, it is expected to obtain differential information
for the four-top process experimentally. Motivated by the larger impact of the EFT
operators in the tails of distributions, as illustrated in Fig. 6.10, we examine the
impact of adding the invariant mass distribution of the four-top in our toy fit for
the HL-LHC. Fig. 6.19 displays the individual limits for the same two cases used
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Figure 6.18.: 95%CL limits on the 4-heavy operators’ coefficients at the FCC-hh scenario from
a X? fit. The limits are shown when only considering leading QCD terms and
when considering all the terms in the mixed QCD-EW cross-section expansion.
The fit uses the inclusive tftf cross-section, oy,;. EFT predictions were obtained at
the interference level.

previously (QCD-only and mixed QCD-EW) and compares the use of only inclusive
information from oy, to when also adding differential information in the fit from
myy;. We use the HL-LHC SM prediction calculated at LO, (TtI;ItI; = 9.0 tb, with a
20% theoretical uncertainty. The EFT predictions include the linear and quadratic
contributions. We assume the experimental measurement to be that of the SM within
the expected 28% experimental total uncertainty [195]; (TEIJ; =9.0£2.52fb. The myy
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Figure 6.19.: 95%CL limits on the 4-heavy operators’ coefficients at the HL-LHC scenario from
a X* fit. The limits are shown for when only considering leading QCD terms and
when considering all the terms, in using only inclusive information from oy;; and
when adding differential information from ;. EFT predictions were obtained
for the linear and quadratic contributions.
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distribution is organised in three bins: [600-1500], [1500-2500], [2500-6000] GeV, with
total experimental uncertainties amounting to 28% for each of the first two bins, and
60% for the latter to account for the degradation of the statistical uncertainty based on
the number of events expected in each bin. Even though very much simplified and not
based on a detailed analysis of how observables could provide most of the sensitivity,
our results indicate that differential information improves the sensitivity and should
be used whenever possible.

Comparison of different collider setups To fully appreciate the impact of collider
energy in constraining the relevant coefficients, we compare the results from current
LHC measurements with the FCC-hh bounds. For simplicity, we only use the inclusive
cross-section. The limits obtained from the fit are presented in Fig. 6.20. For both
scenarios, EFT predictions include the linear and quadratic contributions. For the
LHC, we use the SM prediction at NLO in QCD of Ref. [73], and we fit the theoretical
predictions to the inclusive ATLAS [72] and CMS [199] measurements. For the FCC-
hh, we use the same theoretical and experimental inputs used for the previous case
of Fig. 6.18. The results from this fit show the significant constraining power that

s Linear+quadratic
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Figure 6.20.: Limits on all four-fermion and relevant operators used in this study obtained
from the X fit to the ATLAS [72] and CMS [199] inclusive measurements and
using the SM prediction of Ref. [73] as well as FCC-hh projections.

the FCC-hh will be able to provide for the SMEFT coefficients. Again, the effects
from the subleading terms are diluted by including the quadratic contributions in the
predictions. Finally, we note that it is expected that with the high-energy reach of the
FCC-hh, differential distributions extending well into the multi-TeV range will become
available and further improve the bounds beyond those expected from the inclusive

cross-section.
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6.7. Double insertions

In this work, we critically assessed the study of Ref. [200], where it was suggested
that 2-heavy-2-light operators could be better (or comparably) constrained in four top
quark production than in tf. Such suggestion was spurred from Ref. [201] reporting
an upper limit on tftf cross-section to be 4.6 times that of the SM. Due to the high
energy scale related to tftf production, E, the cross-section of tftf depending on the
fourth power of the operator coefficients scales like ~ (CE*/ A2)4. The latter is an
order probed by the double insertions of dimensions six operators. Ref. [200] argued
these terms enhance the EFT sensitivity of the 2-heavy-2-light operators to a level at
which tttf production can compete with #f production in constraining said operators.

In our study, we investigated the strength of the double insertions contributions de-
scribed in Sec. 6.2. In particular, we compared the EFT sensitivity of double insertions
to that of the squared contribution from all the 2-heavy-2-light operators, i.e.,

dadbl ~ |ASM A(d6)2| VS. quuad ~ |"4(d6) |2. (616)

The Feynman diagrams depicting the amplitudes with two dimension-six EFT inser-
tions are shown in Fig. 6.21.

q (ot q
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Figure 6.21.: Leading order Feynman diagrams of four top quark production with two EFT
insertions represented by the blobs.

As a first step, we proceeded by reproducing the predictions of Ref. [200]. We
observed that, indeed, the double insertion contributions provide enhancement to
the cross-section compared to the squared ones. However, this is only true given the
somewhat loose constraints on WCs, of order &/(5 — 10), that Ref. [200] considered.
Given the current comparatively stringent bounds from the global study of Ref. [59],
we did not find an enhanced EFT sensitivity due to double insertions. Our results are
presented in Tab. 6.4 where we fixed the value of c to unity and denoted amplitudes
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with one EFT insertions with A; and those with two insertions with A,. We fixed
A to 1(3) TeV for the 13(100) TeV predictions. We summed all contributions arising
from double insertions up to & (A™®). We observed that for all of the 2-heavy-2-light
four-fermion operators, the contributions from the double insertions are negligible
compared to the dimension-six squared ones, namely ¢'(10) smaller. We also saw a
similar pattern for the FCC-hh scenario.

2-heavy 2-light at c;=1

Vs =13TeV Vs =100 TeV
O; A [fb] ¥y 0(Ay), [fb] ratio | |A[* [fb] Y (A [fb] ratio
ng 0.27 0.01 004 | 640 0.40 0.06
Oy 0.28 0.05 0.18 6.36 0.63 0.10
o), 021 0.03 0.14 | 534 0.50 0.09
(9% 0.34 0.06 0.18 8.44 0.76 0.09
) 0.13 0.03 0.23 3.13 0.35 0.11
o, 0.17 0.03 0.18 3.97 0.41 0.10
o’ 0.10 0.02 0.20 2.18 0.27 0.12
Og% 1.84 0.15 0.08 | 46.98 5.49 0.12
Og 184 0.08 0.04 | 4735 0.81 0.02
o, 114 0.06 0.05 | 29.94 2.83 0.09
0, 1.80 0.14 0.08 | 46.54 6.33 0.14
Oy 070 0.08 0.11 | 1755 2.15 0.12
0, 1.11 0.04 0.04 | 29.10 2.48 0.09
O, 0.68 0.05 0.07 | 17.44 1.79 0.10

Table 6.4.: Cross-section contributions arising from the diagonal quadratic SMEFT contribu-
tions at @(A~*) and denoted by |.A;|* compared to the sum of all double insertions

contributions up to (A ~®) and denoted by A,. The ratio column is that of double
insertions contributions to quadratic ones.

It is worth mentioning that while the squared dimension-six term in the EFT ex-
pansion is invariant under field transformation, the double insertion contributions
arising at the order & (A_4) are not unless the terms corresponding to dimension-eight
SMEFT operators are included. This renders the leading double insertion contribu-
tion at & (A_4) together with the dimension-eight insertion at the same order to be
separately invariant under field redefinitions from the rest of the terms. Given the
current bounds on the set of 2-heavy-2-light operators, we found that their sensitivity
is not enhanced from multiple insertions. Such a conclusion supports the idea that
2-heavy- 2-light operators might be better constrained elsewhere than in four top
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quark production. This maintains the status of the set of 4-heavy operators being the
ones expected to derive the most robust constraints on their coefficients through the

four top quark production.



Chapter 7.

Summary and conclusions

Chap. 1 of this thesis discussed the Standard Model of particle physics (SM) as one
of the most successful theories in particle physics, despite its inherent shortcomings.
Many theories have tried to extend the SM, aiming to explain the new physics needed
to evade the “incompleteness” of the SM. The widespread expectation is that beyond
the SM, new physics would manifest itself as new particles that we did not observe
before. However, while high-energy experiments have verified the SM to incredible
precision, they could not find indications for BSM particles. One explanation for such
hindrance is that our current experimental reach has not yet reached the kinematic
range that can produce those new particles; reasoning led to the exploitation of effective
field theory approaches in search of new physics.

Chap. 2 aimed at addressing the EFTs, particularly the SMEFT, and its ability
to systematically parameterise new physics deviations due to the presence of new
particles we can not directly measure. I discussed how the SMEFT augments the
SM Lagrangian with higher-dimensions operators built out of the SM fields and
respecting the SM gauge symmetries. These higher dimensional operators can modify
SM interactions that we already know or even introduce new interactions which do
not exist in the SM. Precise experimental measurements from the relatively low-energy
probes can set constraints on the possible effects of these operators. Such constraints
are essentially constraints on new physics. SMEFT studies at the LHC have been an
ongoing effort by the experimental and theoretical communities in all the SM sectors:
the electroweak, the Higgs, the flavour, and the top quark sectors. Moreover, global
tits combining a broad set of publicly available data have also appeared.

Chap. 3 discussed top quark physics as a notable artery for understanding the
strong interactions and EWSB and as a potential guide to where the indirect effects
of potential new physics may appear. I started with a SM study concerning the
improvement in the theoretical calculation of the tfW production process to resolve

120
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the tension observed between the experimental measurement and the expected value.
While such tension is still a feature of this measurement, the study showed that these
improved techniques are necessary for understanding the t#W process. I also presented
the most recent single top quark polarisation measurement. The measurement pointed
out the favourite direction in which top quarks are highly polarised. This measurement
also set stringent limits on the effective coefficients of the SMEFT operator modifying
the Wtb interaction of the SM. I concluded this chapter by presenting the anomalous
tty coupling measurement, which was able to set the best-published limits to date on
the coefficients of operators modifying the t#Z and the tf+y interactions in the SM.

In Chap. 4, I presented the CMS measurement of tfH in multilepton final states.
I discussed how the tfH process is crucial for our understanding of the top-Yukawa
coupling, and also its capability to constrain relevant SMEFT operators. Regarding
the experimental measurement, I started with presenting the latest CMS inclusive one
reporting the tfH signal production rate, then further discussed the efforts to extend it
to the differential level, in particular, the attempts of reconstructing the differential
cross-section in the Higgs boson transverse momentum bins. As performing an EFT
interpretation of the tfH process was the main drive behind these efforts, I also showed
the potential SMEFT constraints this measurement could offer. This was shown in
likelihood scans for the relevant EFT coefficients, particularly the dipole operator
modifying the gluon-top quark interaction of the SM and the one rescaling the top-
Yukawa coupling.

Chap. 5 presented a dedicated study of the tWZ process, highlighting its sensitivity
to indirect new physics effects via the SMEFT, also discussing the general advantages
of tWWZ in contributing to our global understanding of top quark EW interactions. In
doing so, we constructed an operative definition of the tWZ process, valid beyond LO
in perturbation theory. Such operation was necessary due to the overlap of tIWWZ at
NLO with resonant contributions from processes such as tfZ and tf. We performed
the overlap removal using the so-called diagram removal (DR) procedures. Our
tixed order NLO results proved stable under such procedures. Having defined the
phase space region for tWZ at NLO, we studied how SMEFT deformations affected
the process. Considering the underlying b W — t Z scattering sub-amplitude in our
tirst step, we identified potential energy-growing effects that future collider searches
could exploit. We found one operator, namely, O

4%
in the fully longitudinal configuration of the sub-amplitude. Moving forward, we

with such feature appearing

obtained differential NLO predictions for tWZ in the SM and for each relevant operator
contribution at linear and quadratic order of the EFT. Finally, both for the SM and
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®)
OfPQ’

relative effect of O% was practically unchanged compared to the fixed order case.

we went beyond the fixed order predictions by matching the latter to PS. The

Such a conclusion suggests our predictions can be used as inputs to future analyses,
eventually improving our understanding of top quark EW interactions.

Finally, Chap. 6 presented a complete analysis of four top quark production at
hadron colliders within the SMEFT framework. In this work, our studies were based
on predictions at the tree-level, yet included all the possible QCD and EW coupling
order contributions, keeping gauge and top-Yukawa couplings separate. We com-
puted observables in the SMEFT by considering linear interference and quadratic
contributions. Within the large set of SMEFT operators possibly contributing to four
top quark production, we have identified a subclass, which we called the “non-naive”,
consisting of all the four heavy operators and a subset of two-fermion and bosonic
ones. We coined these operators non-naive since their leading contributions to the
linear interference cross-section is primarily induced by formally subleading terms in
the mixed QCD-EW expansion. We were able to draw three main conclusions from a
thorough analysis of the relevant operators contributions at the LHC and the FCC-hh
colliders. First, the 4-heavy operators provide their most significant contribution
through the & (w?aw) terms. The same happens for the remaining six operators in
the non-naive set. Second, & (a2a) is dominant compared to &(a2a;) for the 4-heavy
operators. Third, from tf production, one could naively expect that octet operators
would dominate. However, we observed the opposite: the singlet operators have
larger linear interference cross-sections than their octet counterparts. Looking ahead,
we studied the sensitivity of future colliders of four top quark production. We found
that all the 4-heavy operators exhibit a sensitivity enhancement at high collision en-
ergies, in contrast to the 2-heavy-2-light operators. We, therefore, concluded that
4-heavy operators are the ones with the highest potential to be strongly constrained
in four top quark production. The importance of our study comes in summarising
the four top quark SMEFT predictions and analysing them in each order of the mixed
QCD-EW expansion. Our analysis motivates an effort towards systematically studying

subleading effects in other processes, such as e.g. t{Z and, in particular, ¢f +jets.



Appendix A.

On the b W — t Z sub-amplitude

A.1. Helicity amplitudes for the b W — t Z scattering
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Table A.1.: Operators contributions to the helicity amplitudes of b W — t Z scattering in the
high-energy limit, i.e. s, —t > v. A; denotes the helicity /polarisation of the external
leg i and the contribution of each operator O; omits an overall factor of ¢;/ A%
“—" entries denote SMEFT contributions that decrease with energy. The energy
dependence of the corresponding SM helicity amplitude is given in a schematic
form. All amplitudes with a right-handed b-quark are not generated since m;, = 0
is enforced by our flavor symmetry assumption.
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A.2. Embedding b W — t Z amplitudes and including

quadratic EFT contributions
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Figure A.1.: Same as Fig. 5.6 but for the SMEFT predictions truncated at the quadratic-level,

O(A™?).



Appendix B.

Translation and constraints relevant to

four-top production

2-heavy 2-light

O, UFO Translation O, UFO Translation

(95}, cQqil 'le[cl%)]ii%_'_%[Cgé)]i%i_}_%[cgs)]i%i Oé’? cQq18 ‘le[cl%)]i%i+3[C53)]i33i
1=1, =1,

(9(33’}7 cQg31 'le[ctgs)]usﬁ I %[C%)]ls_%z _ %[C{g;’;’)]l?ﬁz 0(32,2 cQq38 'le[cq(;)]zw _ [Clgs)]z_%sz
1=1, =1,

Otlu ctul ) lez[cuu]u% + %[Cuu]lg& Ofu ctus . 21;22[(:1114]1331
1=1, 1=1,

O, ctar  x [ClU O, ctds y [c®)
i=12(3) i=12(3)

O; ctql le[Cﬁ)]”33 Otsq ctq8 ' lez[C{gz)]”?’?’
1=1, =1,

(9(13“ cQui [Cﬁ)]&q’” OSQ“ cQus ‘ [Céi)]%”
i=1,2 _ i=1,2 _

Ol, cadl [Cq(?]?’?’” Of, cQds [Céi)]&””
i=1,2,(3) i=1,2,(3)

4-heavy

Oh, cqat  2[CL)P — 2[clPF O, cq8 8[C\I

O cqer  [CL)T O, cqt8 [ci)P

O, ctt1  [C)]7F

Table B.1.: The translation of four-fermion operators from Warsaw basis to top-basis. The UFO
column shows the notation of the WCs in the SMEFTatNLO model.
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2-heavy 2-light
o(A7?) o™ o(A7?) o™
UFO UFO
Individual Marginalised  Individual Marginalised Individual Marginalised  Individual Marginalised
cQqil [-3.603,0307] [-8.047,9.400]  [-0.303,0.225] [-0.354,0249] cQqt8 [-0.273,0509]  [-2.2584.822]  [-0.373,0.309] [-0.555,0.236]
cQq31 [-0.099,0.155]  [-0.163,0.296]  [-0.088,0.166] [-0.167,0.197] cQq38 [-1.813,0.625]  [-3.014,7.365]  [-0.470,0.439] [-0.462,0.497]
ctul  [-6.046,0.424] [-15.565,15.379] [-0.380,0.293] [-0.383,0.331] ctu8 [-0.774,0.607] [-16.952,0.368]  [-0.911,0.347] [-1.118,0.260]
ctdl  [-9.504,-0.086] [-27.673,11.356] [-0.449,0.371] [-0.474,0.347] ctd8 [-1.458,1.365] [-5.494,25.358]  [-1.308,0.638] [-1.329,0.643]
ctql  [-0.7842.771] [-12.382,6.626] [-0.2050271] [-0.222,0226] ctqs8 [-0.396,0.612]  [-4.0354.394]  [-0.483,0.393] [-0.687,0.186]
cQui  [-0.9382.462] [-16.996,1.072] [-0.281,0.371] [-0.207,0.339] cQu8 [-1.508,1.022]  [-12.74513.758] [-1.007,0.521] [-1.002,0.312]
cQdi  [-0.889,6459] [-3.239,34.632]  [-0.332,0.436] [-0.370,0.384] cQd8  [-2.3932.042]  [-24.479,11.233] [-1.615,0.888] [-1.256,0.715]
4-heavy
cQQl  [-6.132,23.281] [-190,189] [2.229,2.019] [-2.9953.706] cQQ8 [-26.471,57.778] [-190,170] [-6.812,5.834] [-11.177,8.170]
cQt1  [-195,159] [-190,189] [-1.830,1.862] [-1.391,1.251] cQt8 [-5.722,20.105] [-190,162] [-4.213,3.346] [-3.040,2.202]
cttl  [-2.782,12.114] [-115,153] [-1.151,1.025] [-0.791,0.714]

Table B.2.: Bounds on four-fermion effective coefficients from the global analysis of Ref. [59].

Contributing operators

o) o oA o™
UFO UFO
Individual Marginalised Individual Marginalised Individual Marginalised Individual Marginalised
ctp  [-1.331,0.355] [-5.739,3.435] [-1.286,0.348] [-2.319,2.797] ctZ  [-0.039,0.099] [-15.869,5.636] [-0.044,0.094] [-1.129,0.856]
ctW  [-0.093,0.026] [-0.313,0.123]  [-0.084,0.029] [-0.241,0.086] ctG  [0.007,0.111] [-0.127,0.403]  [0.006,0.107] [0.062,0.243]
cpQM [-0.998,1.441] [-1.690,11.569] [-1.147,1.585] [-2.250,2.855] cpt  [-2.087,2.463] [-3.270,18.267] [-3.028,2.195] [-13.260,3.955]
cpG  [-0.002,0.005] [-0.043,0.012]  [-0.002,0.005] [-0.019,0.003]

Table B.3.: Bounds on the contributing two-fermion and purely-bosonic effective coefficients
from the global analysis of Ref. [59], except for the O operator.



Appendix C.

Additional four-top predictions

O | (1) :alolife]  (H)10] T (5)[f]
O, | 00810317175 -0.2357507 01217507
OF, | 0273[-0577173y  -03037%  0.3547 50
Obg | 0242 [0.948]7 33 0706730  1.086(1) 550
OY | 0005107251787 07207550 1.471(2) %550
OL 0485 [-1.670] 734 -1.185(1)735% 4.339(2) a5

(scales are given on c3 in the first column).

Table C.1.: Inclusive predictions within relative scale uncertainties for 4-heavy operators
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Table C.2.: Same as Tab. C.1 but for the 2-heavy 2-light operators.
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O, | (L)’:osnllb]  T(1)’M] T (L))
O x [-0.233] -0.220M35% 0373150
0, x [0.176] 0.18773%°  0.264" 30
O, | 3.642(1) [0.024]785% 2.861(1) 170  4.244(2)*55%
O, x [0.072] -0.07435%  0.0125%;
oL x [0.123] -0.302*735  0.030 3000
0, x [-0.114] 0307 3% 0.030 3%
O, |1.633(2) [0.113] e 1.715(2) o 94.5(33) 500
0,6 x [-0.107] -0.480" Tt 2.229(1) 2%

Table C.3.: Same as Tab. C.1 but for the set of contributing operators. The x denotes zero cross-
section. The asterisk indicates the operator receives non-negligible contributions at

«g-orders lower than o,.
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Figure C.1.: Same as Fig. 6.10 but for the rest of the four-fermion operators.
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Figure C.2.: Same as Fig. 6.13 but for the rest of the four-fermion operators.
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Figure C.3.: Same as Fig. 6.11 but for the rest of the contributing two-fermion and purely-
bosonic operators.
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Figure C.4.: Same as Fig. 6.14 but for the rest of the contributing two-fermion and purely-
bosonic operators.



Colophon

This thesis was made in IXIEX 2 using the “hepthesis” class [202].
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