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Abstract

This thesis focuses on improving the theoretical modelling of the process pp —
ete ptp~ at LHC by including both EW and QCD higher-order perturbative cor-
rections. The EW corrections are studied at NLO fixed order and in a multijet-
merged parton-shower simulation. The NLO EW fixed order correction is studied
for the ete~p* ™ final state and, for the first time, for eTe™ ™ u™ associated with
a jet. In the multijet-merged calculation, EW effects are included only via the
NLO virtual and NLL Sudakov approximations. To this end, the fixed order cal-
culation is used as a benchmark for these approximations. In both calculations,
the resummation of Sudakov logarithms is discussed, especially the matching to the
EW NLO fixed order calculation. For what concerns the higher order QCD correc-
tions, this is the NLO QCD of loop-induced e*e™ ™~ production. Specifically, the
study conducted in this thesis focuses on loop-induced NLO parton-shower match-
ing. This calculation is compared to the fixed order NLO QCD and the 041-jet
merged matrix elements at leading order to highlight non-trivial effects due to the
NLO parton-shower matching. Due to the slow evaluation of the two-loop virtual
matrix elements, I have studied the possibility of improving the evaluation time
using a multi-dimensional interpolation method. Both these corrections have been
studied and implemented in the MC generator SHERPA.
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Introduction

The production of two Electroweak (EW) bosons is a fundamental process for testing
the gauge invariance of the Standard Model (SM). An example of their importance is
given by the independent discovery of the Higgs boson by the Large Hadron Collider
(LHC) [1] experiments A Toroidal LHC ApparatuS (ATLAS) [2] and Compact Muon
Solenoid (CMS) [3] in 2012. In these experiments, the Higgs boson was observed as
a scalar resonance at an energy of about 125 GeV in the invariant mass spectrum of
four-lepton final states. This discovery sets a milestone in the understanding of the
SM gauge invariance. The di-boson production also gives a direct way for testing
the EW boson self-couplings. This makes the di-boson production very suitable
for some Beyond Standard Model (BSM) searches that modify such couplings e.g. ,
the triple gauge boson coupling between three neutral vector bosons [4] that is not
allowed by the gauge invariance of the SM.

With the very successful data-taking from LHC Run I, Run II, and the upcoming
Run III, which is going to have an even higher luminosity, reaching 300 fb~! in 2028,
high-energy hadron-collider physics has entered its precision era. With the data
collected during the Run II of the LHC, between 2015 and 2018, the measured total
cross-section for a four-lepton final state with two same-flavor oppositely charged
leptons pair has reached the experimental accuracy of about 3% [5]. This uncertainty
is expected to be significantly reduced with the future high-luminosity upgrade of
the LHC, that plans to deliver a luminosity of up to 3000fb~!, and improvements
on the particle detectors.

Theoretical predictions must match the experimental precision level with at least
the same level of accuracy. A recent calculation of the total cross-section of the
four-lepton production with two same-flavor oppositely charged leptons pairs [5] has
shown a theoretical uncertainty of about 3%, i.e. comparable with the experimental
uncertainty. The calculation was performed evaluating the process at the Quan-
tum Chromo-Dynamics (QCD) next-to-next-to-leading order (NNLO), with higher
order electroweak (EW) contributions included as a reweighting factor, depending
on the four-lepton invariant mass. The uncertainty in the theoretical predictions
comes from the renormalisation and factorisation scale dependence of an observ-
able evaluated in perturbation theory. The scale uncertainty gives an “estimate”
of higher-order corrections not included in a calculation. For this reason, it is vi-
tal to include higher-order contributions to reduce the uncertainty of theoretical
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predictions evaluated in perturbation theory.

In this thesis are studied two types of higher order corrections to the eTe™ ™ pu~
production in proton-proton collision, the next-to-leading order (NLO) EW [6] and
the NLO QCD correction to the loop-induced ete™p*pu~ final state. Despite QCD
effects being usually dominant, NLO EW corrections are significantly enhanced in
high-energetic regions of the phase space becoming comparable to higher QCD mul-
tiplicity contributions. Including EW corrections is therefore essential for the correct
interpretation of actual measurements. A loop-induced process contributes formally
to the QCD NNLO correction. However, they can be studied separately from the
quark-initiated e™e” T~ production, since they form an ultraviolet (UV) and in-
frared (IR) finite gauge invariant subset of processes. The importance to include
loop-induced processes in a calculation comes from the fact that they contribute
to half of the NNLO correction and increase the NLO QCD total cross-section by
about 10% [7].

The thesis is structured as follows. Chap. 1 gives a brief introduction to the SM
paying particular attention to its gauge invariance and how this dictates the form
of the interacting Lagrangian. QCD and EW theories are then discussed, pointing
out how these are built by just requiring gauge invariance. The EW spontaneous
gauge symmetry breaking, due to the masses of the EW gauge bosons Z and W¥,
is also discussed, describing in particular how gauge invariance can be restored by
the Higgs mechanism. Finally, it is given a general overview of the regularisation of
the ultraviolet (UV) and infrared (IR) singularity arising from perturbation theory.

In Chap. 2 tools and numerical methods used throughout the thesis to make
predictions are discussed. These are based on Monte Carlo simulations to produce
events for experimental data comparison. Particular focus is put on the methods
available in the MC generator SHERPA, which is this thesis’s generator of reference.

Then, in Chap. 3 is presented the phenomenological motivation of this thesis.
Specifically, it discusses the state-of-the-art theoretical predictions and the latest
total cross-section measurements of the e™e~ ™~ production.

Finally, in Chap. 4 and Chap. 5 the original results of this thesis are discussed.
Higher order EW corrections to the e™e~u™p™ final state are discussed in Chap.
4. This Chapter first introduces the EW logarithms that cause the large EW en-
hancement at high energies and then the EW approximations used to include these
logarithms in a general multiple QCD emissions simulation. The approximations
are validated against the full fixed order NLO EW calculation for producing the
ete”ptu~ final state associated with 0- and 1-jet. The fixed order NLO EW Z-
boson pair production associated with a jet is discussed for the first time in the
work presented in Ref. [6] done in collaboration with E. Bothmann, D. Napoletano,
M. Schonherr and S. Schumann. Finally, the EW approximations are included in a
general QCD simulation to study their phenomenology. Loop-induced processes are
discussed in Chap. 5. This Chapter gives firstly a general overview of loop-induced
processes discussing their main characteristics. It is then presented the implemen-
tation of the NLO correction to the loop-induced process gg — eTe~u*pu™ in the
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MC generator SHERPA. The virtual part of the NLO correction if evaluated using
the public code ggvvamp [8]. Due to the very expensive numerical evaluation of the
virtual matrix elements, an interpolation framework has been developed to improve
its evaluation time. Finally, it is discussed the phenomenology of the NLO correc-
tion to the loop-induced eTe™u™u~ production for both, a fixed order calculation
and matched to parton-shower.



Chapter 1

Introduction to the Standard
Model

The Standard Model (SM) is the theory built to describe the quantum dynamics
of the so far known elementary particles. These are twelve particles of matter,
with their respective anti-particles, and four mediators of elementary forces. The
particles of matter are in turn divided into two subgroups, quarks and leptons, which
are respectively strongly- and non-strongly-interacting particles. In each subgroup
there are six fermions. The first contains the up (u), down (d), charm (c), strange
(s), top (t) and bottom (b) quarks, while the second the electron e~, muon u~,
tauon 77, with corresponding neutrinos (ve, v, and v;). The SM also includes
the dynamics of all the elementary forces but gravity (there still are no traces of
quantum gravity effects), plus the Higgs field. The coupling with the latter gives
rise to particle masses.

This model is the result of a world-wide effort that lasted almost the entire 20th
century. Its final theoretical formulation was achieved only in the mid-seventies
after the discovery of quarks from the deep inelastic scattering experiments done
at the Stanford Linear Accelerator in 1968 [9, 10] that proved the existence of
hadron constituents and opened the way to complete a theory for the strong in-
teraction that is, generally speaking, consistent with the formulation of QED and
electroweak Lagrangians. All these Lagrangians put together form a Lorentz and
U(1)xSU(2)xSU(3) invariant theory able to describe almost all particle phenomena
observed so far.

An important confirmation of this model came in 2012 with the discovery of the
Higgs boson made by the LHC experiments ATLAS [2] and CMS [3]. This boson
was theorized in 1964 by R. Brout, F. Englert [11], P. Higgs [12, 13], G. Guralnik,
C. R. Hagen and T. Kibble [14] and its discovery played a crucial confirmation of
the SM since it ensures the gauge invariance of the model. This property is going
to be discussed later in this chapter.

The three theoretical milestones that led to the formulation of the SM as it is
known today were Dirac’s quantum formulation of QED which posed the basis for the
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mathematical structure of a relativistic quantum field theory, Fermi’s “tentativo”
of a theory for the g-decay that opened the road to build the general theory of
weak interactions later formulated by S. Weinberg [15] and A. Salam [16] and the
classifications of the observed hadrons according to the singlet states of the SU(3)
group proposed by M. Gell-Mann [17] and Y. Ne’eman [18].

In this chapter I am going to introduce the basics of the Standard Model of
electroweak and strong interactions starting by describing how interacting theories
can be built just by the requirement of gauge invariance. The theories for the strong
and weak forces are then built according to that procedure in order to highlight
the significant role gauge invariance plays in the SM. The reason to highlight this
aspect is that many experimental analyses focus on verifying the gauge invariance
of the SM by measuring the vector boson self couplings. Deviations from the theory
prediction may suggest the presence of new fundamental particles that modify those
couplings. I will then conclude giving an overview of the particles that are part of
the SM.

1.1 Gauge Invariant Field Theories

Symmetries have always played a central role in physics, specially after E. A.
Noether’s theorem that relates conserved physical quantities to the symmetries of a
system. This theorem is applicable to any theory including the quantum field theory
the SM is based upon.

Besides the geometrical symmetries of the SM which are related to well known
conserved physical quantities such as e.g. angular momentum and total energy, there
is also the very important invariance under the special unitary symmetry group
U(1)xSU(2)xSU(3) which is related to the SM conservation of charged currents.

The interesting fact about this symmetry group is that it implies a theory to be
interacting. Indeed, a free field theory would not be invariant under the action of a
local unitary gauge group.

The close relation between local gauge invariance and interacting quantum field
theories was first proposed by C. N. Yang and R. L. Mills [19]. Their idea came
by realizing that the two most studied and most predictive theories of fundamen-
tal forces, i.e. electromagnetism and gravitation, are both locally gauge invariant.
Electromagnetism, specially, keeps this invariance at both classical and quantum
level. The aim of Yang and Mills was to give a general prescription to build gauge
invariant theories, for a general special unitary group SU(N), similarly as Dirac’s
QED.

To give an idea of how gauge invariance and interacting theories are related, it is
often useful to look at the simpler case of QED. Local gauge transformation in QED
is generated by the special unitary group U(1). The fundamental representation of
this group is realized on the spinor field space as a complex local phase shift while
the adjoint representation is realized on the space of four-dimensional rank-one ten-
sor fields as a C(M) functional shift of the tensor of the adjoint representation. The
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gauge transformations of these objects then read

P(a) = ¥ (z) = e (a),
P(a) = P (z) = e @ (),
Au(z) = Al (z) = Ayu(x) + éaua(a:), (1.1.1)

where ¥(z) and ¢ () represent respectively the fermionic spinorial field and its Dirac
adjoint (@(az) = wffyo) carrying an electric charge e, while A,(x) is the neutral
electromagnetic vector boson field mediated by the photon. The QED Lagrangian
density invariant under the action of the transformations (1.1.1) is

1

LqED = () (zlﬁ — m) P(x) 4FW($)F“”(JC) = Lpirac + LEM, (1.1.2)

where ) is the so called covariant derivative written in Feynman slashed notation
() =~4"D,,) defined as

D, =0, —ieA,(x). (1.1.3)

In Eq. (1.1.2), Lqgep has been divided into two Lagrangian densities, Lpirac and
Lgnv- This separation is chosen in order to have two gauge invariant Lagrangians
that describe the dynamics of the spinor field and of the gauge vector boson field,
respectively. The gauge invariance of Lpjiac is simply given by the covariant deriva-
tive that is built in order to have D, (x) transforming according to the fundamental
representation of U(1). In this way the complex phases of the covariant derivative of
¥ (z) and its Dirac adjoint cancel, leaving the Lagrangian U(1) invariant. Moreover,
the second term in (1.1.3) accounts for the interaction between the fermionic v (z)
and the bosonic A¥(z) fields. This already shows how a free theory can not be
locally gauge invariant. If we expand the covariant derivative, it is easy to see the
form of the interaction part of the Lagrangian (1.1.2),

Lini = D)y () Ay (). (1.1.4)

In Eq. (1.1.2), Lgm accounts for the kinematics of the photon field where F*(z)
is the anti-symmetric stress-energy tensor defined as

' (z) = O"AY (z) — 8 Al (). (1.1.5)

The gauge invariance of Lgy can be easily read off the following equivalence:
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P (a)p(a) = e (A" (x) — 8" A () ()
— ie[D", D"] ¢ (x). (1.1.6)

The second line of Eq. (1.1.6) proves the gauge invariance of F'*¥(x) since the ap-
plication of the commutator of the covariant derivatives onto the spinor field is a
covariant object itself, therefore

(FH (@)ip(x)) = O F (2)p(a) = F* (@)) (). (1.1.7)

The gauge invariance of the field strength tensor can be proved in many ways, how-
ever the procedure used in this case, Eq. (1.1.6), is particularly useful for building
a general gauge invariant field theory since it gives a direct relation between the
covariant derivative and the strength tensor field.

Yang and Mills generalized the gauge invariance of QED to any arbitrary local
special unitary group SU(N) that act on an N-dimensional vector space spanned by
a linear combination of spinor objects. The elements of this /N-dimensional space
can be written as ¥ (z) = (¢Y1(z),...,¥n(z)) with ¢;(x) being linearly independent
spinor fields. The gauge group acting on this vector space is realized as an N x N
unitary matrix. The fundamental representation of this group is given by,

U(z) = U (z) = e @Y (3) = U(2)U(2), (1.1.8)

where t4, A = 1,...,N? — 1 are the generators of the group and a?(z) is the
continuous real phase associated with each generator. Moreover, the index A is
euclidean-like, so we make no distinction between upper and lower indices. Also,
Einstein notation for repeated indices, a?(z)t4 = Zfﬁ;l o (z)t4, is adopted.

The choice of the group generators is completely arbitrary as long as they satisfy
the following normalization trace condition,

Tr [¢t4¢7] = Tpo?5, (1.1.9)

with Tr being an algebra constant of the fundamental representation.
The algebra formed by the SU(N) generators in the fundamental representation
is given by the following commutative relation,

[t4,4P] = i fABCC, (1.1.10)

where fABC are the completely antisymmetric structure constants of this algebra.
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In order to build a gauge invariant Lagrangian for an N-dimensional spinor mul-
tiplet W(x), it is necessary to define a covariant derivative similar to the QED one,
i.e. Eq. (1.1.3). In this case it is defined as

Dy, = 9,1 —igAfj ()t (1.1.11)

where I is the N x N identity matrix and Af(:z:) is the vector boson associated
with the group generator t*. The covariance of D,, is assured by defining the gauge
transformation for the vector boson field according to

AX@)A o AA @)D = U () AMAT () + ;U(x)aﬂUT(w). (1.1.12)

This transformation is the adjoint representation of the SU(N) group realized on the
vector field space. Eq. (1.1.12) ensures that the action of the derivative (1.1.11) on
U(z) transforms like

Dt (x) — DMV (x) = U(x)D"V(z). (1.1.13)

Using this definition of the covariant derivative it is possible to write down the gauge
invariant Lagrangian for the dynamics of an N-dimensional spinor multiplet,

Ly =V(z) (i) — M) ¥(z). (1.1.14)

Here M is a diagonal N x N matrix containing the mass terms of the components
of U(z).

The last part to add is the Lagrangian for the vector field. The main ingredient
is a field strength tensor F*(z) that contains first derivatives of the vector poten-
tials. This can be built accordingly to the QED one as shown in Eq. (1.1.6). Using
the covariant derivative defined in Eq. (1.1.11) we can derive the expression for the
N? — 1 field strength tensors,

()t () = ig [Dy, D,] ¥ (2)
= ig (0,47 (x) — 0, A () + g f PO AT (2) A (2)) 1 (z).  (1.1.15)

It is then possible to write down the gauge invariant Lagrangian density for the
vector boson dynamics,

1 4
Lp = —ZF:},(x)FA’“ (z). (1.1.16)
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Combining Eq. (1.1.14) and Eq. (1.1.16) it is possible to write the famous Yang-
Mills Lagrangian density for an N-dimensional spinor multiplet ¥ () invariant under
the action of the special unitary group SU(N):

Lym = ¥(z) (i) — ml) U(z) — %Flﬁj(x)FA’“”(x). (1.1.17)

Actually, the theory as just written is also renormalizable making this the most
general four-dimensional renormalizable gauge invariant relativistic field theory. The
renormalization of a theory is going to be discussed in Sec. 1.2, but it is important
to highlight that other gauge invariant terms exist but are non-renormalizable.

A major new aspect of a Yang-Mills theory compared to QED is that in this case
cubic and quartic vector potential terms, arising from the non-commutativity of the
SU(N) group, are present. These are interpreted as self-interaction of the theory’s
vector bosons and have the following form:

['self—int = gszBcauAA,l/(x)A% ($)AVC($)
1
- ZfABCfADEAB,u(x)Ac,u(m)A’é(x)A%(ﬂc) (1.1.18)

Here the first line gives a three body interaction vertex and the second line gives a
four body interaction vertex.

Finally, in order to make predictions with this theory, it is necessary to choose a
gauge in which to compute observables. Without this choice it would not be possible
to define the Green’s function of the vector boson fields. The gauge fixing works by
simply including terms in the Lagrangian that break its gauge invariance. A very
common choice is the covariant gauge. This is a generalization of the Lorenz gauge
of classical electrodynamics, and it is defined as

1
Legange = —ﬁc‘)“Aﬁ(x)(‘?”Af(a:). (1.1.19)

This choice then needs to be backed up by introducing a non-observable ghost field
needed to cancel unphysical degrees of freedom introduced by the gauge symmetry
breaking. For the covariant gauge the Lagrangian density for the ghost field is

Lahost = 00t (2) DY g0 (). (1.1.20)

Gauge invariant theories only allow for massless vector boson fields. A massive term,
such as mQAﬁ(x)A“’B (x)t4tP would break the gauge invariance of the theory. In-
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deed, the gauge transformation of a possible mass term for the vector boson field
would be,

m? A2 (2) AP (2)tHE =m? | A (z) AP (2) + A (2)0 P (2)+
AE(.%’)(?MO(A(.%') + 8uozA(w)8”aB(x)} X

x U(x)t"MPUT (z) # mQU(:L‘)Aﬁ(:U)AB’“(x)tAtBUT(x),
(1.1.21)

hence, mQAif(x)A’“’B(:c)tAtB # mQAﬁ(x)A“vB(:c)tAtB. However, methods to re-
cover gauge invariance of theories with massive vector bosons have been developed,
where the mass of the vector field comes from the coupling with a scalar field. This
mechanism, also known as the Englert—Brout—Higgs—Guralnik—Hagen—Kibble mech-
anism [11, 12, 13, 14], will be discussed later in this chapter, when introducing the
weak interacting Lagrangian where the weak force mediators, bosons Z and W, are
massive.

1.2 Renormalization of UV divergences

The non-linearity of the interacting Lagrangians discussed in the previous Sec. 1.1
makes it difficult to find general exact solutions of their equations of motion. Con-
sequently, these theories are usually studied either perturbatively or numerically by
computation on a grid or lattice. The latter is usually the standard method to treat
low-energy quantum systems.

High energy quantum field theory is mainly studied perturbatively. The ap-
proach used is taking the initial/incoming and final/outgoing state of an interacting
system as asymptotic states, i.e. solutions of the free theory. The initial state is
evolved using the theory’s interacting potential. This can be read from the second
term in the covariant derivative, Eq. (1.1.11). To give an example, the amplitude
of a generic QED observable is,

. =9z 1 . o~ "
oo<\Il0ut| ezgfdac\IlA\If |\I"in>oo - oo<‘11011t| Zﬁ <Z‘g/dx \I/A\II> |\Ijin>oo
- !

A~

= oo(‘I/out"Ilin>oo +oo <\I/0ut‘ ig/da; @A@ qjin)OO + 0(92)

= oo(q}out|\11in>oo +S(\I’inalpoutyg)7 (121)

where the interaction potential used is the one given in Eq. (1.1.4). In the last
line, the second term is the Scattering matrix that represents the interacting ampli-
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tude treated perturbatively, while the first term accounts for the possibility of an
interaction-free evolution from the initial to the final state.

Even if perturbing a free high energy quantum system, as just described, is a very
useful approach, it also has some drawback. The perturbative expansion contains
non-finite terms that make an observable expectation value divergent. This is obvi-
ously not the result one would expect and it is of course not shown by experimental
observations. Renormalization is the method used to get rid of these infinities by
redefining the quantities of a theory such as the fields, their masses and the coupling
constants that before being renormalized are called bare.

These infinities come from the ultraviolet (UV) sector of loop integrals. When
the set of singular loop integrals can be reduced to a finite set of divergent master
integrals a theory is said to be renormalizable, otherwise it is a non-renormalizable
theory [20]. The request that a renormalizable theory has to have a finite set of
divergent master integrals comes from the fact that these happen to be the same
at every perturbative order. Therefore, it is possible to resum them into a singular
multiplicative prefactor used to renormalize the quantities of a theory. Alternatively,
if this condition is not met, it would mean that there is an infinite number of these
singular factors making the renormalization of the theory’s objects impossible.

In order to regularize these divergent integrals, many techniques have been de-
veloped which isolate the singular terms from the finite result of a loop correction.
The most commonly used technique is Dimensional Regularization (DR). This tech-
nique consists of an analytical continuation of the four physical dimensions into a
4 — € dimensional space, with € being an arbitrary small constant. Changing the
dimensions of the space forces to introduce a scaling parameter p to recover the
physical dimension of an amplitude. This is then expressed as a Laurent series in
terms of the infinitesimal variable € depending on the unphysical regularization scale
. For completeness, it is important to mention that the use of unphysical scales
is made also in other regularization techniques like Pauli-Villars regularization [21]
which uses a UV cut-off to regularize a loop integral. It is clear that any physical
result can not depend directly on such a parameter. This is achieved by renormaliz-
ing the theory. Using DR a theory is renormalized by rescaling its parameters with
a function of €, usually called Z(e), divergent for infinitesimal values of e.

Using this procedure, a renormalized theory will still depend on the unphysical
regularization scale p. Since an arbitrary observable cannot directly depend on this
variable one has to require it to satisfy the following differential equation,

d Q?
“2d72 <M2a> = 0. (1.2.2)

where G(-,-) is for simplicity a dimensionless observable, « the fine structure con-
stant, e.g. g2/4m, and Q? the energy scale at which we evaluate the observable. The
direct consequence of Eq. (1.2.2) is that the coupling constant, and similarly all the
other parameters of the theory, can be substituted with new functions that depend
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on the system’s energy. These parameters are called running parameters and en-
code the entire dependence over Q2 of G(-,-). This is easily shown by expressing the
total derivative in (1.2.2) as sum of partial derivatives. The expression then becomes,

0 da O Q?
2 = L2 e (= a) =o0. 1.2.
[M o2 1 o 0@] “ (/ﬂ’a> ! (123)

This differential equation can be solved by introducing the running coupling a(Q?)
defined as follows:

log (322) = /aa(Qz) BCZ)’ alp?) = a. (1.2.4)

Here §(x) is the beta function defined as

_ 20z

B(x) =n a2 (1.2.5)

By taking the derivative of Eq. (1.2.4) it is clear that the running coupling evaluated
at Q2 is also a solution of Eq. (1.2.2). Indeed,

2 00 (Q?)

e = —8(a(@%), B = B(a(Q?)) . (1.2.6)

The running of the coupling constant is nowadays a well established fact that has
been extensively studied. An example of the good agreement between the theoretical
prediction and data is shown for the strong coupling in Figure 1.1. Data is taken
from the experiments CMS [22, 23, 24], DQ[25, 26], H1 [27] and ZEUS [28] and
compared to the running of a,(Q?) evaluated at two-loop accuracy with five active
flavors.

1.3 Quantum Chromodynamics

The strong force is the binding force between the hadron constituents, quarks and
gluons, together called partons. Quarks are fermions with fractional electric charge,
which can be either -1/3 or 2/3, and are the only fermions in the SM that can
interact through every known fundamental force. The strong charge carried by the
quarks exists in three different types named after the three colours red, blue and
green. Consequently, the strong charge is also called colour charge.

The existence of quarks was proposed in the prime 1960s by two independent
works made by M. Gell-Mann [30] and G. Zweig [31, 32]. These were follow-ups of
the hadron classification proposed in the previous years by M. Gell-Mann [17] and
Y. Ne’eman [18], in independent works. They showed that hadrons can be classified
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Figure 1.1: The figure represents the comparison between the data collected in various
experiments such as CMS [22, 23, 24], DO[25, 26], H1 [27] and ZEUS [28], at a center-of-
mass energy of /s = 8TeV, and the theoretical running coupling. The theoretical result is
obtained by evolving as(M2) using a beta function evaluated at two-loop order with five
active flavor quarks. This plot has been taken from the article [29] licensed with Creative
Common License 3.0

as singlets of the SU(3) symmetry group. This classification was called by M. Gell-
Mann the eightfold way. The singlet states, according to the colour naming, are
called white states, meaning that the quarks inside a hadron are organized in order to
have a neutral total colour charge. In these works it was also postulated that quarks
cannot be observed as free but only as bound states with neutral colour charge. This
property of QCD is called colour confinement. A very important confirmation of this
classification model came from the discovery of the 2~ baryon [33] that was first
predicted by this classification model and only later discovered. These studies on
the hadrons classification helped to understand that a theory describing a strongly
interacting system has to be SU(3) invariant and feature colour confinement.

The first request fits well in the general gauge field theory described in the pre-
vious section. A SU(3) invariant Lagrangian is nothing but Eq. (1.1.17), where the
spinor multiplet ¥(z) contains the three differently coloured fermions,

U(z) = | ¢y(z) |, (1.3.1)

where 9.(x), with ¢ € {r,g,b}, is the spinor carrying the colour charge c¢. The
group SU(3) has in total eight generators (N2 — 1 with N = 3 gives a total of eight
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independent generators). The strong force is therefore mediated by eight vector
bosons called gluons.

A common choice for the generators t4 are the Gell-Mann matrices divided by
two,

1
th = 224, (1.3.2)
2
where,
010 0 — 0 0 O
AM=110 0|.,N=]i AP = -1 0/,
0 00 0 0 O 0 O
0 01 0 0 —i 0 00
M=10 0 A =100 0[,2=f0 0 1],
10 i 0 0 010
00 0 ) 10
M=10 o AN=—101 o0 |. 1.3.3
i 7 (1.3.3)
0 7« 0 0 0 -2
The trace property of these matrices then reads
1
Tr [t4¢P] = - 645, (1.3.4)

2

with Tp = 1/2. Finally the structure constants of the group generators are

f123 — 1’ f257 — fl47 — f246 _ f345 —

9

N | =

F156 — 367 _ 2 fA85 — 678 — Y2 (1.3.5)

)

SES

with all the other components being zero.
Making use of the general Yang-Mills Lagrangian, Eq. (1.1.17), we can write
down the Lagrangian density to describe the dynamics of coloured particles as fol-
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lows,

Laep = (@) (it —m) Ye(@) + g5 Y Ve, () A% (@)t 1, 4 Ve ()

C1,C2

8
> Ea(x) P4 (), (1.3.6)
A=1

NG

where ¢, ¢y and ¢y are colour indices.

colour confinement is more complicated to prove analytically since there still is
no general exact solution for QCD. However it can be shown that QCD is an asymp-
totically free theory. This means that at very high energies quarks do not interact
with each other and the theory is essentially free, while at low energies (about the
typical hadronic scale of 200 MeV) the theory becomes very strongly interacting
pushing the parton towards the inner part of a hadron which is at a lower potential
energy. Even though this is not a direct proof of colour confinement it is a very good
indicator that coloured particles tend to stay very close together forming colourless
states to minimize their total energy. This effect is a consequence of running cou-
plings where in QCD it decreases increasing the energy of a system, see Fig. 1.1.
This behavior was studied and explained in 1973 by David Gross, Frank Wilczek
[34] and David Politzer [35]. The different behavior between QCD and QED is due
to the different sign taken by the beta function in the two cases. At the lowest
perturbative order of Eq. (1.2.5), where the beta function is usually written as,

Blx) =2 by = boa® + O(a?), (1.3.7)
n=0

the solution of the differential equation (1.2.5) is

o) — @ (15) _ (1.3.8)
1+ z(p3)bo log (12 /1)

If by is negative (that is the case in QCD as shown in [34, 35]), z(u?) is a monotone
decreasing function, otherwise, for positive bg, it is a monotone increasing function
(QED case). The asymptotic freedom is not just a feature of QCD, but it is a
consequence of the gauge vector boson self interaction. This means that this property
is entirely dictated by the gauge invariance of the theory and its non-commutativity.
The same thing would happen for the weak interaction, but in that case the force
mediators are so massive that they decay before showing any sign of confinement.

The parton model

Due to colour confinement the only way to test QCD is by looking at processes
involving hadrons, e.g. probing a hadron with a sufficiently energetic electron to
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resolve its structure. In this way it is possible to study how the electron interacts with
the hadron’s constituents. This specific process is called deep inelastic scattering
(DIS).

The parton model was originally proposed by R. P. Feynman in Ref. [36]. He
argued that at high energies, scattering processes involving hadrons are actually the
result of the interaction with their constituents, which he named partons. At high
energies these are distributed inside a hadron according to their parton distribution
function (PDF) f,(x). These functions can be visualized as an instantaneous pic-
ture of a parton’s distribution at the time of the collision. This assumption holds
whenever the partons’ interaction time is much shorter than the partons’ change of
momentum and composition inside the hadron. With this assumption, scattering
processes involving hadrons can be treated as QCD processes weighted by the PDF's
of the partons involved in the scattering process carrying the momentum fraction,

phy =z Pf. (1.3.9)

Here P{f is the hadron four-momentum, péf the partonic four-momentum and x its
momentum fraction.

Generally, a total hadronic cross section, taking the DIS as example, can be
written as

1
o= /d@/o d " fo(z) Gp(x, ®), (1.3.10)

where p runs over the partons taking part in the process, &(z, ®) is the partonic
differential cross section and ® the phase space of the particles involved in the
partonic collision process.

1.4 Electroweak Theory

The weak force is the elementary force responsible for the S-decay. A theory for
the weak interaction can be built similarly to how it is done for QCD, i.e. finding a
spinor multiplet the force act upon and building a gauge invariant theory starting
from that. The spinor multiplet in this case was understood thanks to the extension
of Fermi’s S-decay theory [37] the V-A theory proposed by Feynman and Gell-Mann
[38], Marshak-Sudarshan [39] and Sakurai [40]. In this theory the Hamiltonian den-
sity for the weak interaction is

H = ﬁJM(a:)J“(JU) + h.c., (1.4.1)

where G is Fermi’s constant and .J,(x) is the sum of the leptonic and hadronic
currents J*(x) = jI'(z) + j}'(z) that are
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i (@) = ve(z)y" (1= 7°) e(2), (1.42)

ji(@) =u(z)y* (1 - 7°) [cos O d(z) + sin b, s(z)] . o
Here ve(x), e(z), u(x), d(z) and s(z) are the spinors representing respectively the
electron neutrino, electron, up, down and strange quark. The angle 6. is the Cabibbo
angle, see Ref. [41]. From the current (1.4.2) it is easy to identify the spinor multi-

plet we are looking for, i.e.
L
ve(@)) (1.4.3)
e’ (z)

where L stands for the left helicity of the spinors e(z) and ve(x). This comes directly
from the use in Eq. (1.4.2) of the projection operator 1—~°. It is then clear that the
weak interaction can be built as a SU(2) invariant relativistic quantum field theory.
This is a very well-known group since it is the same group used to represent
spinor spin states. The generators of this group are given by the Pauli matrices

0 1 0 ¢ 1 0
ﬁ:<1 0)) TF(_i O), 73:<0 _1). (1.4.4)

The first two can be combined into the operators 77 = (11 + i1)/2 and 7= =
(71 —i72)/2. Then, 7* and 73 form a closed algebra with respect to the commutator

[7‘+,7'_] =73, [Tg,Ti] = 427%F, (1.4.5)

The generators 77 and 7~ are associated with two electrically charged gauge vector
bosons called W (bosons), while the generator 73 is associated to a neutral gauge
vector boson called W3. At the time of the development of the weak interaction
theory it was thought that this neutral vector boson could be identified with the
photon, however, despite being neutral, the W3 vector boson was soon realized not
to be the photon. There are two reasons for that, first this neutral vector boson
can also be emitted by neutrinos, which are electrically neutral, and second the
electromagnetic current does not distinguish between left- and right-handed spinor
helicities, while in this case the neutral vector boson couples only to left-handed
spinors. This was very strongly motivated by experimental evidence. Hence, right-
handed fermions are assigned to the scalar representation of the SU(2) group. At
this point a theory invariant under the action of the SU(2) group can be built as
shown in Sec. 1.1.

Thanks to the works of Glashow [42], Weinberg [15] and Salam [43] it was pos-
sible to unify the weak and electromagnetic forces into one single theory called
Electroweak (EW) theory (or Glashow-Weinberg-Salam model). The unification of



Introduction to the Standard Model 1 19

these two theories requires the Lagrangian to be invariant under the U(1)xSU(2)
group. This invariance can be assured by requiring that each chiral fermionic field
transforms according to,

Y(¥)

V(@) = ¢ (z) = €90 g (a), (1.4.6)

where ¢’ is the coupling associated to U(1) and Y (¢)) is a quantum number called
weak hypercharge specific for each 1(z). The weak hypercharge is also the same
for all the components of the SU(2) multiplet since it has to commute with the
generators of the group SU(2). A new vector boson associated with the group U(1)
needs to be added to the three weak-force mediators bosons, W+ and W3. This
boson is canonically called B*(x).

With these ingredients it is possible to write down the covariant derivative for
the theory,

/

Y
DF = 9F — igWi’“(m)Ti — Z%Wé‘(:n)Tg — ig2

B*(), (1.4.7)

where Y is a diagonal matrix with Y (¢) as its diagonal entries.

The theory now provides four massless gauge bosons, of which two are electrically
charged, W*# and two electrically neutral, W?’f and B*. However, the theory as
it is, still does not represent the experimental observations. Only one massless EW
boson has so far been observed (the photon), but, as shown in Eq. (1.1.21), mass
terms for gauge bosons break the Lagrangian’s gauge invariance. A solution to
recover the gauge invariance for a theory involving massive bosons was proposed,
almost at the same time, by three different groups, i.e. R. Brout, F. Englert [11],
P. Higgs [12, 13], G. Guralnik, C. R. Hagen and T. Kibble [14]. Their work was
later implemented in the modern theory of weak interaction made by S. Weinberg
[15] and A. Salam [16]. They have shown how it is possible to build a U(1)xSU(2)
invariant theory where three bosons can acquire mass and one is left massless.

The mechanism presented by P. Higgs on how a vector boson can acquire mass
coupling to a scalar field works as follows. The Lagrangian density for a doublet of
electrically charged scalar fields and invariant under U(1)xSU(2) is,

L = D,®'(z)D'd(x) — V(T (2)®(x)), (1.4.8)

where D, is the covariant derivative defined in Eq. (1.4.7). The scalar doublet
®(x) = (¢t (x),4°(x)) is taken to have the first component positively electrically
charged and the second one electrically neutral. The potential V(®(x)®(x)) is in-
stead defined as follows:

V(@ (2)®(x)) = MO (2)®(2))? + 1207 (2)D (). (1.4.9)
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This potential has a minimum different from zero, ®(x) = 0. This is responsible for
the spontaneous gauge symmetry breaking, since the vacuum of the Higgs field can
still couple to a vector boson leaving it with a mass term in its Lagrangian. The
minimum of the potential is reached for ®f(z)®(x) = p?/(2)\), where u and X are
general parameters, and the scalar doublet vacuum expectation value is,

(®)o = \}5 (S) : (1.4.10)

with v = y/u?/A. The weak hypercharge is set in order to make the Higgs vacuum
state invariant under the action of the U(1) group so that the photon field does not
couple to it, and consequently it does not acquire mass. The Higgs vacuum state
then has to satisfy,

DI (2))0 = (d(x))o. (1.4.11)

For the gauge transformation, the sum of 75 and Y generators is used because the
massless vector boson has to be electrically neutral, therefore a combination of the
generators associated with electrically neutral vector bosons has to be used. The
only unbroken generator then is

Qg-1tY _ (1 0) : (1.4.12)

2 00

which we identify as the U(1) group generator.

It is possible now to evaluate the Lagrangian density (1.4.8) inserting the vac-
uum state of ®(z). By doing this procedure one gets the following mass terms for
the vector bosons:

v2

Ly = g[ (gW:,f‘(x) - Q,YB“(@“)) (gW37H(x) — g'YBM(:p)) + QQQW;(x)WJ““(x)]-
(1.4.13)

The mass term involving W' (z) and B*(x) can be diagonalized performing a rota-
tion by an angle Oy (called either Weinberg angle or electroweak mixing angle),

(Zu(g;)> _ <c059W —Sin9w> (W;(@) ' (1.4.14)
Ab(x) sinfy  cosOw BH(x)

The angle is fixed such that the masses of the two new vector bosons (Z* and Ap) are
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2 2\,,2
M2 = W, M3 =o0. (1.4.15)

The Weinberg angle is then set by the relative strengths of the coupling constants

sin? Oy = g%/(g? + ¢’*) and amounts to Oy ~ 28.2° (value taken from the Particle

Data Group tables from 2020 [44]).

This choice gives the following Lagrangian density for the vector bosons mass terms,
9202 (g2 + g?)0?

= — — +7N
L 1 WM ()W TH(x) + 3

Zu(x)ZF(x), (1.4.16)
where only three of the four EW gauge bosons are massive.

The Lagrangian density for the field ®(x) can be reformulated in order to have
the vacuum state explicit. This is done by simply perturbing the vacuum state using
a general function H(z),

., ay(x) 0
B(z) = a4 (H(W). (1.4.17)

The function H(z) is the Higgs scalar field and ¢4 the generators of SU(2) group
representing the three degrees of freedom (Goldstone modes [45, 46, 47]) that are
cancelled by the three massive gauge vector bosons, W+ and Z. In this way the
only remaining dynamical scalar field is the Higgs field whose Lagrangian density is,

Ly = %yauH(a:)P —V (H*(z)), (1.4.18)
with
V(H?(2)) = %M?{HQ(Z') + Ajf"H%x) + Q%Hll(x). (1.4.19)

The same symmetry breaking mechanism has to be applied to the masses of
fermions which are not SU(2) invariant. This is true only for the weak force since
it acts differently on the left- and right-handed fermions. These are mixed in the
Dirac mass term:

mp(@)(z) =m (Pr(2)Yr(r) +Pp@)vr(r)) - (1.4.20)

In this case the mass term of a fermion can be rewritten including its coupling to
the Higgs field,
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Ly, = (1 + ) myth p(2)ihy(z). (1.4.21)

Including the Higgs field it is then possible to write up the U(1)xSU(2) invariant
Lagrangian density for the electroweak theory:

= e(x) (i@ —mys — LfH(x) z
EEW—zf:¢f( )(@ f—49 20 oy >¢f()
N
+eQuAle) + 5L )0y = 0”40

2 cos Oy

= Y5l [ @)1=+ W @)1 =)
f

2 . 2y

+ Ly, (1.4.22)

where v = 2M3, /g according to Eq. (1.4.16) and f runs over the leptonic flavors.

In the case of quarks the situation is analogous but a bit more involved. The
weak interaction acts differently on quarks than on leptons, as shown in Eq. (1.4.2).
In this case it is necessary to take into account the quark flavor mixing given by the
Cabibbo-Kobayashi-Maskawa (CKM) [41, 48] matrix,

d'(z) Vid Vus Vb d(x)
v@) | = v vee V| st | (14.23)
V(x) Via Vis Vi b(z)

In terms of the new spinor vector on the r.h.s. of Eq. (1.4.23), the weak interaction
takes the same form as it does for the leptons. Alternatively, the weak interaction
current could be written as

Jg o< Vijui(x)y" (1 — 75) d;(z), (1.4.24)

where u;(x) and d;(x) distinguish respectively quarks with electric charge 2/3 and
-1/3 of the positron electric charge. The complete U(1)xSU(2) gauge invariant
Lagrangian can be written as done for the fermions by keeping the quark mixing
matrix into account.
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1.5 The Standard Model

Adding the QCD Lagrangian in Eq. (1.3.6) to the electroweak and Higgs Lagrangian
in Eq. (1.4.22), one gets the famous U(1)xSU(2)xSU(3) invariant SM Lagrangian.

In total the SM describes the dynamics of 61 elementary particles of which 48 are
fermions and 13 bosons. The fermionic matter is divided into coloured and colour-
less particles called, respectively, quarks and leptons. Each of these two groups is
further split into three fermion generations made by electroweak isospin doublets,
e.g. (e,ve) or (u,d). The mediators of the fundamental forces described by the SM
are the photon (), gluon (g), Z boson, W boson and the Higgs (H) boson. This
organization is summarized in Tab. 1.1.

The theories described so far impose limitations only on the mathematical form
of the interaction between elementary particles. However, the number of different
fermions does not have any theoretical constraint. So far they have been limited
only by experimental evidence. The number of lepton generations is constrained
by the very accurate measurement of the Z boson decay width into neutrinos [49],
which is perfectly fitted only by a three lepton generations theory. The number of
quarks is instead somewhat constrained by the observed C'P violation in K decay
[50]. This can happen only with at least three generations of quarks. The observed
CP-violation constrains the dimension of the quark mixing unitary CKM matrix,
given in Eq. (1.4.23). Its unitarity requires the CKM matrix to have n(n —1)/2
independent parameters representing the mixing angles and n(n + 1)/2 parameters
that are complex phases. Of these parameters, 2n — 1 are not physically significant
and can be reabsorbed into the quark fields. The total independent number of
complex phases then are 1/2 (n—1)(n—2). These are the cause of the observed CP-
violation. It is straightforward to see then that only for at least three generations of
quarks there can be CP-violation in K° decay. Even if more than three generations of
quarks are in principle possible, there still haven’t been any experimental observation
indicating that this is the case.

1.6 Factorisation and Resummation of IR divergences

As discussed in Sec. 1.2, the UV divergences from loop diagrams are removed by
renormalizing the theory. However, an observable can also suffer from infrared (IR)
singularities. These come from the soft and/or collinear region of the phase space of
either virtual or real emission diagrams involving massless particles. The procedure
to treat these singularities is completely different from the regularization method
used for the UV ones. At fixed order in perturbative theory the IR divergence is
cancelled simply by taking into account both the squared amplitudes of the virtual
and real emission. These two pieces, indeed, can be shown to have the exact same
IR singularity but with opposite sign. This is discussed in many textbooks like in
Ref. [51].

The cancellation of the IR singularities leaves the real emission contribution with
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Flavor =~ Mass [GeV | Charge Isospin [L,R] Spin

e 0.51x1073 -1 -1/2,0 1/2
po 0.106 -1 -1/2,0 1/2
T 1.7840.12 -1 -1/2,0 1/2
Ve <1.1x107? 0 +1/2, - 1/2
Yy <0.19 x 1073 0 +1/2, - 1/2
for <182 x 1073 0 +1/2, - 1/2
2161032 x 1073 2/3 +1/2,0 1/2
d 467501 <1073 -1/3 -1/2,0 1/2
c 1.27£0.2 2/3 +1/2,0 1/2
s 934158 x 1073 -1/3 -1/2,0 1/2
t 4187003 2/3 +1/2,0 1/2
b 172.74+0.3 -1/3 -1/2,0 1/2
v <1x107%7 0 0 1
g 0 0 0 1
W+ 80.377 £0.012 +1 +1 1
Z  91.1876 4 0.0021 0 0 1
H 125.25 +0.17 0 1/2 0

Table 1.1: Physical values of the particles included in the standard model. The value for the
particle masses are taken from the 2020 Particle Data Group tables reported in ref. [44].

a logarithmic enhancement in the soft and/or collinear region of the real emission
phase space. In Fig. 1.2 it is shown, for a calculation at QCD NLO accuracy (red
line), how observables sensible to real emission configurations fail to reproduce the
data in the collinear region. The observables shown are the transverse momentum
p% and the angular variable ¢;, defined in Ref. [52], of a lepton pair produced in
a proton-proton collision (Drell-Yan process), pp — [l with [ =e ,u~, and a
center of mass energy of /s = 13 TeV. The discrepancy with data in that region of
the phase space comes from the IR logarithmic enhancement caused by logarithms
of the type,

alog®(x) and a”log? (), (1.6.1)

where z is a function of the kinematic variables of the process that approaches 0
in the soft and/or collinear region of the phase space. The terms proportional to
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Figure 1.2: In the figures are shown the transverse momentum p% and the angular variable
¢}, of the lepton pair in proton-proton collisions at /s = 13TeV. The plots show the
comparison of the QCD NLO calculation at fixed order and matched to the parton shower
using the MCc@QNLO method compared against experimental data ATLAS data from the
2019 analysis of Ref. [53].

a” logQ”(aﬁ) are the leading logarithmic accuracy (LL) while the terms proportional
to a”log?~1(z) are the next-to-leading logarithmic accuracy (NLL).

Nonetheless, these logarithms can be factorized from a real emission squared ma-
trix element at every perturbative order. The factorisation of the IR singular pieces
can be shown by taking the soft-collinear approximation of a generic real emission
process. To give an example it is enough to look at the emission of a photon with
momentum k off the incoming particles with momenta p; and po. The matrix ele-
ment for this process is,

—ie ﬂ(m)ﬂ’f)MM(pl — k,p2; Py) + (p1 ¢ p2)
= ie wa(pl)M(pl — k) + (p1 <> p2) + reg. terms. (1.6.2)

In the limit of a soft emission, k* — 0, it can be further simplified and we get

P, Py
1eeg,(k + Mo(p1,p2; Pr). 1.6.3
)| Lt B Mol ) (163
Here M(p1,p2; Py) includes also the incoming spinor #(-), and it now represents
the matrix element of the leading order. Py, indicates all the external final state
momenta. Squaring Eq. (1.6.3) and summing over the photon helicities, we get the
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well known Eikonal term of the soft-collinear emissions,

2 P1-DP2 9 ,
iy | Mo pes Pr)|T = J(pr, pa, k) [Mo(pr, p2; Pp)[7. - (1.6.4
[e (m-k)(m-k)]’ o(p1,p2; Py )| (p1, P2, k) [Mo(p1, p2; Py) (1.6.4)

As expected, the function J(p1, pe, k) is singular when the emitted particle is either
collinear to the incoming particles, (p1 - k)(p2 - k) — 0, or soft, & — 0. This same
approximation can be repeated for an arbitrary number of sequential soft-collinear
emissions. For a generic number of emissions, Eq. (1.6.4) becomes,

1 n
i [J(pr.p2, k)] |Mo(pr,p2; Pr)I?, (1.6.5)

where n! accounts for the over counting of identical emissions.

The sum of any possible number of soft/collinear emissions opens the possibility
to exponentiate IR divergent logarithms making the fixed order result finite. In Fig
1.2 the NLO QCD fixed order accurate calculation is compared against the NLO
QCD calculation matched to the parton-shower, which is a numerical technique to
resum soft and/or collinear QCD emissions. From the plots it is clear that the effects
of including multiple QCD emissions is to dampen the logarithmic enhancement of
the fixed order calculation improving the agreement with the experimental data.

The resummation of these logarithms can be done either analytically or numer-
ically. However, in this work we will focus on the numerical method using the
so-called parton-shower technique.



Chapter 2

Event Generation using Monte
Carlo methods

In the previous chapter the theory to model the quantum dynamics of the elementary
particles discovered so far has been introduced. In order to make predictions with it,
a direct mapping from a SM prediction to experimental signatures is needed. High
energy experiments, such as ATLAS and CMS at LHC, SLAC at Stanford, and CDF
and DO at Fermilab, are collision experiments where the subject of study are the
scattering processes in either hadron-hadron, electron-hadron, or electron-positron
collisions. Monte Carlo (MC) event generators are the theoretical tools explicitly
built to fill this gap.

MC event generators are used to simulate every step of a two-body collision
process. They start by evaluating the hard scattering process that is modelled using
the S-matrix elements Eq. (1.2.1) in perturbation theory. In this step we have the
direct link to the SM fixed perturbative order predictions used to study many of
its features. The incoming and outgoing particles of the scattering process are then
let to radiate both QCD and QED particles until the typical hadronic energy scale
is reached. At this point the event generator starts the hadronisation process. In
this step, the newly produced final states are organized into hadrons, followed by
the hadronic decay chain into more stable particles detected in experiments. The
conversion from MC generated events and the signals recorded by detectors, or vice
versa, are usually done on the experimental side. The simulation of the detector
response is usually done using the software GEANT4 [54, 55, 56]. The most common
general purpose Monte Carlo event generators are SHERPA [57], HERWIG [58, 59,
PyTH1A [60]

The aim of this thesis is to improve the predictions of a general MC simulation,
performed with the computer program SHERPA, by including higher order perturba-
tive corrections. Therefore, in this Chapter, are given general concepts behind the
techniques used in this specific general-purpose event generator. Particular atten-
tion is given to the techniques used for producing an arbitrary number of QCD final
state particles, using the parton-shower approach, and on the calculation of QCD

27
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perturbative corrections. On the other hand, EW corrections are not discussed here
in order to help the reader following better the main results of this thesis. These
corrections will be discussed in Chap. 4.

2.1 Multiple QCD Emissions Simulation using a Parton
Shower

A large part of the detected signal in collision experiments comes from hadronic jets,
resulting from QCD jets hadronisation. This makes the modelling of jets a crucial
part of an MC simulation. As anticipated in Sec. 1.6 it is possible to use numerical
methods to include an arbitrary number of soft and/or collinear QCD emissions
using the method called parton-shower, that is based on the factorisation property
discussed in Sec. 1.6. This method treats multiple QCD emissions as a Markov
chain, meaning that they are modelled as iterative random events where each one
depends only on the the state of the previous event. This technique is based on the
Sudakov form factor [61], A,(to,t), that gives the probability of no emission in the
energy range [to, t],

Aqlto, t) —exp{ Z/to dt,/dsza } (2.1.1)

where t is the virtuality of the emitting parton p, and z the emitting parton energy
fraction z = Ep/E, = 1 — E./E, (the subscripts b and ¢ refer to the products of
the branching) and P (¢, z) is the non-regularized Altarelli-Parisi (AP) splitting
function [62] for the partons a and b. Non-regularized here means that they are still
IR divergent. In the context of the parton-shower, this IR divergence is removed by
simply applying a cut-off to the z variable, e(t,ty) < z < 1 — €(t,p) in the integral
of (2.1.1). The cut-off, which is to some extent arbitrary, can be interpreted as a
separation between resolvable and unresolvable splittings.

The AP splitting functions come from the factorisation of singular collinear terms
of a QCD real emission squared matrix element. The collinear limit of a partonic
emission is reached for small parton branching opening angles, i.e.

00 = t=pp,—0. (2.1.2)

In this limit the squared real emission matrix element factorizes as

|Mpia|* =~ |M !2* b (2), (2.1.3)
coll. lim.

where ab are the emitter and emitted partons. In Eq. (2.1.3), the integration over
the azimuth angle and the summation over the spin and polarisation of the external
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particles is understood.

The probabilistic interpretation of the Sudakov form factor can be understood
from the Dokshitzer-Gribov-Lipatov-Altarelli- Parisi (DGLAP) equation [62, 63, 64].
This equation describes the energy evolution of PDFs that is given by

alz,t dz a(t
"ot (Z ((to,t))> to, Z/ (2)fo(z/2,1). (2.1.4)

Its integrated form gives the easily interpretable equation,

fa(z,t) = Ag(to,t fa x,to) +Z/O dt’ A tO?t/ /Ciz a;(:) Pz )fb($/z t)
(2.1.5)

It is possible to visualize that a branching has happened at a certain energy ¢ by
looking at the PDFs f,(z,t) energy fraction x. A change in x clearly means that
a splitting has happened since a parton’s energy fraction has changed. Then, the
first term in the equation keeps the energy fraction x unchanged. Therefore, it rep-
resents the PDF’s evolution from tg to t where no branching has happened. The
initial PDF f,(x, o) gets just scaled by the Sudakov form factor A,(to,t), meaning
that it gives the probability of no-branching between the energies [to,t]. The second
term, instead, has the PDF multiplied by the differential weight,

dt dz as(t) »
o Pun(2). (2.1.6)

This is interpreted as the differential splitting probability of the incoming parton a
with virtuality ¢ and energy fraction z after the emission.

The factor Ag(to,t)/Aq(to,t") = Ag(t,t'), instead, gives the probability of no-
branching between t' and t. These two pieces combined give the probability that a
parton with virtuality ¢ has split exactly once.

What a parton-shower does is to evolve any on-shell parton taking part in the
hard scattering process using a forward evolution for final-state partons and a back-
ward evolution for the initial-state partons. The main difference between these two
evolutions is that in the forward evolution the probability of having just one soft
and/or collinear emission is as for Eq. (2.1.5), i.e. Ay(t)/Aq(t'), while in the back-
ward evolution the single emission form factor is modified by including also the
parton’s density function as (fa(x,t')A(to,t)) / (fa(z,t)Aa(to,t")) [65, 66].

What a parton-shower does is to evolve any on-shell parton in a hard scatter-
ing process according to Eq. (2.1.5), where the factor A,(t)/A4(t') is randomly
generated by a uniform distribution over the interval [0,1]. After a branching has
occurred the new particle is added to the ensemble of the final state particles and
the procedure is repeated iteratively until a target energy is reached.
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Following Eq. (2.1.5) the parton-shower can be easily applied to a leading order
calculation. For an n-particle final state the leading order differential cross-section
matched to the parton-shower reads

oS = 49, B(2,) Y {Aa(to,t) + /t t Cit,,Aa(t,t’) / 2o b(Z)] , (2.17)

z 21 ¢
ab

where t = t(®,,) and the indices a and b run over all the final state partons. B(®,,)
also contains the process’ luminosity, flux factor and the symmetry factor.

2.2 Matching NLO Accurate Matrix Elements to a Par-
ton Shower

Before discussing how next-to-leading order (NLO) accurate calculations can be
matched to a parton-shower it is important to discuss how an observable at the
NLO accuracy is numerically evaluated.

Following the discussion in Sec. 1.6, IR divergences can only be cancelled in-
cluding both the virtual and real emission corrections to a process. Numerically,
this is not so straightforward since the virtual and real corrections have different
phase spaces and a Monte Carlo event generator is designed to produce fully differ-
ential events. This means that virtual events are generated separately from the real
emission one leading to possible events with infinite weight. In order to make both
contributions IR finite during the event generation phase, NLO accurate calculations
are performed implementing subtraction terms that cancel the IR divergence of each
piece without affecting the NLO accuracy of the combined result.

The subtraction terms are IR-singular functions of the real emission phase space
that are subtracted from the real emission correction and added to the virtual cor-
rection, integrating them over the one-emission phase space. They are labelled as
D%(®p,®1), and the integrated ones as I(®p) = [ d®D(®p, ®1). The choice of
these functions is completely arbitrary as long as they are able to exactly cancel the
IR divergences of a process.

An NLO accurate calculation is then done by producing events according to

4N0 = 0B, [B(®,) + V(@) + 1(B,)|

+dP,. [R(can) — DS(®,, @1)] (2.2.1)

Here V(®,,) is the virtual correction that also includes the mass-factorisation terms
of the PDFs and R(®,,+1) the real emission correction. Events generated according
to the first term of the r.h.s. of Eq. (2.2.1) are called S-type events, and those
generated from the second term are called H-type events. Generating events using
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this approach assures that inclusive observables are NLO accurate and IR-finite.
However, the result still suffers from large logarithms in the soft/collinear region of
the real emission phase space, as discussed in Sec. 1.6.

Some NLO QCD subtraction methods developed so far include the antenna sub-
traction [67, 68], the FKS subtraction scheme [69] and the Catani-Seymour dipole
subtraction [70, 71]. The latter is implemented in SHERPA [72]. Therefore, we are
going to briefly discuss this subtraction method specifically.

The Catani-Seymour subtraction method is based on the dipole factorisation for-
mula [70, 71] presented in 1997 by S. Catani and M. H. Seymour in Ref. [70]. This
formula reproduces exactly the IR singularities of an n+1 final state squared matrix
element. In the singular regions of the phase space, collinear singularities happen
for pairs of partons, called emitter and emitted, with the following singular structure,

1
2pipr

Dik,j X — and Djk,i X — (2.2.2)

2pip

Dipoles for the soft singularities, instead, also need a spectator. This is due to the
fact that soft singular terms factorize only as colour dipoles, and therefore the sin-
gularity is given by terms of the following form,

1

D j < ——F——.
R (pivk) (Pjpk)

(2.2.3)

As an example, the complete expression of a massless soft/collinear singular dipole
where the emitter and emitted partons are both final states particles is given by the
following expression,

1 fad ~ j}ﬂk ot ~
Dipj = _mm<1’..'Jk’...7'77.“,m—i_l’Tiﬁg‘/ﬁc’j’l’.”,Zk7.'.’]7...7m+1>m.

(2.2.4)

Here T; and Tj;, are the colour charges of the spectator and emitter, while Vj;, ; is a
dimensionless non-singular matrix in the emitter’s spin and colour space. From the
m-parton final state the partons i and k are combined into the “mother” particle (the
emitter) ik. The spectator j is instead mapped into j with a momentum different
from the initial j-th parton momentum. The momentum of ik and j are defined in
order to grant all partons to be on-shell and to fulfill the momentum conservation
Dik + Pj = pi + pj + pr. An example of this splitting is given in Fig. 2.1 The cases
of initial state emitter with final state spectator and both initial state emitter and
spectator are left out for clarity.

The parton-shower matching to a NLO accurate calculation is done very similarly
to the LO case. The main difference is that in this case we have to be careful with
double counting between the parton-shower single emission off S-type events and
the actual hard real emission, especially in the soft and/or collinear region of the
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phase space. The two main approaches to avoid double counting when matching
NLO accurate matrix elements to a parton-shower are the POWHEG method [73, 74]
and the MC@QNLO method [75].

Dik
Pk

Pj pj

Figure 2.1: Examples of a final state dipole splitting and how momenta are reorganized.

2.2.1 MCQ@NLO Method

In order for this method to be as general as possible, it uses a modified NLO
subtraction scheme to avoid the double counting of soft and/or collinear single-
emissions. This modified subtraction works by splitting the real emission contri-
bution into its infrared-singular D4(®,, ®;) and infrared-finite H(®,, ;1) pieces,
R(®p11) = H(®py1) + DA(®,, ®1) [76]. The virtual correction is instead still reg-
ularized by the integrated CS dipoles I(®,,), as discussed previously. The singular
part of the real emission is then integrated over and added to the S-type events as
follows,

B(®,) = B(®y) + V(Pn) + 1(Pn) + /d‘l)l (DA(®,,, ®1) — D% (D, ®1)) . (2.2.5)

Generating the first parton-shower emission using the new splitting functions DA(<I>n, D)
ensures the NLO accuracy of the method and avoids double counting of soft and/or
collinear emissions. Consequently, in the MC@QNLO method events up to the first
real emission are generated according to

DA(®,,, ®;)
B(®,)
+ dq)n+1H((I)n+1), (226)

doMCONLO _ 4, B(D,,) [A(to) + / dd,A(t)
to

where A(t) is the Sudakov form factor with splitting kernels given by DA(®,,, ®1)/B(®,,).
After the first emission, the parton-shower is let to radiate using its standard defi-
nition given in eq. (2.1.7).

The original MC@QNLO method used the AP parton-shower splitting kernels to
subtract the IR singularities of the real emission squared matrix elements. With this
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choice it is possible to resum all the logarithms at the leading-logarithmic accuracy
(1.6.1) in the large-N, limit. However, this might still lead to infinite results since
the modified subtraction of the real emission contribution has not cancelled the
singular sub-leading colour configurations. One can solve this by making a different
choice for D4(®,,, ®1) to better match the colour structure of the real emission. The
Mc@NLO method implemented in SHERPA uses the Catani-Seymour dipoles [77] for
the parton-shower first emission. This is called the S-Mc@NLO method [78]. This
choice guarantees that the first parton-shower emission reproduces the right soft
and/or collinear limit of the real emission matrix element.

2.2.2 POWHEG Method

In this method the choice for D4(®,,, ®1) is the squared real matrix element itself.
This choice helps to simplify the parton-shower matching since it is done like in Eq.
(2.1.7), by substituting

B(®,) = B(®,) = B((I)n)+V(<I>n)+I(<I>n)—|—/d@l(R(can)—D(@n,CI)l)). (2.2.7)

Therefore, the parton-shower matching with an NLO accurate calculation in the
POWHEG method is done according to,

doPOWHEG _ 4 NLO A(t0)+/ d@lﬁ(t)w , (2.2.8)
to B(®,)

where,

A(t) = exp {— /to d@lm} . (2.2.9)

A major drawback of this approach is that in the Sudakov form factors there
are exponentiated terms that do not factorize at every perturbative order. This
usually leads to a harder radiation spectrum compared to the MCQNLO method
and generally may lead to unexpected results. However, since its first proposal this
method has been improved by limiting the region of activity of the parton-shower.
This helps to improve the agreement between the two methods and with the fixed
order calculation’s hard emission spectrum. A detailed comparison of the POWHEG
and Mc@NLO methods has been presented in [78].

2.3 Merging Multi-Jet Matrix Elements

Despite the parton-shower being able to reproduce the soft and collinear behavior of
an arbitrary number of QCD emissions, its validity is restricted to a specific region of
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the phase space. Consequently, the parton-shower is not able to accurately describe
multiple hard jets or wide angle parton splittings. To have a more accurate descrip-
tion of the hard emission energy spectrum, the actual matrix elements for higher
multiplicities are needed. Moreover, these have to be carefully included in order to
avoid overlapping in phase space regions populated by both hard and parton-shower
emissions. This phase-space overlapping is avoided by multi-jet merging techniques,
that generally consist in separating resolvable and non-resolvable emissions using a
jet resolution scale, QQ¢yt. The phase space region below (Q.yt is populated by a trun-
cated parton-shower while the region above Q¢yt is populated by the hard emission
matrix elements. Some algorithms developed to merge multi-jet matrix elements
into one event are the CKKW [79, 80], CKKW-L [81, 82] and MLM [83] methods
and their extensions to NLO matrix elements [84, 85, 86].

In the SHERPA event generator, the multi-jet merging algorithm implemented is
a generalisation of the CKKW approach presented in [87] for LO merging and [84,
85] for NLO QCD merging. SHERPA performs a backward-clustering using the kp-
algorithm to calculate the corresponding separation scale @y, Wwhere n indicates
the core process multiplicity and m the additional number of jets. This scale is then
compared with the user defined Q¢yt. The jet multiplicity that survives the merging
cut is then evaluated, and sets the starting conditions for the truncated parton-
shower. A direct benefit of this method is that the renormalisation and factorisation
scales are dynamically set for the additional multiplicities. This accommodates the
multiscale nature of multiple real emissions.

When the multi-jet matrix elements used in the calculation are all at LO, events
are generated according to the following formula,

MEPSELO %™ / APy, B (P ) Fr(13; Qeut)- (2.3.1)

Here fn(ué; Qcut) is the truncated parton-shower functional that reads

t
fn(ﬂ227 cht) = A(tm t) + /t dq)llKn(q)gl)@ (cht - Qn—l—l(t/)) A(t,, t)fn—l—l(t/)a
’ (2.3.2)

where F,(t) is the truncated parton-shower generator. The scale Q,,+1(t") used in the
truncated parton-shower is the smallest reconstructed emission scale for the n+1 new
particle ensemble. For NLO accurate matrix elements included in the calculation it is
necessary to distinguish also between configurations of the real emission correction
of the NLO matrix elements and higher multiplicities present in the calculation.
Since in SHERPA NLO accurate processes are matched to the parton-shower using
the MC@QNLO method, the multi-jet merged calculation modifies the H-type events
in order to avoid populating the same phase space of higher multiplicities. Therefore,
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H-type events are constrained to populate only the phase space region below Qcyt. In
this way inclusive observables are evaluated at the right NLO accuracy while higher
multiplicities matrix elements are let to populate the hard-emission’s phase space.
The constraint on the H-type events is done by simply applying the cut O(Qcut —
Qn+1) to the H-type events of the MC@QNLO method. A qualitative representation
of S- and H-type events in the multijet-merging method is given in Fig. 2.2.

S-type

1 jet

Figure 2.2: Examples of emissions contribution in S-, H-type and 1-jet events. S-type events
contain contributions from the core process and its first parton-shower emission, while the
real emission of the NLO correction, i.e. an H-type event, is constrained to be in a more
soft and/or collinear emission region. The hard emission is instead given by the correct full
1-jet matrix element.

The NLO accurate part of the multi-jet merged calculation is then evaluated
according to

MEPS@NLO :/dcannx
2

_ I _ _
Alte i) + / ? 4, K (24)0(Qent — Q1) A 13) Fo (1)

te

X

+ /d¢n+1 H(q)n—i—l)@(cht - Qn—i—l)Fn—H(Né? cht)a
(2.3.3)

where A(t,, ué) and K (®}) are respectively the modified Sudakov form factor and
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the modified splitting kernels used in the MC@NLO method (2.2.6) in order to
reproduce exactly the soft and collinear structure of NLO QCD matrix elements.
Moreover, higher LO multiplicities are supplemented with a local k-factor that de-
pends on the phase space of the highest multiplicity evaluated at NLO. This k-factor
has the following differential form,

Bn(q)n) <1_ Hn((I)n—i—l) >+ Hn((I)n—i—l)

kn (P, Py = .
( +1) Bn<q)n> Bn—l—l(q)n—i—l) Bn+1(q)n+1)

(2.3.4)

with n the multiplicity of the highest NLO-multiplicity.

2.4 State-of-the-art of NNLO Accurate Predictions

In recent years many processes have been calculated at the QCD NNLO accuracy,
both at fixed order and matched to a parton-shower. An example is the Drell-Yan
di-lepton production. This is known at QCD NNLO accuracy for both single boson
production [88, 89, 90] and the boson production associated with a jet [91, 92].
The NNLO correction of this process, for example, helps to reduce significantly the
theoretical uncertainty on the Z boson transverse momentum as shown in Ref. [93].
Such improvement in the theoretical prediction is crucial for the upcoming high
precision measurements at LHC experiments. Other processes known at NNLO
are, for example, di-photon production [94, 95], top-pair production [96], off-shell
di-boson production [97, 98, 99] and Higgs production [100].

Technically a completely automated method to generate and evaluate NNLO
corrections has not yet been developed. All the calculations mentioned above are
specific analytical solutions implemented in matrix element providers such as MA-
TRIX [101] and MCFM [102, 103, 104]. The difficulties to automate the evaluation
of NNLO corrections is due to the presence of two-loop integrals. These are not yet
possible to be automatically generated and evaluated due to the very complicated
two-loop structure, including the multiscale nature of the integrals and reduction
to master integrals. However, the development of general IR-subtraction schemes
has been recently very active. Some developed methods are the Antenna subtrac-
tion [105], nested soft-collinear [106], geometric subtraction [107] and local analytic
sector subtraction [108]. These subtraction schemes are also very useful in the devel-
opment of NNLO accurate calculations matched to a parton-shower. Nonetheless,
in this case the parton-shower matching has not yet been completely generalized,
which is true also for the dipole shower used in SHERPA. Some available methods are
reweighted MiNLO [109, 110], UNNLOPS [111] and MINNLOPS [112, 113, 114]. The
reweighted MiNLO and MiNNLOPS approach are both based on merging NLO+PS
matrix elements for colourless final states up to 1-jet with the 0-jet multiplicity eval-
uated at NNLO. Differently from the multi-jet merging presented in Sec. 2.3 this
method does not require any user-defined merging scale, but instead the merging is
done according to information from the pp-resummation. The UNNLOPS, instead,
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uses a modification of the unitarized CKKW algorithm UNLOPS [115]. Here, the
NNLO accurate calculation is regularized with a gp-subtraction where the zero-qr
has the exclusive NNLO calculation and gy values above it are at the right NLO
QCD accuracy.

2.5 The SHERPA Event Generator

SHERPA is a modular C++ code that simulates every step of a high energy collision
process where either the incoming particles are hadrons or leptons. The modular
structure of the code allows for easy improvements and modifications of the various
modules [57, 116, 117, 118, 119, 120]. Moreover, it gives to the user the possibility
to easily add plugins of their own such as new parton-showers, physical models or
external matrix element generators.

At the moment SHERPA has an explicit implementation of the SM and some of
its extensions, such as the Minimal Supersymmetric Standard Model (MSSM), the
ADD model for large extra dimensions and a set of operators used to parametrize
anomalous triple and quartic EW gauge boson self couplings. SHERPA’s modular
structure also allows the user to implement other BSM models by defining the BSM
model parameters and the new Feynman rules.

SHERPA starts by handling the incoming beams with the module BEAMS. Here if
there are initial state hadrons, SHERPA can use either internal PDFs or the external
code LHAPDF [121] which offers a very large set of PDFs.

The hard scattering matrix elements can be generated by both the AMEGIC [122]
and COMIX codes. These are in-house tree-level matrix-element generators. AMEGIC
is the original matrix-element supplier of SHERPA. It generates helicity amplitudes
from Feynman diagrams using the methods presented in Refs. [123, 124]. COMIX is
the newer fully automated tree-level matrix-element generator based on the colour-
dressed Berends-Giele recursion relations [125]. This method uses a recursive colour
sampling which makes it very suitable for high multiplicity QCD matrix elements
calculations. For this reason COMIX is used as the default generator for QCD high-
multiplicity calculations while AMEGIC is mostly used for lower QCD multiplicity
processes. Both these generators come with their own phase-space integrators [122]
based on multi-channel MC algorithms with VEGAS optimisation [126]. With the
future release of SHERPA (version 3.0.0) a new module will be included, EXTAMP,
which is a general interface to external matrix-element providers. This module is
particularly useful for processes that can not be generated with the default matrix-
element generators, such as for example loop-induced processes where the lowest
order contribution already contains a loop. This module can also be interfaced to
analytical matrix element providers such as MCFM, which can give faster semi-
analytic matrix element evaluation compared to the internal numerically evaluated
ones. The phase space integration is however not part of the module, and therefore
it has to rely on other phase space integration libraries included in SHERPA, such as
RAMBO [127]. Another possibility is to generate phase space integration libraries
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using AMEGIC. This generates the phase space integration libraries for a generic final
state, optimized for the tree-like processes it knows. These libraries can be loaded at
run-time as external libraries making them available to the matrix element generator
used by the EXTAMP module. Part of this thesis’ work has been to validate and update
this module for the future release of SHERPA.

After the evaluation of the hard scattering process SHERPA performs the parton
showering of both final and initial states. The QCD radiation in this phase is handled
by the CSSHOWER++ and MCATNLO modules [77]. These implement the dipole shower
discussed in Sec. 2.1 for both LO and NLO parton-shower matching. The QED
radiation, instead, is handled by the PHOTONS++ module which applies the D. R.
Yennie, S. C. Frautschi and H. Suura (YFS) resummation [128] on the leptonic final
states [129, 130]. This method will be discussed in more details in Sec. 4.3. Besides
the hard scattering process and its matching to the parton-shower, SHERPA also
account for multiple particle interactions (MPI), which are semi-hard collisions, and
uses an independent parton-shower on these events as well. This part is taken care
from the AMISIC++ module [131].

Finally, when the parton-shower has reached the hadronic scale, SHERPA per-
forms the hadronisation of the particles produced by the parton-shower. This is done
by the module AHADIC++ [132], using the cluster-fragmentation model presented in
Ref. [133, 134]. Consequently, the identified hadrons, and tauons, are let to decay
into more stable particles by the module HADRONS++. The hadron decay chain is
performed using form factors from heavy-quark effective theory and light-cone sum
rules [135, 136], while 7-decays are modelled using the Kithn-Santamaria model [137]
and the form-factor parametrisation from Resonance Chiral Theory [138].



Chapter 3

Diboson production at the
Large Hadron Collider

Processes involving the production of two electroweak bosons constitute a very im-
portant test bed of the EW sector of the SM and BSM searches. These processes
are a direct way to test the EW spontaneous symmetry breaking, and its gauge
invariance. This is due to the fact that EW gauge boson self-coupling diagrams and
their interaction with the Higgs boson are directly accessible. Some examples of
these self-coupling diagrams are the Z-boson decay into WTW ™ or the four-body
interaction vertices like WrW~ — ZZ or WTW~ — W+W~. In Fig. 3.1 two ex-
amples for di-boson production diagrams in a parton-parton scattering that involve
EW gauge boson self-couplings are shown. The diagram on the left shows the decay
of an intermediate Z boson into a pair of W bosons in a gluon fusion process. This
diagram is part of the NNLO QCD correction of the pp — WTW ™ process. The
diagram on the right, instead, gives access to the quartic EW self coupling in the
production of two Z bosons associated with two jets. This process is part of the
NLO EW correction to the pp — ZZjj process. For completeness, the same quartic
EW coupling could be accessed from the ZZ production in gluon fusion as virtual
EW correction to the gg — ZZ process. In any case, this diagram has not yet
been calculated due to the complications of treating massive two-loop integrals as
explained in Sec. 2.4. The importance of testing the EW gauge bosons self-coupling
terms in the SM Lagrangian is highlighted in Chap. 1

Access to gauge boson self coupling diagrams makes the production of two EW
bosons a very useful tool also to test BSM theories. An example of this is the triple
gauge boson coupling between three neutral vector bosons [4]. This interaction
vertex is not allowed by the SM, but it could be explained by modifications of
it, as described in [139]. Also many experimental analyses focus on the di-boson
production to find signs of any anomalies [140, 141, 142, 143].

The di-boson final state is also the main channel to study Higgs bosons, and it
constitutes a major background in Higgs boson measurements [144, 145, 146, 147].
Moreover, direct Higgs boson production diagrams have a sizeable destructive inter-
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Figure 3.1: Examples of di-boson production in proton-proton collision with triple and
quartic EW couplings. The diagram on the left shows the decay of an off-shell Z boson into
a pair of W bosons through gluon fusion at O(agag). The right and lower diagrams give an
example of quartic gauge boson self coupling in the production of two Z bosons both at the
order at O(a2a?). The first shows the di-boson production associated with two jets, while
the second shows the EW virtual correction to the ZZ production in gluon fusion.

ference with the continuous di-boson production [7]. Accurate modelling of di-boson
production is therefore necessary for high precision Higgs physics measurements, e.g.
evaluating its decay width [148, 149].

All these aspects together with the next LHC upgrade, which is expected to in-
crease the current luminosity of about 300 fb~! to 3000 fb~! in the decade 2028—2038
[150], make an accurate and complete modelling of the di-boson production channels
fundamental for future studies.

In this thesis the focus is put on just one specific four-lepton final state for the
di-boson production. This is the eTe”u™u~ four-lepton final state. Since this final
state also contains intermediate virtual photons, Z~* and v*~*, when referring to
Z 7 production also virtual photons are included. This specific process has been
chosen because it provides the cleanest experimental signal in studying di-boson
production. This is due to the fact that there are no neutrinos or degenerate leptons
flavor in the final states.

In this chapter an overview of the state-of-the-art of the theoretical modelling
of the ZZ production is given, together with the latest measurement of the total
cross-section. Moreover, some BSM models that would particularly benefit from
improving the theoretical modeling of this process are also briefly discussed.

3.1 State-of-the-art of the Theoretical Modelling

The production of two EW gauge vector bosons in a proton-proton collision has
been computed so far at the NNLO QCD and NLO EW fixed-order accuracy for
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both on- and off-shell production. The LO and NLO QCD calculations are by now
known both analytically and numerically. The analytical NLO QCD computation
of the Z boson pair production was done thirty years ago for both on-shell [151]
and off-shell [152] final states. The numerical evaluation, instead, is by now fully
automated and included in general-purpose MC event generators such as SHERPA,
POWHEG, MATRIX [101], MADGRAPH5_AMC@NLO [153] and more. In SHERPA the
evaluation of the virtual corrections for the ZZ production is done using external
loop matrix-element provider like OPENLOOPS [154], RECOLA [119, 155], MCFM[102,
103, 104], GOSAM [156] or MADLOOP [157].

Similarly to the NLO QCD corrections, the NLO EW correction to the LO QCD
ZZ production is well known both analytically [158, 159, 160, 161] and numerically
from the same tools used to calculate the NLO QCD correction. The combination
of the NLO QCD and NLO EW corrections was first done in Ref. [162] to study the
anomalous triple gauge coupling (aTGC) BSM model.

The NNLO QCD correction, instead, has so far been computed only analytically,
due to the limitations explained in Sec. 2.4. The analytical correction to the quark-
initiated off-shell ZZ production (i.e. not including any gg — 4l diagram) was
recently calculated in Ref. [163] and implemented in the MATRIX event generator
[98, 164]. The LO accurate loop-induced gluon initiated di-boson production, part
of the NNLO QCD correction, is known analytically since 2013 [165], and can be
numerically evaluated using standard loop matrix-element generators. The virtual
QCD correction to this process is known analytically for both the ZZ and the
four-lepton final state with massless quarks running inside the loop [166, 8] and
very recently only for on-shell ZZ production including the full top-quark mass
dependence [167]. This is one of the first known N3LO virtual correction piece for
the inclusive four-lepton production. This correction has been implemented in the
MC event generators POWHEG [168], MATRIX [169] and SHERPA (as part of the main
results of this thesis).

The parton-shower matching of these calculations has not yet reached a final
stage, and its development is still very active. Recently the NLO QCD+EW accurate
calculation has been matched with a QCD+EW parton-shower using the POWHEG
method presented in Ref. [170]. However, the method used in this reference is still
not complete since it lacks mixed QCDxEW parts of the correction. A general and
consistent inclusion of the NLO EW corrections in a full particle-level simulation is
still not available due to the high complexity of defining the parton-shower initial
conditions and history for mixed EW corrections. The parton-shower matching
is even more complicated in multijet-merging calculations due to the fact that it
requires a mix evolution of QCD and QED parton-shower emissions. Nonetheless,
it is possible to include approximate virtual EW corrections in a multijet-merged
calculation, using soft photons resummation methods to include also approximate
QED real emission kinematics. These corrections are one of the main results of this
thesis, and are going to be discussed in Chap. 4.

NNLO QCD accurate calculations have recently been matched to a parton shower
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[171]. The methods used for the NNLO QCD parton-shower matching are the same
as discussed in Sec. 2.4.

In SHERPA, the state-of-the-art of the ete™ ™t u~ calculation in a general multiple
QCD emission simulation includes a multi-jet merging calculation where the 0- and
1-jet multiplicity evaluated at NLO QCD are merged with up to three jets at LO. The
lower 0- and 1-jet multiplicities also include the approximated NLO EW correction
(see Chap. 4). Moreover, the loop-induced gluon initiated diagram is also included
at its NLO QCD accuracy matched to a parton-shower using the MCQNLO method.

3.2 Cross Section Measurements

To give an idea of the physical region covered by a detector the fiducial phase space
of the ATLAS detector [172] is briefly discussed as an example. This detector has
a cylindrical geometry covering almost a 47 solid angle, an inner particle tracking
detector surrounded by a thin superconducting solenoid providing a 2 Tesla axial
symmetric magnetic field, an electromagnetic and hadronic calorimeter, and a muon
spectrometer. The inner tracking detector covers a pseudorapidity region of |n| <
2.5, while the electromagnetic and hadronic calorimeters cover respectively a region
of |n| < 3.2 and |n| < 1.7 with a total coverage of the two calorimeters combined of
at most |n| = 4.9. Finally, the muon spectrometer has a total coverage of |n| < 2.7.

In ATLAS analyses prompt electrons are also “dressed”, meaning that the mo-
menta of photons in a radius of AR = 0.1 around them are summed to the electron’s
momentum. This is necessary due to the resolution of the electromagnetic calorime-
ter that detects also the EM energy around an electron. On the other hand, muons
are not dressed. This is because in their detection EM radiation is not included. The
isolation of leptons is done by summing the transverse momentum of all detected
charged particles around the lepton, within a cone of AR = 0.3. Moreover, it is
required that the ratio of the transverse momenta of the sum of all the particles
around the main lepton and the main lepton itself is higher than 0.16.

An example of fiducial selection cuts used in experimental analyses [5, 53] is that
the identified leptons (either electrons or muons) are required to have a transverse
momentum greater than 7GeV and a pseudorapidity of |n| < 2.47 for an electron
and a pr > 5GeV and |n| < 2.7 for a muon. Additional particles are also allowed
including possible BSM particles. Moreover, the leading and sub-leading leptons
are required to have respectively a transverse momentum of pr > 20 GeV and pr >
10 GeV, and any same-flavor oppositely charged lepton pair must have an invariant
mass of at least 5 GeV.

The experimental value for the total cross-section of pp — 4l (I = e, u) with a
center of mass energy /s = 13 TeV in the ATLAS fiducial phase space is shown in
Table 3.1. Here the experimental cross-section is compared against two theoretical
estimations from SHERPA and POWHEG +PyTHIA 8. Both theoretical results are
in very good agreement with the experimental value, within the theoretical and
experimental uncertainties. The uncertainty of the measured total cross-section
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is expected to reach an accuracy of 1% with the next LHC and ATLAS detector
upgrades.

ATLAS | SHERPA | POWHEG +PYTHIA 8

Total cross-section [fb] | 89+3 | 86 +5 83+5

Table 3.1: This data show the result of the ATLAS analysis from Ref. [5].

SHERPA’s result has been obtained merging up to three jets multiplicities where the
0- and 1-jet multiplicities are evaluated at NLO while the multiplicities from two
to three jets are evaluated at LO. The multi-jet merging method used is described
in Sec. 2.3. Additionally, loop-induced gg — 4l + 0,1 samples are generated in
an independent simulation merging the 0- and 1-jet multiplicity matrix elements
at LO. POWHEG +PyTHIA 8’s result, instead, calculates the pp — 41 + X process
first at NLO and this is later rescaled by the NNLO calculation obtained with
MATRIX [173, 101] as a function of my;. The loop-induced process has been added
to this result too by using SHERPA’s calculation. Both cases have applied EW
effects as a reweighting of the virtual NLO EW correction as a function of my;.
A comparison between predicted and measured total cross-sections for each four-
lepton final state with same-flavor opposite charged (SVO) leptons, i.e. eTe utu™,
ete~ete™ and T~ ptp~ is shown in Ref. [174]. Again, all of these channels show
a good agreement with the theoretical prediction within the estimated uncertainties.

3.3 Beyond Standard Model Effects

As briefly discussed at the beginning of this chapter, the production of two EW gauge
bosons gives the possibility to study some very interesting BSM models. One of these
is the anomalous triple gauge coupling [139]. This model describes the existence of a
neutral triple gauge coupling which is not allowed by the gauge invariance of the EW
Lagrangian, Eq. (1.4.22). The interesting aspect of this model is that it gives an
indirect way to test gauge invariance of the EW sector of the SM. This BSM model
introduces four new couplings, two for the Z boson and two for the photon. Both
the Z boson and the photon have one C' P-violating and one C'P-conserving coupling
to a new electrically neutral vector boson. If this model is true it would increase
the production rate for high energetic final states. Therefore, signs of aTGC should
be visible in the high energy region of observables like di-boson invariant mass or Z
boson transverse momentum. A good modelling of the SM is crucial to improve the
limits set for this BSM theory. Examples of theoretical prediction for aTCG model
against ATLAS data for ZZ production in proton-proton collisions at a center-of-
mass energy of /s = 8 TeV is given in Ref. [175]. In this work the constraints on
the new couplings introduced by the aT'GC model are set to about £3.5 x 1073
with a 95% confidence level. Despite these values being very small they still do not



Diboson production at the Large Hadron Collider 3 44

entirely disprove the model requiring more accurate analysis from both theory and
the experimental side.

Another important BSM model that affects the production of two off-shell EW
bosons is the global baryon-number-minus-lepton-number (B — L) model [176] where
B — L is treated as a local gauge symmetry of the SM. The consequence of breaking
this symmetry is the non-conservation of the baryon and lepton numbers individually
which would have important consequences in the lepto- and baryogenesis in early
Universe models. Proton decay is a consequence of the B — L symmetry breaking.
However, this is very hard to observe since its lifetime is expected to be between
1032 and 1036 years [177], which is much longer than the age of the Universe.

The request of having a B — L invariant Lagrangian let us introduce a new EW
neutral vector boson, called Z’. Similar to the Higgs mechanism, the spontaneous
breaking of the B — L symmetry introduces a new “Higgs”-like particle (hy) which
mixes with the observed Higgs boson. A direct consequence of this symmetry is the
shifting of the W boson mass due to new loop contributions involving the two Higgs
bosons and their mixing angle [178, 179]. However, there is still no experimental
sign of either these new bosons.



Chapter 4

Electroweak Corrections to
ete T

The combination of EW and QCD NLO corrections has recently seen a very active
development. However, they have not yet been fully integrated in general multiple
QCD emissions simulations. This Chapter shows a method to include approximated
EW corrections in a QCD simulation in SHERPA. These approximations are based
on the high energy behavior of EW loop matrix elements, i.e. at scales much larger
than the typical EW energy scale. In this high energy limit the EW virtual matrix-
elements are dominated by Sudakov logarithms [61]. Moreover, in Refs. [180, 181],
it was shown the factorisation of these logarithms at leading-logarithm (LL) and
next-to-leading logarithm (NLL) accuracy at every perturbative order.

The EW approximations discussed in this chapter are based on the high-energy
limit of the full NLO EW correction.

To validate the accuracy of the approximations, these are compared against the
fixed order NLO EW calculations for the e™e™ ™ p~ production and the production
associated with a jet. These calculations allow to study both the EW approximations
accuracy and the effect of one extra QCD radiation on the EW corrections. The
ete uTpj final state at the NLO EW fixed order accuracy has been studied for
the first time in this thesis, and published in [6] in collaboration with E. Bothmann,
D. Napoletano, M. Schonherr, S. Schumann. In the context of the fixed order EW
correction, it is also studied the possibility to resum the high energy EW Sudakov
logarithms to all orders and their matching to the fixed order NLO EW calculation.
Finally, it is discussed the phenomenology of the EW approximations in a general
QCD simulation in SHERPA.
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4.1 High Energy Behavior of Electroweak Virtual Cor-
rections

The EW Sudakov logarithms are enhanced in phase space configurations where all
kinematic invariants are significantly larger than the typical EW energy scale. These
are classified into double logarithms (DL), that are leading EW Sudakov logarithms,
and single logarithms (SL), that instead are sub-leading logarithms arising from the
collinear virtual emission of a weak gauge boson. These two classes are made up by
terms of the form,

a o il

L(|riz|, M) = -—log

v 2. log 4 (4.1.1)
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where r;; = (p; + p;)? is a kinematic invariant of the calculation.

DLs were first studied by V. V. Sudakov in 1956 [61] and later generalized to all
DL and SL by A. Denner and S. Pozzorini [181, 180] for both one- and two-loop EW
corrections at LL and NLL accuracy. They have also shown the universal factori-
sation of these logarithms at every perturbative order. It is important to point out
that this high-energy approximation can not yet be applied to QCD loop diagrams
since new type of high-energy logarithms may arise from EW boson exchange inside
the quark-loop.

The fully automated evaluation of the EW logarithms has been implemented
in SHERPA in Ref. [182]. This implementation uses the COMIX matrix element
generator to evaluate all the necessary tree-like matrix elements needed by the EW
Sudakov approximation, in a fully differential way. This method allows for the
evaluation of EW Sudakov logarithms in any possible final state multiplicity as long
as the computational resources allow it.

Even though nowadays the NLO EW corrections have been calculated for a
variety of processes, and are now becoming a standard in MC simulations, a full
EW NLO fixed order calculation is still limited to low multiplicity final states. On
the other hand the high energy approximation of EW loop corrections allow to study
EW effects for processes with a high final-state multiplicity, thanks to the fact that
this approximation has a tree-like computational complexity.

In order to give a general idea of how the EW Sudakov logarithms look like, it is
useful to briefly discuss the two classes of logarithms, DL and SL. These are usually
split into four subclasses, Leading Soft-Collinear (LSC), Sub-leading Soft-Collinear
(SSC) and Collinear (C). In terms of these logarithms the approximated loop matrix
element can be written as,

M (pry o pp) Mgl"'l’“"'ll"'l"51-22-”;@-1, (4.1.2)

virt

where the i run over final state flavor. The 5i§€ikigil is the sum of all the logarithmic
contributions coming from the four subclasses, and it satisfies the U(1)xSU(2) alge-
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bra. This tensor structure is due to the factorisation property of these logarithms.
However, the factorized Born matrix element is not the same for each logarithm
subclass since the 6, ; il changes the final state signature.

Leading Soft-Collinear Logarithms

The first subclass of Sudakov logarithms discussed here is the leading soft-collinear
logarithms. These arise from the soft and collinear virtual emission of the W, Z or
~ boson for which the § tensor reads,

2 M
LSC EW Z

where CFW is the EW Casimir operator, I f i the Z gauge coupling and finally, L(s)
k

and [(s) are the logarithms in Eq. (4.1.1) for which M = Myy. The § tensor in this
case is always diagonal except for the cases of transversally polarized neutral gauge
boson. In this case there is a mixing between amplitudes involving a Z boson and
those involving a photon.

Figure 4.1: Example of diagrams showing the configurations that give rise to leading soft-
collinear logarithms, sub-leading soft-collinear logarithms (left) and collinear /soft single log-
arithms (right).

Sub-leading Soft-Collinear Logarithms

Sub-leading logarithms carry the angular dependency of the soft-collinear approxi-
mation. In this case the § is,

§YaSCC _ oVa Va 1og I ;fl’ I(s). (4.1.4)

zkzkzlzl z ik z i

Different from the LSC logarithms, here the § tensor depends on the type of the
vector gauge boson exchanged (V, = {, Z, W*}) and on the final state lepton pair.
So it does no longer depend on just one single final-state.
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Collinear /Soft Single Logarithms

These logarithms arise from both the running of the field renormalisation constants
and the splitting of a final state particle into two internal lines with one of these
being an EW vector boson. In Fig. 4.1 are shown example diagrams for these loga-
rithms. The ¢ for these terms act on chiral fermions as,

2 2
3 1 m)\ m)\ 51
5z‘ckz‘;€ = dop0, IQC:\E:V - 483?24, <(1 + OnR) M%;k +0\,L M%;")] I(s). (4.1.5)

In this expression A; and o}, refer respectively to the fermion chirality and its isospin.
The subscript 6, stands for the opposite of oy, i.e. 6 = —og. The term sy is, in-
stead, the Weinberg angle. If an external particle is a transversally polarized W
boson, the logarithmic behavior of Eq. (4.1.5) remains the same, with the only
difference being in the squared brackets. Now, in the square brackets there is a com-
bination of Dynkin operators [183] proportional to the one-loop coefficient of the
B-function. Longitudinally polarized final state W bosons, instead, are substituted
by Goldstone bosons for which the § reads,

NC m%

= [20PW — —= —L 1(s). (4.1.6)
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To give an idea of how each of these logarithms affects a leading order calculation,
in Fig. 4.2 is shown, the ZZ production at leading order comparing each class of
logarithm separately and with the full EWg,q correction. The observables shown
are the Z-boson pair invariant mass and leading lepton transverse momentum. The
large negative EW correction is driven by the LSC logarithms, while the SSC and
C give a positive correction, yet not as large as the LSC, leaving the full EWgq
correction negative.

4.2 Electroweak Approximations: EW;+ and EWguq

Besides the high-energy EW approximation described in the previous Section, now
dubbed EWg,q4, The other EW approximation studied in this thesis is called EW .
Also this approximation, like the EWg,q approximation, is based on enhanced high
energy EW Sudakov logarithms. The EW,;,¢ approximation consists in simplifying
the full NLO EW correction by keeping only the virtual part and the integrated soft-
collinear subtracted terms of the NLO EW fixed order calculation. This integrated
subtraction term is needed to regularize the virtual matrix element. In SHERPA the
IR cancellation for NLO EW calculations is done using the same methods for NLO
QCD calculations [184].

The use of the complete virtual matrix element makes the EW ;¢ approximation
more expensive than the EWg,q, especially for higher final state multiplicity. More-
over, the EW virtual matrix elements are not yet known for any arbitrary process. Its
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Figure 4.2: Effects of the EW Sudakov LSC, SSC and C logarithms on the leading order of
the pp — eTe~putpu~ process. The differential observable shown are the di-boson invariant
mass and the leading lepton transverse momentum.

use is therefore limited to low final-state multiplicity processes. In multi-jet merged
calculations, however, EW effects in the EW;¢ approximation, can be propagated
to higher QCD multiplicities modifying the local k-factor of a MENLOPS calculation
as given in Eq. (2.3.4).

In a leading order calculation both approximations are applied as a differential
k-factor to the Born piece, i.e.

do"OrEW — 43 B() (1 n 5EW(<1>)), (4.2.1)

where the 6V function respectively for the EWyiy¢ and the EWg,q, reads

sty = VLS gy = TSI o)

(4.2.2)

The Iﬁﬁ term is the integrated real photon emission in the soft-collinear approxi-
mation at the same logarithmic accuracy as the V¥ (®).

The strict high-energy limit of the EWg,q approximation, which requires that all
the kinematic invariants of a calculation are simultaneously much larger than the
EW energy scale, would set to zero all the EW Sudakov logarithms for processes
with intermediate electroweak bosons (either Z or W). This is due to the Breit-
Wigner distribution that imposes the decay product of an intermediate EW boson
to be in the EW energy region. Here this problem is addressed by clustering pairs
of leptons (k,!) whose masses are close to the intermediate weak boson mass My
(V = Z,W) and share the same quantum numbers. The clustering is done according
to the following criterion,
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with I'yy being the resonant EW boson width. The new phase space of the clustered
amplitude is built by assigning the lepton pair four-momenta to the new external
EW vector boson, py = pi + p;. Afterwards, the momenta of the new clustered
amplitude are reshuffled in order to bring the new external EW vector bosons on-
shell, 7.e. p%é 4w = MZ. The EW correction §EWsud (@,,) is therefore evaluated in this
new phase space. The threshold value adopted in this work is A¢p, = 10. This value
has been varied by a factor of 2, upward and downward, without noticing any dif-
ference in differential observables, such as the leading lepton transverse momentum
and leading Z-boson transverse momentum.

4.3 Soft-photons Resummation

The EW approximation studied in this chapter account only for corrections from EW
virtual boson exchange. The real emission kinematics is instead taken into account
using the YF'S soft photon resummation in SHERPA. The soft photon resummation is
only applied to final state leptons in order not to interfere with the strongly ordered
resummation of QCD radiations generated by the parton-shower.

The YFS resummation works by clustering the final state leptons into intermedi-
ate pseudo-resonant weak bosons, similarly to what is done in the EWg,q approxima-
tion, and correcting their leading-order decay width with the all-order resummation
of soft real and virtual emitted photons. The general differential expression for the

resummed decay width TYFS ig,
aY (w 1 O R
dDYFS = dTg e () 3 — [Tk, aS(k:)O (k) — weur) | C. (4.3.1)
Ty =1

Here the function exp{aY (weyt)} is the resummed form factor that exponentiate all
the logarithms of the unresolved real and virtual soft-photons, while the rest of the
expression account for a number n, of resolved emitted photons with four momentum
k; which are distributed according to the eikonal factor S (k;). The parameter weyt
is used to distinguish between resolved and unresolved photons phase space regions.
The default value of this cut variable used in SHERPA is w¢yt = 1 MeV. Finally, the
factor C contains exact higher order corrections, that in our case are up to the NLO
EW accuracy. The explicit expressions for Y (weus), S(k;) and C are given in [129].
Recently this method has been extended to a lager set of processes, specially with
initial state leptons, in Ref. [185].

It is important to point out that the phase space region populated by the EW iy
and EWg,q approximations overlaps with the unresolved resummed soft photons
from YFS. Nonetheless, during this study we found out that the overlapping is non-
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logarithmic in the high-energy limit, and therefore it does not spoil the logarithmic
accuracy of the EW approximations.

4.4 Resummation of High-Energy Electroweak Sudakov
Logarithms

The factorisation property of the high energy EW Sudakov logarithms allows for
their exponentiation [186, 187, 188, 189, 190, 191, 192, 193, 194]. This prop-
erty allows us to improve predictions at very high energy since the large EW Su-
dakov logarithms are included at all perturbative orders. The resummation of
these logarithms is simply done by the exponentiation of the EWg,q correction,
i.e. 5SEu\éV — exp {551\3‘]} The EWy4¢ approximation contains also non-logarithmic
terms that do not exponentiate, making this EW approximation not suitable for
exponentiating the EW Sudakov logarithms. For a LO accurate calculation the ex-
ponentiation is simply done as follow,

doO+EWIE = 4 B(®) exp (5EW(<I>)). (4.4.1)

sud

An example of the effect of the EWg,q exponentiation is given in Fig. 4.3. Here,
it is shown the comparison between EWg,q and the exponentiated EWg,q for the
transverse momentum of the hardest Z boson in the pp — eTe” T~ process at
LO with a center of mass energy /s = 13TeV. The plot in Fig. 4.3 shows clearly
that exponentiating higher order the high energy EW Sudakov logarithms at NLL
logarithmic accuracy produces a harder spectrum in the high energy range.

Finally, the exponentiation of the EWg,q logarithms can also be matched to the
full NLO EW calculation improving its high energy description of the result. In the
next calculations the NLO EW matching has been done as follows,

dO_NLO EW + NLL EWZig — do B((I)) [exp <5EW(¢)> _ 5EW((I)) + 5EW((I))

sud sud

(4.4.2)

Here the first correction O(«) of the exponentiated EWg,q is removed and the full
NLO EW calculation is used instead. The differential 6=V (®) is the full NLO EW
local k-factor

REWV(® - @)
PO = ey T Gy

(4.4.3)

The theoretical scale uncertainty in the NLO EW matched calculation is not af-
fected by the EW Sudakov logarithms resummation since scheme depending terms
are not included beyond the fixed order accuracy of the calculation. In any case,
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Figure 4.3: Comparison of the EWg,q approximation and its exponentiation applied to the
on-shell production of two Z bosons at leading order accuracy. Off-shell dynamics is taken
into account by letting them decay according to the Breit-Wigner distribution.

scheme dependence enters the resummed factor through the running coupling « of
the Sudakov logarithms. For this reason the uncertainty estimation is more reliable
in the fixed-order regime. A discussion on the scheme dependence is given in the
following Section.

4.5 Event Production at NLO EW Fixed Order Accu-
racy

In order to validate the accuracy of the EW approximations, these are compared
against the NLO EW correction to the ete~puTu~ final state for both the 0- and
1-jet multiplicity. Both these processes are evaluated at leading-order QCD in order
to keep the comparison as simple as possible. The eTe”p ™ final state plus one
jet is also useful for understanding the impact of extra QCD radiations on the EW
corrections before applying the EWy;¢ and EWg,q approximations to a multiple
QCD emission simulation.

Numerical Setup

The following calculations have been performed using the fully automated SHERPA
+OPENLOOPS/RECOLA framework that will be available in next major release of
SHERPA (v3.0.0). The interface to the matrix element generator RECOLA to this
version of SHERPA is part of the technical contributions of this thesis. In Appendix
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A are shown some validation plots for this implementation. RECOLA is used to
evaluate all the virtual matrix elements of the 4/ + j process in both NLO EW fixed
order calculation and EW4,4 approximation. All the other loop matrix elements are
evaluated using OPENLOOPS. The reason why RECOLA is used for the four-lepton
production associated with a jet is purely technical since OPENLOOPS, at the time of
writing the work published in Ref. [6], did not have the EW virtual correction library
of the process ete~u™p~j publicly available. Both these programs, OPENLOOPS
and RECOLA, use the tensor-reduction library COLLIER in order to write the loop
matrix elements in terms of known 1-loop diagrams’ master integrals. Moreover,
OPENLOOPS uses the program CUTTOOLS to compute 1-loop amplitudes at the
integrand level. All the other parts of the simulation are taken care of by SHERPA
using its internal matrix element generators AMEGIC and COMIX.

The proton-proton collision is simulated with a center of mass energy /s =
13 TeV and the SM masses and widths of the Z, W, H bosons and top-quark are set
to the following values,

MJP = 80.385GeV Y% = 2.085GeV
MJS = 91.1876 GeV 9% = 2.4952GeV
M, = 125.0GeV Iy, = 0.00407 GeV
my = 173.2GeV r, =0.

The other particles are treated as massless. Consequently, a five flavor scheme for the
SM parameters running is used throughout this Chapter. The weak boson masses
and the weak mixing angle are evaluated in the complex-mass scheme,

1y

pd = M% —iMyTy, sin® 0, = 1 — 0, (4.5.1)

Kz

where the pole masses and widths are obtained from the on-shell ones according to
[195],

OS
MV

FOS
MV - ) ) v
V14 (D08 /a105)

VvV = .
1+ (008 /0108)

The default scheme chosen to evaluate the renormalized EW coupling constant is
the G, scheme with the Fermi’s constant G set to,

r (4.5.2)

Gr = 1.16637 x 107° GeV 2, (4.5.3)

according to [44]. The EW coupling constant is then evaluated as,
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M2
GrM3, (1 - MVQV> =1/132.294 . (4.5.4)
A

V2
aG, = —
In order to understand the non-trivial EW scheme dependence of the fixed order
NLO EW correction, and how well this is captured by the EW approximations, the
fixed order results and the EW approximated ones have also been computed in the
a(M2) scheme,

(M%) = 1/128.802. (4.5.5)

The main difference in these two schemes is that the G,-scheme includes also higher
order operators, reducing the size of the NLO EW correction compared to the a/(M %)
scheme. This is explained in detail in Sec. 4.5.2. An automated EW scheme varia-
tion, as for the strong coupling constant g, is not yet available due to the fact that
different EW schemes would also affect other EW parameters, such as gauge vector
boson masses and EW mixing angle.

The PDF set used is NNPDF31 nlo_as_0118_luxqed from LHAPDF, through its
interface with SHERPA. The strong coupling constant is set accordingly to,

as(M2) =0.118 . (4.5.6)

Finally, the renormalisation and factorisation scales are set to

MR = UF = % (Et2¢ + Erou)

where the transverse energies of the two vector bosons given by

_ 2 2
Erpe= /M5 +D1o-

Event Selection

The analysis used in the following calculations covers the fiducial phase space of the
ATLAS detector. Similarly to the discussion in Sec. 3.2, photons collinear to a final
state lepton, in a cone of radius R = 0.1, are combined together. This combina-
tion is also essential to regularize the IR singularity of real emitted photons, both
from the fixed order real photon emission correction and the resummed collinear-soft
photons. On the dressed leptons are applied cuts on their transverse momentum,
rapidity and distance with other leptons,

pPTe > 20 GeV, ’yg| < 2.5, ARy > 0.1. (457)
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Final state jets, in both the ete utpu~j NLO EW fixed-order and the multi-jet
merged calculation, are defined using the anti-k; algorithm [196] with the standard
R = 0.4 cone radius. On the identified jets are applied cuts on their transverse
momentum, rapidity and distance with the leptons,

pr; > 30GeV, ly;| < 4.5, ARy; > 0.4. (4.5.8)

4.5.1 Contributions at Leading- and Next-to-leading EW Order

In this section are discussed the contributions to the LO and NLO EW correction
for the eTe ™ p~ and eTe"puTp~j final states. Moreover, in order to be as gen-
eral as possible, also diagrams with external photons, are included in the calculation,
whether they are initial or final states. The EW approximations, EWyi+ and EWgyq,
are benchmarked against the full NLO EW keeping as reference also the eTe™ ™™
at LO. The YFS soft photon resummation is included only in the EW approximated
samples in order to keep the comparison with the fixed order NLO EW as simple as
possible. Moreover, effects of the all-order EW Sudakov logarithms resummation at
the NLL accuracy, are discussed for both leading and next-to-leading order calcu-
lation. Finally, the EW scheme dependence is discussed for the total cross-sections
and differential distributions. For the latter, specifically, this is displayed as an
uncertainty band. It is important to point out that this can not be interpreted as
an actual theoretical uncertainty band since it takes into account only two schemes.
However, it is still useful to understand the EW renormalisation scheme dependence.
As an extra benchmark for the EW approximations, the total cross-sections have
been calculated using an additional high-energy cut, i.e. pt 2. > 600 GeV, to study
the effects of the EW approximations in their regime of validity.

Inclusive production

At the lowest perturbative order, i.e. O(a?), the four-lepton inclusive production
has two possible initial states, a quark-antiquark or a photon pair (photon induced).

qq —»ete T, yy—eteuuT (4.5.9)

An example of these processes is given in Fig. 4.4a. Despite being numerically small,
photon induced production is included for completeness since it contributes at this
order of accuracy. In Fig. 4.5 are instead given some example of the contributing EW
virtual diagrams. Two of these are the 6-point diagram for both the quark-antiquark
and di-photon initial states. These diagrams have two interesting aspects. Firstly,
they include the eTe™p™ ™~ production with only W boson as virtual intermediate
states, and secondly, the photon induced diagram contains triple EW gauge boson
coupling through vector boson fusion (VBS) whose phenomenological relevance has
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been discussed in Chap. 3.

The real emission, that is at the order O(a), opens up a new initial state channel
with a quark and a photon. The contributing partonic processes to the real emission
correction are,

+ +

qq—ete putuTy, yy—eteutuy and 4§ —ete putuTq. (4.5.10)
Examples of these diagrams are shown in Fig. 4.4b. The inclusion of the new channel
is very important because it contains collinear singularities that cancel the corre-
sponding ones in both quark- and photon-initiated virtual diagrams.

In Tab. 4.1 are shown the total cross sections for the B and V+R pieces of the
fixed order calculation separated by initial state channels. All the total cross sections
reported in this table have a statistical uncertainty below permille, it is therefore not
reported here. As anticipated, the photon-induced diagrams and the initial states
with just one single photon give a very small correction to the total cross sections,
but again, they have to be included for completeness and they are needed to cancel
all the IR singularities in the calculation. The largest contribution is given by the
quark-initiated processes.

gg-initiated | yvy-initiated | vg-initiated
B 9.805 0.014 -
V+R -0.788 0.004 0.001

Table 4.1: Total cross sections of the Born and the NLO EW correction to the ete™u™pu~
production divided by the three available initial-state channels. The total cross-sections are
given in femtobarn [fb ].

Production in association with a jet

The diagrams that contribute at the Born level to the eTe™ p "~ j final state at the
perturbative order O(a5a4), are

qq—efe ptuTg and gq —etepTuTq.

These diagrams can be visualized by attaching an external gluon to the Born-level
quark-initiated diagrams of the four-lepton production shown in Fig. 4.4a. Since we
also include final state photons, the virtual correction for the four lepton production
associated with a jet has two new channels compared to the leading-order. These are,

=)

qg—ete ptuTy and g7 —efeptuTq.



Electroweak Corrections to ete " putu~ 4 57

Y ¢ q q
Z/y e
Z/y ot -
n
I +
zZ/y* H
Y €+ o7 €+

(a) (b)

Figure 4.4: Example Born-level (a) and real-emissions diagrams (b) contributing to pp —
ete ptu™ + X at O(at) and O(a”), respectively.

Figure 4.5: Example one-loop diagrams contributing to pp — ete~pTpu~ at O(oz5).

These two new channels are actually QCD-loops coming from the QCD virtual
correction to the EW real emission diagrams of the 0-jet case. The rest of the

virtual diagrams are pure EW loops. Examples of these diagrams are given in Fig.
4.6.

The real emission diagrams are
g —ete utuT gy, 9@ —eteTutuT g,
vqg —wete ptuTgq, yg—eteptuTqq and 77 —eteptuTqq.



Electroweak Corrections to ete " putu~ 4 58
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Figure 4.7: Example real-emission QCD-EW interference contributions in ¢q§ —

€+€_u+,u_(cj”(j).

The first four processes are real emissions that account only for either one EW or
QCD radiation at O(a5a5). These processes are responsible for the cancellation of
IR singularities from the virtual emission contributions needed to make the NLO
calculation IR finite. The latter process needs a separate discussion. This process is
an interference between (9(66) and 0(9365) diagrams that are respectively EW and
QCD real emission diagrams. To help visualize the interfering diagrams, in Fig. 4.7
are shown two examples. Due to the colour algebra, the interference can happen only
between s— and t—channels or t— and u—channels. Usually, interference terms are
relatively small for inclusive observables, but since in this case this is the only process
with two initial state valence quarks, i.e. uu, ud, or dd, a sizeable contribution may
be expected.

4.5.2 Electroweak Scheme Dependence

There are three main choices for the EW coupling constant when working with pro-
cesses involving EW interactions, a(0), a(M%) and G,. The choice of the scheme
strongly depends on the process under consideration. In the a(0) scheme, the renor-
malisation is done in the Thompson limit, i.e. Q*> = 0. When this scheme is used
for processes at the EW energy scale Q% ~ M% the coupling constant needs to be
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evolved from (0) to a(M%) using the running coupling equation,

a(0)

a(M%) = 1= Aa(0) (4.5.11)

The term in the denominator Aa(M%) [197, 198] comes from the resummation of the
UV logarithms from the renormalisation procedure. In this term, logarithms from
the charge renormalisation constant are also included. These produce logarithms
like alog(M2/ m?), where my is the mass of all the light fermions. At the one-loop
accuracy, Aa(M2) reads,

M2
Aa(M2) = ?)(ZNng [ i 2] . (4.5.12)
f#t

This logarithms are instead not present in the a(M%) scheme where the renormal-
isation is done directly at @Q? = MZ. In this case the Aa(M2) terms are cancelled
by the renormalisation of the coupling constant removing every light fermion log-
arithm. These makes the a(M%) scheme a better choice over the «(0) scheme for
calculations involving massive EW bosons. On the other hand, the «(0) scheme
is more suitable for calculations involving external photons, since the renormalisa-
tion of their on-shell propagator cancels exactly the light-fermion logarithms. An
optimal choice would be a mixed scheme where external photons couple according
to the a(0) scheme and internal EW bosons according to a(M2). Finally, the G,
scheme is derived from Fermi’s constant G setting the value of o to Eq. (4.5.4).
This scheme is related to the «(0) scheme by the following relation at the NLO EW
accuracy [199, 200],

9 cos? Oy, 3
ag, = a(0) [ 1+ Aa(Mz) — Ap—— 7 + 0(a?), (4.5.13)

S

where,

3a(0)m?

Ap= M
P~ T6msin2 0, M2,

(4.5.14)

From Eq. (4.5.13) it is clear that in the G, scheme « is renormalized at a similar
scale as the a(M%) scheme due to the presence of Aa(M2). This makes also this
scheme preferable over the «(0) scheme for processes involving massive EW bosons.
For what concern the difference with the a(M2) scheme, these lay in the extra term,
Ap. This term is the same to the one arising from the renormalisation of the weak
mixing angle 6, that is sin? 6, — sin? 6, + Ap cos? 0,,. Therefore, the combination
ofag,/ sin? 6,, cancels universal terms coming from the renormalisation of the theory
parameters [201]. This can also be seen as if the renormalisation correction of ag,
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is absorbed into the weak mixing angle renormalisation. This property makes the
G, scheme more suitable for processes involving W bosons, since the coupling has
exactly the form ag, / sin? @,,. The G, scheme, is therefore a better choice over the
a(M%) scheme for processes involving W bosons. In the case Z bosons are present
in the process, the G, scheme is still a better choice because at least a part of Ap
is absorbed from the weak mixing angle renormalisation.

4.5.3 Phenomenology of ZZ Production

It is now discussed the phenomenology of the pp — eTe~ T~ + X process. In Tab.
4.2 are reported the relative corrections to the leading order of the NLO EW fixed
order, EWyirt, EWg,q and the exponentiated EWg,q matched to the LO and NLO
EW calculations. The first interesting observation from these total cross sections is
the difference between the two EW schemes in the leading order and NLO EW. At
leading order, i.e. O(a4), the change of the EW scheme result in a simple rescaling
factor due to the different values of «. Indeed the fourth power of o in the two
EW schemes, using the values given in Eq. (4.5.4) and Eq. (4.5.5), is exactly
11.3%. At NLO EW, the scheme dependence is instead no longer trivial. The mass
factorisation and real emission terms still have the EW scheme dependence as a
simple rescale of the coupling constant . The EW correction, instead, has a non-
trivial scheme dependence that differs very much both in magnitude and structure
as can be appreciated by the two very different sizes of the NLO EW correction in
the two EW schemes of —6.8% for the G, and —19.4% for the a(M2) scheme. The
smaller impact of the NLO EW correction on the leading order calculation in the
G -scheme shows how this is more adequate for calculations involving massive EW
bosons, as anticipated in Sec. 4.5.2.

Looking at the two EW approximations, the EW,; is the one that better cap-
tures the non-trivial EW scheme dependence of the full NLO EW correction. This
is due to the fact that it uses the full virtual matrix-elements responsible for the
non-trivial scheme-dependence. On the other hand the EW,q has a leading-order-
like scheme dependence due to the fact that the scheme dependence enters only via
the tree-like matrix-elements that multiply the Sudakov logarithms. The NLO EW
matched result, dubbed in the table NLO EW + NLL EW:ES, does not show any
significant difference in the scheme dependence compared to the NLO EW fixed or-
der result since the effect of the resummed EW Sudakov logarithms is very small in
fully inclusive observables.

Fach approximation under consideration can reproduce quite well the NLO EW
fixed order result with an extra reduction of the leading order total cross section up
to 1%. The small discrepancy between the NLO EW fixed order result and the EW
approximations is due to the use in the latter of the YFS soft photon resummation.
On the NLO EW +NLL EW_ ! result, instead, the impact of the resummed EW,q
logarithms is rather negligible. This is due to the fact that the resummed higher
order logarithms contribute only at very high energy where the dominant correction
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to the total cross-section is already given by the Sudakov logarithms of the NLO EW
correction. In order to have a better comparison between the NLO EW fixed order
calculation and the EW approximations, in Tab. 4.2 the EW corrections are shown
also with an additional high-energy cut. In this case the full fixed order correction
is responsible for a negative correction of —42% which is in very good agreement
with both the EW;+ and EWg,q approximations with a correction respectively of
—45% and —39%. In this case the effect of the EWg,q resummation on the NLO EW
calculation is, as expected, more sizeable reducing the negative impact of the NLO
EW fixed order calculation to —36%. It is clear then that higher order Sudakov
logarithms increase the production rate at very high energies.

pp—ete putu~ fiducial cross section corrections to LO
Scheme Region LO NLO EW  LO + EWyir, + YFS LO + EWgpa + YFS LO + EWSE + YFS NLO EW + NLL EWST
Gy inclusive 9.819fb —6.8% —-7.9% -7.3% -7.2% —6.7%
(L(J\J%) 10.928 fb —19.4% —20.2% —-7.7% —-7.6% —19.3%
D 11.3% ~3.8% ~3.6% 10.8% 10.8% ~3.7%
G, high energy 4.27-1073 fb —42% —45% -39% -33% -36%

Table 4.2: Inclusive fiducial cross sections for pp — eTe " putu~ at /s = 13 TeV at LO
along with the relative corrections for NLO EW, NLO EW + NLL EWS® and the EWgyq

sud
and EW;,¢ approximations in both G, and a(M%) scheme. The table also gives results for

the “high-energy” region, which requires pr 2. > 600 GeV in addition to the fiducial cuts.

The differential observables studied are shown in Fig. 4.8. These are the invariant
mass of the four-lepton system my;, transverse momentum of the electron pair pr 2.,
Z-boson distance ARy 9, and electron rapidity y.-. Moreover, the NLO EW fixed
order calculation is reported in both the G, and the a(M%) schemes as a “scheme
uncertainty” band taking as reference the calculations obtained in the G -scheme.

From the differential observables is immediately clear the very good agreement
between the EW approximations and the full NLO EW fixed order calculation. The
Z-boson distance is the only observable to display a noticeable difference for values
smaller than 7. This is due to the fact that this region is dominated by real-photon
radiation that for the EW approximations is entirely populated by the YFS soft-
photon resummation. From this observable, it is also clear the role played by the
non-trivial EW scheme dependence of the virtual correction. The region below ,
being populated only by the real emission events, has a tree-like scheme dependence
of about 14%, exactly the ratio of the a to the power of 5 in the two EW schemes
under consideration. While in the region above 7 the uncertainty band changes sign
due to the fact that this region is also populated by the virtual correction.

The effects of the EW corrections can be discussed by separating the observables
into two classes, energy-dependent and energy-independent. In the former class
there are the four-lepton invariant mass and the electron pair transverse momen-
tum, while the latter there are the Z-boson distance and the electron rapidity. The
energy-independent observables do not show any particular EW effect besides in the
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Figure 4.8: Observable distributions for the pp — eTe~uTu~ process. From top left to
bottom right it is shown the four-lepton invariant mass maeg,,, the Z-boson distance ARy, 2,
the transverse momentum of the di-electron pair pr 2., and the rapidity of the electron
Yo—. Results are given at LO and NLO EW. These are compared to approximative EW
calculations. The NLO EW is given for the G, and (M%) renormalisation schemes All
predictions are calculated using SHERPA+OPENLOOPS/RECOLA.

ARy 2,, as discussed before. In the single electron rapidity distribution the EW
corrections act as constant k-factors. The energy-dependent observables, instead,
show a large suppression in the tail of the distributions. The only difference between
the two is that the electron pair transverse momentum displays a stronger suppres-
sion. This happens because single EW bosons are more directly affected by virtual
boson exchanges than the full ete™p*u~ final state. Finally, for these observables
both approximations fall within 5-10% from the fixed order NLO EW result in the
last displayed bin. In accordance with the observations in the total cross sections
with the additional high energy cut, the NLO EW calculation matched to the re-
summed EWg,q has a smaller suppression at high energies of about 5-10% in the
last displayed bin of the energy-dependent plots.
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4.5.4 Phenomenology of ZZ Production in Association with One
Jet

The calculation presented in this section is the first public study of the full NLO
EW effects for the ee™ ™t~ production associated with a jet. Differently from the
previous case, checking the EW approximations here requires more care due to the
presence of QCD-EW interference diagrams that are not included in the approxi-
mated calculations. However, contributions from interference diagrams are typically
small in inclusive observables but can be sizeable in one-jet exclusive observables.

pp—ete putuTj fiducial cross section corrections to LO
Scheme Region LO NLO EW LO+EW,j; +YFS LO+EWgq+YFS LO+ EW::K +YFS NLO EW + NLL EVV:ES
G, inclusive 5.170 fb —6.6 % —8.5% —6.9% —6.7% —6.4%
a(M2) 5.7541h ~19.2% ~20.6% —6.9% —6.7% ~19.0%
D 11.29% -3.7% ~3.4% 11.3% 11.3% -3.7%
G, high energy 6.64-107% fb -33% -37% -30% -25% -29%

Table 4.3: Inclusive fiducial cross sections for pp — eTe~uTu~j at /s = 13 TeV at LO
along with the relative corrections for NLO EW, NLO EW + NLL EWE and the EWgyq

and EW ;¢ approximations in both G, and a(M2) scheme. The table also gives results for

the “high-energy” region, which requires pr 2. > 600 GeV in addition to the fiducial cuts.

In Tab. 4.3 are given the total cross-sections for the same calculation setups
used in the previous section. The results obtained in this case follow very closely
what was observed in the four-lepton production.

The full NLO EW calculation corrects the leading order by a —6.6% and —19.2%,
respectively for the G, and a(M %) schemes. This suggests that one additional
QCD real emission does not affect significantly EW effects. Moreover, the similarity
between this case and the inclusive four lepton production also shows that the non-
trivial NLO contributions present in this case, such as QCD loop matrix elements
and QCD-EW interference, are small for more inclusive calculations. To give an
example, if we exclude QCD loops and the QCD-EW interference, the correction to
the LO becomes —7.2%, which is just 0.4% bigger than the full NLO EW correction.

The EWyiy¢ in this case shows a worse agreement with the full NLO EW result,
due to the missing QCD loop matrix elements and QCD-EW interference terms.
Indeed, comparing the EW ¢ approximation to the NLO EW fixed order without
these contributions increase the level of agreement of the two calculations, reducing
it to 1.3% from 2%. The EWg,q, on the other hand, shows a better agreement with
the full NLO EW calculation. This is in part accidental since this approximation
neglects important terms in the inclusive total cross section calculation. However,
it is important to highlight the overall good agrement in the G, scheme for the EW
approximations and the full NLO EW fixed order calculation. Finally, like for the
inclusive four-lepton production, the resummation of the Sudakov logarithms has a
small impact on the total cross section.



Electroweak Corrections to ete " putu~ 4 64

o _
pp—ele i), /s =13TeV 2 pp—ete T uj, s =13Tev

,L%; %%’ g10E\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\\\
< 10 Ea =
= 3% g 10
=10 =0 &
g Iz <
~ _ ,E 3
51 ER 5
T ,f —H NLOEW 33 s —— NLOEW
< 10 —— 10 L 1o —— Lo
100 B — 4= LO+EW,, + YFS =5 N —+= LO+EW + YFS
. 3e
o + LO+EWg,q + YFS B 1o i LO4 EWgyg + YFS
E - LO+EW_ + YFS E o =l = LO+EWoF + YFS ]
10 —+— NLO EW + NLL EW_.§ = —+— NLO EW + NLL EW,h 3
10{'3 T E
1.3 E- =
Z 12F z 3
o 11E o L1F —
S 1 pE— z T B
£ 0.9 E- & — T e E
v e E T o E
85 E ‘ ! ’ E TP IR
SeE Ll b L B bbb b b i 10 8
o 500 1000 1500 2000 2500 o 1 2 3 4 5 6 7
Moy [GeV] ARgepy
pp—ete ), 5 =13TeV pp—efe T, 5 =13TeV
= R B B B A B w4 = e e e B R
3 F —— NLOEW EE g 4p 1z
S~ -1 = o C =
S = — Lo Ef 5 12p 1%
3 5 —4 - LO+EW,y + YES 19 B F 19
N B = E
T i LO+ EWgyq + YFS ElS e 1z
D -h- LO+EWSR+ YRS 18 08 —— NLOEW =
- —— NLOEW + NLLEWS, 52 § —— Lo 1<
4 EL 06 —+= LO+ EWyy + YFS EE
e R 04 = i LO+ EWgyq + YFS =2
1075 . s - = LO+EWSF + YFS ]
E e o2 —— NLOEW + NLL EWSH E
- ] L R R R R B M
14 — — = |
z 1.2; N ;E B 1'1:7 {
9 E o 9 E =
z 1 F e z 1 e e
5 o8 E T o9f =
S = O O B N HO EPON RO RO = SN IR IR AN BRI A=
0 100 200 300 400 500 oo 700 8oo 900 1000 -2 -1 o 1 2
P12 [GeV] A

Figure 4.9: Leptonic observable distributions as shown in Fig. 4.8 but for the pp —
eTe~pt ™7 process.

The observables studied in the previous case are repeated here and are shown
in Fig. 4.9. The EW effects are again comparable to the observation of the pre-
vious case. The only difference is in the EW scheme dependence, and the size of
the NLO EW corrections that are just slightly reduced. This again suggests that
the EW Sudakov logarithms factorize with respect to at least one additional QCD
emission. Therefore, the final state distribution of EW charges is not affected by
QCD corrections, that is also discussed in Ref. [202].

A major difference from the 0-jet case is in the Z-boson distance observable. In
this case the region below 7 is already populated at leading order by the extra final
state jet included in the calculation. This means that also this region gets the large
EW virtual correction, resulting in a smaller EW scheme dependence and no jump
between the regions below and above 7 for the EW approximated calculations. This
observable displays now an almost flat NLO EW correction of about 5-10%.

Finally, for this process two one-jet observables have been studied in order to
check the behavior of the EW corrections and the effects of the QCD-EW interference
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diagrams. The jet observables under study are the hardest jet transverse momentum
pr,; and the angular separation between the hardest jet and the four-lepton system
A¢y; ;. Both observables are shown in Fig. 4.10.

In order to check the effects of the interference between QCD and EW diagrams
a new line labelled “NLO EW (no interf.)” is included. This refers to the full NLO
EW calculation excluding only the interfering diagrams. It is important to stress
again that this contribution is not included in neither EW approximations since they
are simply applied to the Born-level matrix elements. Moreover, these diagrams are
IR finite, meaning that they are not even approximated by the YFS soft-photon
resummation.

In order to make a more fair comparison between the two EW approximations
and the NLO EW fixed order result, these have been compared to the “NLO EW
(no interf.)” line. This comparison is shown in the lower ratio panel in Fig. 4.10.
The upper panel, instead, compare the full NLO EW fixed order calculation to
the one where the QCD-EW interference terms are excluded. In the azimuthal
angle separation between the four-lepton system and the hardest jet, real emissions
populate the angular range 0° < A¢y ; < 180°, while the back-to-back final state
configuration, i.e. A¢y ; = 180°, is also populated by Born kinematics. This means
that for non-back-to-back configurations the EW approximated results are entirely
modelled by the YFS resummation. From the lower panel we can see that the YFS
modelling of multiple soft-photon emission is able to reproduce quite well the NLO
EW fixed order spectrum specially in the range 0° < A¢y; ; < 90°. The region 90° <
A¢y ; < 180°, instead, shows an offset of about 20 — 30%. This was also observed
in the ARgco, observable from the 0-jet calculation for ARg.o, < m. From the
upper ratio panel we can see that the effect of the QCD-EW interference diagrams
is a bump at high A¢y ; peaked around 120° with a difference of roughly 30%.
The two lines, instead, converge for smaller angle separations. In this observable
it is possible to appreciate the effects of the non-trivial scheme dependence in the
renormalisation factors of the EW virtual correction looking at the rightmost bin.
This bin gets populated also by virtual emission diagrams that are responsible for
the jump displayed in the EW approximated calculations. Also for the hardest jet
transverse momentum the impact of the QCD-EW interference diagrams is quite
sizeable, specially at energies above 300 GeV. Still the EW approximations agree
very well with the “NLO EW (no interf.)” result. In particular in this case an
excellent agreement for the EWyi¢ approximation is displayed. These observations
suggest that limiting the jet activity using a jet veto can improve the agreement
between the EW approximations and the full NLO EW fixed order calculation,
without the need of excluding pieces of the calculation. This possibility was studied
in Ref. [202] for the W and WW j production using only the EW;,¢ approximation
to approximate EW effects. In this work was observed a very good agreement
between the two calculations proving that a jet veto is a good way for improving the
accuracy of EW approximations. However, it has to be noted that a jet veto has to
be carefully added to the calculation since it introduces logarithms of the jet-veto
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Figure 4.10: Distributions for the azimuthal distance between the four-lepton system and
the leading jet A¢uc;, (left), and the leading-jet transverse momentum pr ;, (right) for
the pp — eTe~uTp~j process. They are given at LO and at NLO EW and compared to
approximative EW calculations. The NLO EW is given for the G, (black line) and a(M3)
(grey line) renormalisation schemes, and the span between the two is marked by a hatched
band. In addition, the NLO EW is plotted without interference terms (“no interf.”). All
predictions are calculated using SHERPA+OPENLOOPS/RECOLA.

scale that would need to be resummed.

Finally, it is also important to note that even in the absence of jet vetoes, the
inclusion of QCD real emission corrections would size the impact of the QCD-EW
interference diagrams since it is well known that NLO QCD corrections are of the
order of 100% at high energies [203]. Moreover, in a multi-jet merged calculation,
the merging cut would limit even more the activity of such process. In order to give
a clear idea of the effects of higher QCD multiplicities on the size of the four-quark
diagram, in Fig. 4.11 is added to the NLO EW calculation the NLO QCD correction
which include diagrams of the order O(a2a*) with both virtual and real emissions.
Particular care was taken in order to avoid including the same diagrams twice. Only
coloured initial- and final-states have therefore been allowed.

In both observables the effect of the QCD-EW interference diagrams has been re-
duced by the dominating extra QCD radiation. Specially for the angular separation
between the four-lepton system and the hardest jet. In the hardest-jet transverse
momentum their effect is still visible but it is now reduced to a correction of about
20% at prj, = 1.5TeV compared to the only NLO EW case where the correction
was more than 70% at this transverse momentum.
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Figure 4.11: Distributions for the azimuthal distance between the four-lepton system and
the leading jet A¢ay j, (left), and the leading-jet transverse momentum pr ;, (right) for the
pp — eTe” uu~ j process. The reference sample (red line) is evaluated at NLO EW + QCD
including multiplicative terms. This is compared with the same calculation excluding the
QCD-EW interference diagrams. All predictions are calculated using SHERPA+OPENLOOPS.

4.6 Electroweak Effects in a General QCD Simulation

Finally, the results for EW effects in a general QCD simulation for the production
of the four-lepton final state ete~pu™pu~ are discussed. Firstly, is given a general
analysis of how EW approximations are implemented in SHERPA’s multi-jet merged
framework together with a validation of the implementation. In the validation step,
it is checked that the choices made for the inclusion of the EW approximations, do
not spoil the claimed accuracy of the calculation and do not introduce any spourious
effect. To conclude the chapter, it is going to be discussed the phenomenology for the
production of two off-shell Z bosons in a multi-jet merged setup with EW corrections.

4.6.1 Electroweak Approximation in Multi-jet Merged Samples

The purpose of a multijet-merged calculation is to describe the effects of multiple
real QCD radiations relying on the actual matrix elements instead of considering
solely the soft-collinear approximation used in a parton-shower. This method is
particularly important for an accurate modelling of high-energetic QCD radiations.
This very same region is also sensible to EW corrections as discussed so far. It is
thus important to have a consistent and detailed treatment of EW effects alongside
a multiple QCD hard emission simulation.

The multijet-merging method implemented in SHERPA has already been intro-
duced in Sec. 2.3. The combination of EW corrections with this method requires
particular care in order to not interfere with the ordering of the QCD emissions
either hard or soft. In this case all the results include soft-photons real emission off
the final state leptons according to the YFS method.
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In the multijet-merging method EW approximations are applied as a local k-
factor to the pieces of the calculation. For leading order matrix elements, evaluated
according to Eq. (2.3.1), EW corrections enter as,

B, — B, (1+6.V), (4.6.1)

while in NLO accurate calculations EW corrections are applied to both S- and H-
type events, see Eq. (2.3.3), as

By — Bn (146,%),  Hy— Hy (1+6,y). (4.6.2)

Special care has also to be taken when dealing with leading order matrix elements
merged on top of NLO QCD accurate matrix elements. In this case EW corrections
enter the calculation also through the local k-factor of Eq. (2.3.4), applying the
transformations in Eq. (4.6.1) and Eq. (4.6.2) to Born, S- and H-type bits in the
local k-factor. This allows to propagate EW effects to higher multiplicities, specially
for the EW ;¢ approximation since EW virtual matrix elements may not be available
or just computationally too expensive.

To deal with the computational cost of the actual EW virtual matrix elements
used in the EWyi¢ approximation, this is applied only to S-type events of the mul-
tiplicities evaluated at NLO, i.e.

_ ViV (@) + LY (2n)

5EW (-I)n — ,
ns (¥n) B, (®n) (4.6.3)
5y (Pngr) =0, and &t g (Pn) =0.

There is also another possibility to define (55%\/ that is,

_ ViV (@) + TV (20)

oS (P sl

(4.6.4)

These two choices differ by terms of relative accuracy O(asc) and are referred to
respectively as multiplicative and additive method. The multiplicative and additive

nature of these two STEL%V follows the fact that in the expression B, (1 + 53\;\7) when

using the 65%\7 from Eq. (4.6.4), the B,(®,) in the denominator leave the EW
corrections just as additive terms, while when using the definition from Eq. (4.6.3)
the VS (9,) +13°P (®,,) gets multiplied by VEW (@,,) + IEW ($,,) accounting for
approximate mixed QCD-EW corrections. Their effects are studied in the following
validation step. The practical choice to set to zero the EW,;¢ for Born and H-type
events requires a careful validation of the EW,;;y approximation in order to be sure
that no important contribution is left out the calculation.

The EW,4¢ approximation enters the local k-factor of higher multiplicities as
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follows,

kEW ((I)m’ (I)m+1) =

virt,m

By (®m) (1+5§i}’¥,m,§(¢m)) ( Hyp, (Pros1) )

By, (@) Bt (@mp1)
Hm ((I)m—i-l)

Bm+1 <(I)m+1) ’

where m = nNLO. The local k-factor is built in such a way that in (nNLO 4 1)-
jet events the underlying nYLO-jet topology receives the right EW approximate
correction at the claimed accuracy.

The EWg,q approximation, not having the same computational constraints of

the EWy;yt, is applied to every piece of the calculation, thus

(4.6.5)

5sEuYIV,n,B ((bn) = 551\3]@,8 ((I)n) = Kgl]:é]?n ((I)n) and 551\21\/,71,}1{ ((I)n+1) = Kg}&%n-&-l ((I)nJrl) .
(4.6.6)

Including the EWg,q approximation in this way, let the multi-jet merged calculation
to have all the important EW Sudakov logarithms at the NLL logarithmic accuracy
for every jet multiplicity. The higher multiplicities evaluated at leading order also
receive EW corrections from the local k-factor. However, these get cancelled by the
H-type events avoiding any double counting of the higher-order EW effects, resulting
in the correct NLL accuracy of the EW Sudakov logarithms. Similarly to the fixed
order case, the EWg,q correction could be exponentiated using the simple mapping
1+ (551\&\/ — exp {53}?1\(’1‘/ .

Loop-induced gluon initiated contributions both for 0- and 1- jet multiplicities
are also taken into account. These are matched in a separate sample using the
MEPs@QLoO method described in Sec. 2.3. The possibility to generate these processes
separately comes from the fact that they do not interfere with any of the processes
in the MEPs@QNLo. For the EW virtual matrix elements instead, these are not
yet available for this process. The EWy4¢ approximation is thus not applicable
for loop-squared processes. The EWg,q, on the other hand, could be used since
there is no technical limitation in the algorithm implemented in SHERPA. However,
a detailed study of the high energy behavior of EW corrections for loop-squared
diagrams has not yet been done and the implemented set of logarithms in the EWg,q
approximation may be incomplete not representing the right NLL accuracy for the
EW Sudakov logarithms. This is due to possible new logarithms arising from virtual
EW gauge bosons exchanged between the quarks inside the loop. For this reason
also the EWg,q is not applied to this sample.

The QCD virtual correction for the gg — ete~put ™ process has been recently
computed [8]. Its implementation in SHERPA is part of the original outcome of this
thesis and it is presented in details in Chap. 5. However for the results in this
Chapter, loop-induced processes are considered only at leading order, for both the
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0- and 1-jet multiplicity. This choice has been made in order to have a clear and
clean phenomenological study of EW corrections to processes where they act upon.
The loop-induced process has been considered only to check the impact of other
large corrections that are part of a general calculation. Some examples of some
contributing loop-induced diagrams respectively for the 0- and 1-jet multiplicity are
given in Fig. 5.6 and Fig. 5.8.

4.6.2 Validation of the EW Approximations

In this multi-jet merged calculation the processes pp — ete p*u~ and pp —
ete ut ™ j are evaluated at NLO QCD accuracy while the processes pp — ete™ = jj
and pp — eTe " putT " jjj are instead evaluated at leading order accuracy. In order
to have another reference for the validation of the EW approximations’ implemen-
tation, the MEPS@QNLO calculation is also compared against the MEPS@QLO with
all jet multiplicity evaluated at leading order. In the differential observables the
MEPSs@LO sample includes also the EWg,q approximation. The implementation of
the EW;¢ approximation does not allow to use it in a MEPS@LO calculation since
its 5\]2?{”7]3 (®,,) is by default set to zero. Moreover, it is not yet possible to apply
EW corrections only to some specific Born multiplicity. In the studied observables,
the MEPS@LO has been rescaled by a global QCD factor taken by the ratio of the
MEPs@NLO and MEPS@LO total cross-section using the values in Tab. 4.4. The
reason for rescaling the MEPS@QLO sample is to capture non-trivial higher order
kinematical effects.

The CKKW algorithm for the multijet matrix element merging has been used
with a merging cut of

Qeut = 30 GeV. (4.6.7)

All other scales in the calculation, i.e. renormalisation, factorisation and resumma-
tion scales, are set according to the CKKW scale-setting prescription described in
Sec. 2.3. The renormalisation scale ug = pckxw is then set to

O‘?(NZCKKW) = as(t1) ... as(tn), (4.6.8)

where t; is the scale of the ¢th-emission reconstructed by the CKKW clustering al-
gorithm. The core process scale, meaning that no emission has happened, is set to
the transverse energy defined as

1
HMcore = 5 (ET,ee + ET,MM) . (469)

In Tab. 4.4 are reported the total cross-sections evaluated in the fiducial phase
space defined in Sec. 4.5. The first noticeable result is that higher order real QCD
emissions increase the total cross-section by about 13% compared to the leading
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order fixed order total cross-section given in Tab. 4.2. This shows again the large
impact of multiple QCD hard emissions also in fully inclusive calculations. In-
stead, evaluating the 0- and 1-jet multiplicity at NLO increases the MEPSQLO
cross-section by a further 20%. In the differential observables discussed below the
MEPs@LO is then rescaled by a factor of 1.2 to match the MEPSQNLO total cross-
section. The EW effects on the total cross-section of the MEPSQNLO are slightly
smaller compared to the fixed order calculations of Sec. 4.5. In this case they
amount to a negative correction of about 4% for both EWyiy and EWg,q. The ex-
ponentiated EWg,q instead reduce the dampening effect of the EW corrections by a
1%. The reason why the EW corrections in this case are smaller is because the YFS
soft photon resummation now is also included in the reference samples.

pp — eTe uTuT + jets fiducial cross section corrections to MEPS@QNLO + YFS
Scheme Region MEPsS@LoO + YFS MEPS@NLO + YFS xEW.y; X EWguq x EWoE
G, inclusive 11.10tb 13.34fb 4% —4% —-3%

Table 4.4: Inclusive fiducial cross sections for pp — eTe " pTu~ + jets at /s = 13TeV
for MEPS@QLoO and MEPS@NLO in the G, scheme including YFS photon emissions. For
the MEPS@QNLO predictions, relative corrections for the combination with the EWy;,¢ and
EW 4 approximations are also listed.

The observables taken under consideration for the validation of the EW ap-
proximation in a multi-jet merged calculation have been separated into two sets.
The first includes only lepton exclusive observables, that are four lepton invariant
mass Mae2u, £-boson separation ARaes,,, transverse momentum of the electron pair
pT,2¢ and the four lepton transverse momentum praez,, while the second set only
jet observables, that are angular separation between the four-lepton system and the
hardest jet, hardest jet transverse momentum pr ;,, jet multiplicity Nje; and sub-
leading jet transverse momentum pr j,. All these plots have two lower panels. The
upper one shows the EW corrections relative to the MEPS@QNLO QCD calculation
while the lower shows the size of the contributions that make up the MEPS@QNLO
sample.

Each observable shows very similar EW effects to those observed in the fixed
order calculations. To summarize, in the high energy regime EW corrections produce
a large destructive effect, as it is clear from every energy-dependent observable ( four-
lepton invariant mass and the transverse momentum observables). On the other
hand, energy-independent observables receive an almost flat, small and negative
correction from both EWg,q and EWy;;¢ corrections. In particular for the number of
jets Njer observable it confirms the behavior discussed in Sec. 4.5.4 that QCD real
emissions do not change the qualitative behavior of EW effects. This property can
be explained by the fact that QCD emissions are predominantly soft and collinear,
meaning that it does not significantly change the final state EW charge distribution
nor induce any other additional large scale.
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The lower panel in the plots of Fig. 4.12 and Fig. 4.13 shows the S- and H-type
events for both 0- and 1-jet multiplicities and the Born events for 2- and 3-jet mul-
tiplicities. The contribution of H-type events is very small across all observables,
contributing at most 5% in the A¢y; j, observable, only in the low angle separation
region. This ensures that there is no significant admixture of H-type events in the
observables under consideration, justifying the choice made for the EW,;,y approxi-
mation to turn it off in these events. The small impact of the H-type events is not
surprising since they are constrained to be below the merging cut by 0(Qcut — Qnt1)
(See Eq. (2.3.3)). The 2- and 3-jet samples, on the other hand, have a more sizeable
contribution with an impact of more that 20% for Age,, < 7, Ay j, < 7, Njet > 1
and in the tail of all the transverse-momentum observables. Generally put, 2- and
3-jet samples give a larger contribution for kinematical configurations that require
hard and/or widely separated jets. On these events, the EW,;,¢ approximation is ap-
plied only through the MENLOPS local k-factor. However, no significant difference
between the EW it and EWg,q is displayed, meaning that the choice of propagating
EW effects in the EW,;,¢ approximation to higher multiplicities via the MENLOPS
local k-factor does not introduce any spurious effect.

Finally, the rescaled MEPSQLO +EWg,q does not show any major differences
in regions dominated by 0-jet kinematics. Instead, it differs from the MEPS@QNLO
+EW, it /EWgua up to 10% in the rest of the phase space. Looking at the impact
of the EWg,q correction to the MEPS@QNLO it is noticeable an almost identical
behavior. This follows the fact that H-type events are negligible. This provides a
very important validation for the implementation of the EWg,q approximation since
it means that there is no difference whether the EWg,q is applied to leading order
or S-type events.

4.6.3 Phenomenology of EW Effects

With the structural analysis of the multi-jet merged sample of the previous Section, it
is now possible to safely apply these approximations and discuss their phenomenol-
ogy. The previous MEPS@QNLO sample is now supplemented with a theoretical
uncertainty band defined enveloping the 7-point scale variation of the QCD renor-
malisation and factorisation scale [204],

{Gur, $pr), Gur,pr), (tr, 300), (LR, pr), (1R, 208), (20, 1F), (20R, 20F)} -

In SHERPA this scale variation is fully automated using an on-the-fly reweighting
strategy [205]. The as and PDF scales in the parton shower are varied accord-
ingly. The reason why the theoretical scale uncertainty has been evaluated only
for the MEPS@QNLO calculation is because in this way it is possible to understand
the phenomenological relevance of the EW corrections under consideration. In a
separate sample, the 0+1-jet loop-induced four-lepton production is added to the
MEPS@NLO calculation labelled MEPs@LooP?. This is presented as a separate
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Figure 4.12: Differential leptonic observables for the process pp — eTe~uTu~ + jets. The
reference calculation is a MEPS@QNLO calculation in the G, scheme. On top of it, EW;
and EWg,q approximations are applied. The EWy,q approximation is also shown for a
MEPSQLO calculation, rescaled by the total MEPS@QNLO rate using the total cross-section
QCD k-factor of 1.20. The four observables from top left to bottom right are: the invari-
ant mass of the four-lepton system moeo,, the Z-boson distance ARy 2., the transverse
momentum of the di-electron pair pr 2., and the transverse momentum of the four-lepton
system pr oe2,. All predictions are calculated using SHERPA+OPENLOOPS/RECOLA. The
first ratio plot shows the relative size of the EW corrections, while the second one gives the
relative size of the contributions to the MEPSQNLO prediction.
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Figure 4.13: As Fig. 4.12 but for jet observables. Shown
the angular separation between the four-lepton system and the hardest jet Agae j,, the
number of jets Njc, and the transverse momenta of the hardest jet pr ;, and second hardest

jet pr j,.

are from top left to bottom right:

sample in order to isolate large effects from loop-induced diagrams to give a clear
idea of the impact of loop-induced processes on the MEPS@QNLO +EW corrections
samples without over-complicating the study of EW effects on the processes they are
applied to. In this case the additive EWy;;¢ is not shown since in the previous section
the two schemes did not display any noticeable difference. The EWg,q, instead, is
shown also exponentiated.
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Figure 4.14: Distributions of leptonic observables for pp — eTe™u™p™ + jets production.
The reference calculation is given by the MEPS@QNLO result in the G, scheme, with the
grey band that indicates the 7-point scale-variation uncertainty. On top of it, loop-induced
corrections and EW it /EWg,q approximations are applied. From top left to bottom right
the shown observables the four-lepton invariant mass maea,,, the Z-boson distance ARgc 2,
the di-electron transverse momentum pr 2., and four-lepton transverse momentum pr 2e2y.
All predictions are calculated using SHERPA+OPENLOOPS/RECOLA.

In Fig. 4.14 are shown the same inclusive observables studied in the validation
step. These are macou, PT2¢, AR2e2, and proez,. The first thing to notice is the
larger QCD scale uncertainty in the phase space region where higher multiplicities
contributions are more dominant. Particularly, for ARoc2, < 7 and pr ez, >
100 GeV, where the four-lepton system recoil against hard QCD emissions. In these
regions the QCD scale uncertainty reaches 10%. In both, four-lepton invariant mass
and leptons transverse momentum, the scale uncertainty is not able to cover the
large effects of the EW corrections, specially for energies above 200 GeV. On the
other hand, in scale-less observables the effect of the EW correction is almost entirely
covered by the theoretical QCD scale uncertainty band.
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The jet observables, Ay j,, Niet, P15, and pr j, shown in Fig. 4.15, get large
corrections by the 2- and 3-jet multiplicity samples, as shown previously in Fig. 4.13.
This is reflected in a much larger scale uncertainty when compared to the inclusive
observables given in Fig. 4.14. The magnitude of this theoretical uncertainty is due
to the fact that higher order multiplicities are taken at leading order. The uncer-
tainty band goes on average from a -10% to a +20% of the nominal value. The larger
scale uncertainty reduces to about +5% in the region dominated by more inclusive
samples, which are evaluated at NLO QCD accuracy. This is particularly visible in
the first bin of the number of jet observable Nje;. However, this large QCD scale
uncertainty does not cover the very large EW correction in energy dependent observ-
ables such as pr;, and pr j,. Specifically, in the leading-jet transverse momentum
observable the EW approximations are about -20% at pr j, = 1TeV.

The impact of the MEPS@QLOOP? is overall flat and increases the MEPS@QNLO
calculation by about 5 — 10%. The larger impact from the loop-induced processes
comes from low energy regions, i.e. roughly below 200 GeV. This means that their
inclusion in a complete calculation would not affect much the size of the EW correc-
tions in the high energy region. The smaller impact of the loop-induced processes at
high energies is due to the fact that it is evaluated only for 0- and 1-jet multiplicities
while that energy region is dominated by higher QCD multiplicities.

Finally, the exponentiated EWg,q gives almost identical results compared to the
non-exponentiated one, MEPS@QNLO +EWg,q4, due to the moderate absolute value
of the EWg,q correction for the observables under consideration.
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Figure 4.15: As Fig. 4.14 but for jet observables. Shown are from top left to bottom right:
the angular separation between the four-lepton system and the hardest jet Agae j,, the
number of jets Njc, and the transverse momenta of the hardest jet pr ;, and second hardest

jet pTJ? .



Chapter 5

QCD Corrections to ete u pu:
Gluon Fusion

This section presents the second set of original outcome from this thesis work. This
chapter discusses a particular class of processes called loop-induced gluon-initiated,
briefly discussed in previous sections. As for the EW corrections discussed in Chap.
4, this study of the loop-induced processes focuses on the eTe~u™p~ final state.
Beside this final state, another process is discussed in order to highlight common
features of loop-induced gluon-initiated processes such as large NLO QCD correction
and non-trivial parton-shower matching effects. This is the on-shell production of
a Higgs boson associated with a Z boson in gluon fusion. The discussion includes
results published in the 2019 Les-Houches proceedings [206], done in collaboration
with E. Bothmann, M. Calvetti, P. Francavilla, C. Pandini and E. Re.

Lately, there has been much work on the four-lepton production through gluon
fusion due to its phenomenological importance [168, 169, 207]. This chapter focuses
on a technical study of the parton-shower matching performed in SHERPA.

5.1 Introduction to Four-lepton Production in Gluon
Fusion

Loop squared diagrams are a virtual radiative correction appearing at NNLO. The
amplitude of the loop-induced process belongs to this class of diagrams with the
main difference that it appears as its first non-trivial contribution, i.e. its leading
order. The gluon initiated loop induced diagram is a particularly important example
due to its phenomenological relevance. Indeed, it has been crucial in the discovery
of the Higgs boson [2, 3] since its main production channel is in fact a gluon initiated
loop induced process gg — H* — (Z/7*)(Z/v*). An example of Higgs production
in gluon fusion is given in the second diagram of Fig. 5.6.

The production of the four-lepton final state e™e~ ™~ in gluon fusion plays a
very important role in its theoretical modelling for two main reasons. Firstly, the

78
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gluon-gluon initial state channel is opened for the first time by this process in the
NNLO QCD correction of the process pp — eTe~uTpu~. As such, it is expected
to have a sizeable impact on inclusive observables, moreover this is increased even
further by the large initial state gluon flux. Secondly, it has an enhanced scale
uncertainty due to the fact that it contributes at (’)(ag) with a leading order like
renormalisation and factorisation scale dependence.

The leading order of loop-induced processes has been known for a long time
[208, 209], and their evaluation is nowadays fully automated both numerically and
analytically. The numerical evaluation is done with standard loop matrix element
providers such as, RECOLA and MADLOOP [210], while the analytical evaluation of
loop induced amplitudes at leading order is implemented in the MC generators MA-
TRIX or MCFM. The NLO QCD virtual correction to gg — eTe”put ™, which is
formally an N3LO correction, can not yet be automatically computed via numerical
methods due to the complicated structure of multi-loop matrix elements as discussed
in Sec. 2.4. However, the analytical expression for the off-shell di-boson produc-
tion is known in the case of massless quark-loops [211, 212, 8], and very recently
also with full top-quark mass dependence in the case of on-shell final state Z-boson
pair [167, 213]. The massless virtual correction has been implemented in the matrix-
element generators POWHEG [168] and MATRIX [169]. Concerning the MC generator
SHERPA, the massless virtual two-loop matrix elements have been implemented in
this thesis work. The implementation will be part of the next major release of
SHERPA v3.0.0. In all these implementations, top-quark effects have been included
via approximations. In the MC generators MATRIX and SHERPA these have been
taken into account rescaling the massless virtual amplitude with the leading order
matrix element with full top-quark mass dependence. This method is described in
Sec. 5.3.2. In POWHEG, top-quark mass effects have been taken into account by
using the large-m; expansion as presented in Ref. [212]. Due to these approxima-
tions, the evaluation of the gluon-initiated loop-induced e™e™ pu* ™~ production can
be considered accurate only within the range maoe2, < 2m;. The top-quark mass de-
pendence of the di-boson production through gluon fusion is discussed more in detail
in Sec. 5.3.2. The real emission correction, instead, is readily available from the au-
tomated one-loop matrix-element generators with full top-quark mass dependence.
In principle, also higher multiplicities could be evaluated using RECOLA. However,
this possibility has been investigated in this thesis finding that the evaluation time
for a single phase space point in a simple MEPS set-up is O(s). For this reason this
contribution is not included in the results discussed below.

The tools already available for parton-shower matching can be applied to this
case with no extra modifications. This is due to the fact that, despite being a loop-
squared type of contribution, it does not contain any UV or IR singularity. This
aspect is discussed in detail in Sec. 5.1.3. The matching to the NLO accurate loop-
induced calculation has already been investigated for the four-lepton final state using
the POWHEG method [168, 207]. On the other hand an in-depth analysis of the NLO
matching uncertainties has never been done for the process under consideration. A
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preliminary study on this matter was presented for the di-Higgs production in Ref.
[214]. This aspect of the parton-shower matching to the NLO accurate loop-induced
process in ete” T~ is the main focus of this chapter.

5.1.1 Higgs Production in Gluon Fusion

A good example of loop-induced processes is Higgs production via gluon fusion. In
Fig. 5.1 the result of a simulation from the ATLAS collaboration [53] is shown
highlighting the impact of each sub-process in the four-lepton invariant mass spec-
trum. This simulation gives a clear idea of the important role played by the gluon-
gluon channel in on-shell Higgs production which dominates over the other pro-
cesses, namely continuous gluon-initiated ZZ production gg — ZZ — 4l, qq — 4l
and other Higgs production channels like vector-boson fusion (VBF) and Higgs-
strahlung. Moreover, while Higgs production is usually studied on-shell due to the
very small decay-width of about 4 MeV [44], its off-shell production can become quite
sizeable, especially in the four-lepton high invariant mass. This is due to destruc-
tive interferences between off-shell Higgs boson production gg — H* — VV — 4l
(signal) and continuous di-boson production gg — VV — 4l (background). To
give an example of the size of the signal-background interference, here are the total
cross-sections for the signal, background and interference contributions in the total
cross-section of the eTe™u™p™ production in gluon fusion

osig = 0.074(1) fb
Obkg = 2.90(1) fb (5.1.1)
oint = —0.154(1) tb.

These values are taken from Ref. [207]. The signal-background interference adds a
negative correction of about 5.5% to the total gg — eTe~u™p~ cross-section, i.e.
Ttot = Osig + Obkg + Oint- In Ref. [207] the process under consideration is evaluated
with a center-of-mass energy of /s = 13TeV, imposing only two selection cuts
on the final-state leptons to focus on off-shell Higgs production, i.e. a Z-boson of
invariant mass 60 GeV < my; < 120 GeV and four-lepton invariant mass 150 GeV <
my; < 340 GeV. Off-shell Higgs production is known to be a fundamental tool to
determine its decay width [215, 165]. These examples highlight the need of having a
sound modelling of loop induced processes for accurate predictions in Higgs physics
analyses.

5.1.2 Impact of gg - ZZ on the Theoretical Scale Uncertainty

The fact that a loop-induced process has a leading-order-like QCD scale dependence
at the O(ag) perturbative order together with the large PDF's, unsurprisingly makes
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Figure 5.1: Four-lepton final state invariant mass spectrum where is highlighted the contri-
bution of the quark initiated (solid green line), the gluon initiated loop-induced (solid light
blue line) and vector boson fusion (dashed black line) production. Moreover, of the loop-
induced process are also shown the direct Higgs production in gluon fusion pp — H — 4l
(dashed blue line) and continuous background di-boson production pp — ZZ — 4l (dashed
red line). The Figure is taken from Ref. [53], and it is covered by the Creative Commons
Attribution 4.0 International Public License copyright that allows either public or commer-
cial reproduction of the results shown in the work.

its renormalisation and factorisation QCD scale variations particularly large. Con-
sidering on-shell ZZ production for simplicity, Tab. 5.1 shows the total cross-sections
for the ¢g-LO, ¢G-NLO, gg-LO and the NLO+ggLO contributions at a center-of-mass
energy of /s = 13 TeV including their renormalisation and factorisation scale un-
certainty evaluated using the standard 7-point scale variation. From the table we
see the well known scale uncertainty reduction between the ¢g-LO and the ¢g-NLO
which reduces the uncertainty from +3.4%/ — 4.2% to +2.2%/ — 1.8%. The gg-LO
total cross-section, as expected, displays a very large scale uncertainty of about 20%,
which when combined with the ¢G-NLO contribution increases the overall scale un-
certainty by about 1%. In Ref. [169, 7] the impact of the gg loop-induced channel
scale uncertainty is compared also against the quark initiated processes at NNLO
QCD. In these works it has been observed that the loop-induced process contributes
to more than half of the total NNLO QCD correction to pp — ete " utp~. This
large contribution makes the loop-induced process impact on the renormalisation
and factorisation scale uncertainty quite sizeable. Indeed, in Ref. [169] it is shown
that the quark-initiated process at NNLO, i.e. excluding the gluon-initiated loop
induced contribution, reduces the scale uncertainty of the NLO calculation by 1%,
while taking into account also the loop induced contribution makes the complete
NNLO correction having a scale uncertainty of about 0.5% bigger than the NLO
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scale uncertainty.

Total Cross Section
Processes
[fb]
= +3.4%
qq-LO 11.67(4) " 50
= +2.2%
qg-NLO 14.73(6) 1 507
+22.8%
g9-LO 1.095(2)_17'8%
_ +3.5%
qq-NLO+gg-LO 15.83(6)_2.9%

Table 5.1: Total cross-sections of the process pp — eTe~u*u~ for the quark initiated LO
and NLO, the gluon initiated LO and the quark initiated NLO with the LO gluon initiated.
The total cross-section values are given in fb.

Since the QCD scale uncertainty increment is due to the fact that the di-boson
production through gluon fusion has a leading-order-like QCD scale dependence it
is essential to have its NLO correction included for high precision analyses.

5.1.3 Parton Shower Matching Uncertainty

The fact that the available parton-shower matching methods can be applied to loop-
induced processes without any modification follows directly from the fact that loop-
induced processes do not have any lower order contribution than a loop-squared.
Indeed, the universal UV and IR singularities enter the calculation as terms propor-
tional to lower order matrix elements, which in this case there are none. To give
a more accurate description of why this happens it is sufficient to look at the gen-
eral amplitude renormalisation procedure substituting the bare couplings with the
running ones. The relation between the bare coupling constant o and the running
coupling as(u?) at one-loop order in the standard MS is given by

A (MZ) @
2r €

QlpdeSe = g () |1 — + (9(042 (,uQ)) , (5.1.2)

where pg is the regularisation scale, usually set to ,u% = s, [y is the first order of the
QCD beta function expansion in power of a(u?) (1.2.5), u? the scale at which we
perform the renormalisation and finally S, is the spherical factor of the MS scheme
which is defined as Se = exp [e(log 47 + vg)] with vg being Euler’s gamma. Using
this expression to renormalize a generic amplitude at NLO accuracy, where A? and
Al are respectively the leading- and next-to-leading order unrenormalized ampli-
tudes, one gets
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Figure 5.2: Examples of contributing diagrams to the production on the on-shell Z- and
Higgs-boson through gluon fusion.
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It is clear from these equations that if a process has no tree-like Born contributions
it does not have any UV divergence nor renormalisation scale dependence other
than the one coming from the coupling constant. Moreover, as shown in Sec. 1.6
IR divergent terms, in either loop matrix element or the respective real emission
matrix element, are proportional to the Born matrix element, and therefore the
leading order of a loop-induced processes can not have any IR singularity.

The parton-shower matching for this kind of processes can therefore be done
using the already available tools. Nonetheless, unique features of loop-induced pro-
cesses make NLO parton-shower matching not completely straightforward. This
requires particular care when studying the results of a NLO calculation matched to
a parton-shower. This aspect is described in detail in Sec. 5.4.

In order to give an extra point of view of the physics of loop-induced processes,
it is now discussed the leading order parton-shower matching for the ZH (Higgs-
strahlung) on-shell production.

Higgs-strahlung

The Higgs-strahlung is a phenomenologically relevant example of loop-induced gluon-
initiated process. Its relevance comes from the fact that it is a direct way to study
the H — ZZ interaction vertex, needed to test the EW gauge symmetry breaking
mechanism.

Here, the parton-shower matching uncertainty is studied for the on-shell pro-
duction of a Higgs production associated with a Z-boson. Off-shell effects on the
final-state bosons are included using the Breit-Wigner distribution. The Z boson
is let to decay into an electron-positron pair, and the Higgs boson to a bb pair.
The samples were generated using both SHERPA and POWHEG +PYTHIA 8 for the
leading order parton-shower matching. The MEPS samples are compared against a
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multi-jet merged calculation merging the 0- and 1-jet multiplicity matrix elements
at leading order using SHERPA.

The process is simulated in a proton-proton collision at a center-of-mass energy
of /s = 13TeV. The PDF set used is the PDFALHC15 which uses PDFs at NLO
QCD accuracy. The renormalisation and factorisation scale have been set to the

transverse energy,
pr =pr=H, = \/MJFZPY)’ (5.1.3)
7

while as EW scheme was used the G-scheme.

In SHERPA’s samples, the loop-induced matrix element has been evaluated us-
ing OPENLOOPS, and it was matched to SHERPA’s internal default Catani-Seymour
dipole shower. POWHEG, instead, evaluates the loop-induced process using its inter-
nal code ggHZ, and matching it to the parton-shower in PyTHIA 8.2. The POWHEG
parton-shower matching to PYTHIA 8 is done in two ways. The default match-
ing uses the so called wimpy shower, which sets the parton-shower starting scale
to the invariant mass of the ZH system, while the second setting used is a ve-
toed power-shower starting at the kinematical limit p; = v/ /2. The analysis used
was developed in order to be as close as possible to the ranges probed in experi-
mental analyses. Electrons produced by the Z-boson decay are required to have a
transverse momentum higher than 7GeV, p. | > 7GeV, and a pseudo-rapidity of
In| < 2.7 within a lepton-pair mass range of 81 GeV < my < 101 GeV. Jets are
reconstructed using the anti-kpr algorithm with jet-radius parameter R = 0.4, jet
transverse momentum p; | > 25GeV and a pseudo-rapidity of |n| < 4.5. Jets are
also discarded if an electron is produced within a cone AR < 0.4 from the jet-axis.
For the theoretical uncertainties, SHERPA’s samples also include the parton-shower
starting scale variation bands varied by a factor of two both upward and downward.

In Fig. 5.3 are reported the four observables under study. These are the ZH sys-
tem transverse momentum pr , the number of jets Njets, the hardest jet transverse
momentum pjl and the angle separation between the Z-boson and the Higgs boson
A¢(Z,H). The transverse momentum observables display a very large matching
uncertainty in the energy region dominated by hard real emission configurations,
i.e. above 200 GeV. This is expected since the parton-shower is outside its region
of validity. This is also reflected in the very large difference between SHERPA’s
and PYTHIA’s parton-shower radiation pattern in the ZH high energy transverse
momentum. In the parton-shower region of validity there is, instead, a good agree-
ment between the parton-showers, especially between SHERPA and PYTHIA’s wimpy
shower. A similar behavior is observed for the angular separation of the Z- and Higgs
boson for values far from the back-to-back scattering, i.e. for an angle separation
A¢(Z, H) < 2. However, in this observable the parton-showers under consideration
show a very good agreement. The number of jet observable Njes, instead, shows
a very different radiation pattern between SHERPA’s and PYTHIA’s parton-showers.
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Figure 5.3: Comparison of the 0-jet inclusive distribution for the POWHEG +PYTHIA 8
wimpy and vetoed power shower setups and the SHERPA prediction

This time the difference is not covered by the SHERPA’s parton-shower starting scale
uncertainty. This shows that the parton-shower starting scale uncertainty can not
entirely cover the matching scheme uncertainty.

This large parton-shower matching uncertainty is not characteristic just of loop-
induced processes, but it is general for parton-showers. This uncertainty can be
reduced including higher multiplicity matrix elements in the calculation. In this
case, it is used SHERPA’s multijet-merging algorithm to merge the 0- and 1-jet mul-
tiplicity at leading order. To this calculation is added a 7-point renormalisation
and factorisation scale variation to understand how MEPS calculations compare to
actual theoretical uncertainties in observables dominated by real emission configu-
rations.

The comparison of the MEPS and multi-jet merged calculations is shown in
Fig. 5.4. The differential observables taken under consideration are the ZH sys-
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Figure 5.4: Comparison of the 0+1-jet inclusive distribution for the POWHEG+PYTHIA
8 wimpy and vetoed power shower setups and the SHERPA prediction

tem transverse momentum pr and the angular separation between the two bosons
A¢(Z, H). Both observables display large deviations between the MEPs and 0+1-
jet merged calculations that exceed the theoretical scale uncertainty of the multi-jet
merged result. In the transverse momentum observable, both MEPS calculations
have a harder spectrum compared to the 0+1-jet calculation for energies around
pr = 250 GeV, The MEPS calculations, instead, become softer in the hard emis-
sion tail, failing to capture the hard emission spectrum of the 0+1-jet calculation.
Similarly, in the ZH angle separation the MEPS calculation shows large deviations
from the 0+1-jet merged calculations that exceed the scale uncertainty band for az-
imuthal separation of about 1.5 —2. The large deviations displayed in the transverse
momentum region around 250 GeV can be attributed to the initial state gluon split-
ting functions together with the fact that gluons have access to the full PDF z-range,
in contrast with initial state valence quarks that have the PDF constrained around
just one value of z. Indeed, a similar behavior has also been observed for other
loop-induced processes like on-shell di-Higgs production [214] and gg — ete putu~
shown in Fig. 5.5a for the ZZ and hardest jet transverse momentum. In order to
have a direct comparison with a quark-initiated process, in Fig. 5.5b is shown the
same calculation as for the samples of Fig 5.5a. The quark-initiated 0-jet calculation
largely underestimates the real emission spectrum for energies above 40 GeV in both
the ZZ and hardest jet transverse momentum, on the contrary, the loop-induced
calculation has a harder spectrum in the energy region between 40 GeV and 90 GeV
for both transverse momentum observables. The large impact of the gluon splitting
function in the loop-induced parton-shower matching indicates that a particular care
is needed when studying the matching to NLO accurate loop-induced calculations.
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Figure 5.6: Examples of leading order contributing diagrams.

5.2 Anatomy of NLO QCD Di-boson Production in Gluon
Fusion

This section presents the diagrams that make up the NLO QCD calculation for the
gluon initiated eTe~ ™ pu~ production. The contributions considered here are such
that the intermediate EW bosons can only be emitted by either a loop quark or an
external final state lepton. This is an important distinction from the real emission
diagrams where one Z boson may be emitted from an initial state quark. This is
needed to separate gluon-initiated loop-induced from quark-induced contributions
that coexist at higher orders. Although in merging calculations these quark-induced
processes are not directly included, they are still approximated by the parton-shower.

5.2.1 Leading Order

At the leading order, i.e. O(a§a4), the only loop induced process is gg — eTe  puT ™.
The diagrams of this process have three different topologies, that are: box, Higgs
triangle and single Z-boson triangle diagrams. These are shown respectively from
left to right in Fig. 5.6.

It is important to note that in the single resonant diagram, the Z-boson couples
to the quark loop only via its axial mode. This gives the possibility to directly study
the axial coupling mode of the Z-boson, especially because these type of diagrams
are dominant in the energy region mae, ~ Mz, which is well separated from the
double-resonant energy region, i.e. maea, ~ 2Mjz.

5.2.2 Next-to-Leading Order

At the NLO QCD the virtual diagrams do not have any new initial state channel,
but there is a new diagram topology, i.e. double triangle diagrams. An example is
given in the second diagram of Fig. 5.7. In these type of diagrams the external EW
bosons are attached to two different triangle quark-loops. Double triangle diagrams
give a non-zero contribution only if the quarks running inside the loop are massive.
For massless quark-loops the vector mode of the Z-boson coupling is zero due to
Furry’s theorem, while the axial mode cancels out for degenerate isospin doublets.
However, since these double-triangle processes exchange a highly off-shell ¢-channel
gluon, their contribution to the total cross-section is only at few permille [212]. The
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Figure 5.7: Examples of virtual corrections to gg — ete~putu~.

virtual correction to a box-like diagram is instead simply a new internal virtual
gluon line. This is exchanged between either the external gluons, within the quark-
loop or an external gluon, or inside the quark-loop. Box diagrams allow for massive
and massless quark-loops. In the case of massive loops, the two external bosons
can couple with each of their mode, while a massless quark-loop would vanish the
vector-axial coupling due to charge parity conservation [209, 216]. Finally, the class
of single triangle-like diagrams can only have an axial coupling to the quark-loop,
as discussed for leading-order triangle diagrams. This axial coupling mode allows
only for non-degenerate isospin doublets in the loop, meaning that only a massive
quark-loop would give a non-zero contribution.

In the real emission diagrams, there are two new channels, i.e. ¢q and gq'. The
processes contributing to the real emission correction for the e™e™u™ ™~ production
in gluon-fusion are,

+

gg—eeptuTg, gg—eteuTuTq and gqg—eteputuyg.

Some example diagrams are given in Fig. 5.8. Quark-initiated diagrams (g'g and
qq) can interfere with the NLO QCD real emission amplitudes of the ete~pu*u~
production. These interferences are part of the NNLO QCD correction to the four-
lepton production. In principle the separation between these two contributions is not
possible and in some works they have been therefore kept out, see for example Ref.
[212, 168]. However, since these contributions come from a gauge invariant subset
of diagrams, and their IR singularities are cancelled by the collinear singularities of
the PDFs, they can actually be included in our calculations. A more complicated
situation happens in a multi-jet merged calculation where both the standard quark
initiated and loop-induced four-lepton production are considered. Here higher order
contributions in the standard quark initiated processes can, at least, approximate
the loop-induced real emission corrections. This problem is solved by including in
the loop-induced real emission samples only diagrams where the external EW vector
bosons couple either to the closed quark-loop or to the external leptons, as explained
in Ref. [217].
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Figure 5.8: Examples of real emission contributions

5.3 Implementation in SHERPA Monte Carlo Event Gen-
erator

The simulation of loop-induced gluon-initiated processes at leading order is already
fully automated in SHERPA v2 via an extension of AMEGIC that allows to use an
external matrix element generator in leading order calculations. However, this im-
plementation can not be easily extended beyond leading order accuracy limiting the
use of loop-induced processes to fixed order, MC@QNLO or 0+41-jet merging calcu-
lations. In the next major release of SHERPA, it will be available a new module
called EXTAMP that allows to use any external matrix-element provider as general
matrix-element generator. The validation and maintenance of this module took a
good part of the technical workload needed to produce the main results of this thesis.
In particular, now EXTAMP can handle MC@QNLO and multi-jet merged calculations
at NLO. In Appendix A are show some validation plots to confirm the consistency
between the updated EXTAMP module and internal default frameworks.

With this module it is possible to use the external matrix element generator
OPENLOOPS to get the needed loop-squared matrix elements for the leading order
and NLO QCD real emission. The virtual amplitude for massless quarks is instead
taken from the public C++ code ggvvamp [8], which provides the analytical expres-
sion for the virtual amplitude’s form factors. In order to use this code it has been
necessary to develop an interface to EXTAMP. Since this is the only available virtual
correction to gg — eTe~uT T, an event-wise validation of its implementation was
not possible. Therefore, the validation has been done comparing the total cross-
section from SHERPA’s implementation and the one calculated in [169] using the
same C++ library.
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5.3.1 The ggvvamp Library

The evaluation of the virtual amplitude is based on the decomposition of two loop
massless amplitudes into four-point master integrals with massless internal propa-
gators and two external massive legs. These master integrals are already well known
and were presented for equal final state masses in Refs. [218, 219] and for different
final state masses in Refs. [220, 221, 222, 163].

7 00 0000

S]]
S]]

g9 Q000 9 Q0000

Figure 5.9: Example of QCD virtual corrections to a di-boson production in gluon fusion
O(aiaz) with a quark-antiquark pair in the final-state.

The code evaluates the form factors at both leading order and NLO accuracy for
the 2 — 2 process, g(p1) +g(p2) — Vi(ps) + Va(ps). Here each external vector boson
is treated off-shell, and it can be either a Z- or W-boson, or a photon v*. The fact
that the virtual correction has been calculated only for this 2 — 2 process means
that it cannot be used for quark final states since it would be missing virtual gluon
exchange involving coloured final states, see for example Fig. 5.9. The general form
of the amplitude for the 2 — 2 process considered here can be written as,

M (p1,p2;p3) = 6" > Nyyvy €] (p1)€d (p2) Myuwpo (p1, p2; p3)es’ (p3)er” (pa).  (5.3.1)

Here the momenta of the incoming gluons are p; and po, and p3 and p4 the momenta
of the electroweak final state bosons. The multiplying factors §*1*> and Ny,y, are
respectively the gluons colour factor, which is 1/8, and the two electroweak bosons
couplings to the internal quark-loop. The amplitude is written to depend only on
three of the four momenta involved in the process because of the momentum conser-
vation, py = p1 +p2 —p3. Since the two electroweak bosons couple to a massless loop
the only possible diagram topology they can couple to is the box-like, as explained
in Sec. 5.2.2. The EW factor Ny,y, for this diagram can take the following forms,

1 2 9 1
Nyy = B} Z [(ngqz) + (R;IYiQi) ] v Nzy = 92 Z (Liqz‘L?Ilz‘qz' + RiQiR:}iQi) )

7 7

2 2 1
Noz =5 0 [(L4,) + (RE,)7]. Nww = 5 S0 L, LY,

i 1,

where
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od _ Y - _
Lgq; = €q:0q:; Rgq, = €4:9g:4;
A o [;12 —sin? 0y, eq; LZ o sin? Gweqi
qiq; sin Oy, cos O, ~9i95° qiq; cos By, 9950
Z _ 1 w _
Lioy = Taemey Caa Rygy = 0,

are the couplings to the left- and right-handed quark helicities. The QCD couplings
are instead included in the tensor M, 0 (p1, p2; p3).

Due to Lorentz invariance, the tensor M, o (p1,p2;p3) can be decomposed into
138 independent tensors which can be further reduced to 20 since 118 of them are
transverse to the external bosons’ polarisation vectors that have to satisfy

€1-pr=€-p2=0
€-pr=¢€-p=0

€3-p3 =€4-py=0.

These relations come from the polarisation sum rules

Mo v Mo v
Dop1 + D1 P
D ) (1) =D ey (pa)es olp2) = —g + 212

" A p1-Pp2
m, v
p;D;
Zeif;(pj)eli,j(pj) = —g" + ]72.7
A p]

These relations use the same gauge fixing as in Ref. [8]. The first line is the sum
over the incoming gluons’ polarisations, while the second sums over the massive
final state EW gauge bosons. The index j = [3,4] identifies either the boson with
momentum p3 or py4.

The amplitude in Eq. (5.3.1) can be written as a sum of 20 linearly independent
tensors multiplied by a form factor. In the calculation taken as reference, Ref. [8],
the tensors are defined as follows,

M (p1,p2;p3) = 6“2 Ny, v, €] (p1)€3 (p2) Mywpo (1, D25 p3) €3’ (p3)€r” (pa)
20

= 0" Nyyv, | Y Aj(p1,p2;03) T (p1, 123 p3) | €5 (p3)es” (pa).
=1
(5.3.2)

The explicit expressions for the kinematic tensors T ., (p1, p2; p3) are given in Ref.
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[8]. The C++ code ggvvamp evaluates the leading order and virtual correction of the
regularized A;’s form factors in the kinematic variables s, t, p3, pj. In SHERPA is
implemented the squared of the amplitude in Eq. (5.3.2) at leading order and for
its virtual correction, according to,

IMJ? = ;iszFN51V2 [(;)2 ‘S(“‘Q +2 (%‘;)31?{6 (S“)Sq(i)ﬂ . (53.3)

Here ‘S(l)
larisation and summed over the final state EW boson polarisation. The amplitudes
product is done in matrix form as

‘2 and Re (5(1)5'5?> are both averaged over the initial state gluons’ po-

Re(S,Sy) = ALTi; Al (5.3.4)

where A’ are the form factors evaluated by ggvvamp with 4, j being the form factor
number from 1 to 20 and a,b the perturbative order, i.e. either (1) or (2). The T%
is instead,

TY = DPP DHo° Dg/” DZV T;ZJ,VpUT;i’V’p’J" (535)
The tensors T;iupa’ are the same as in Eq. (5.3.2) but this time they do not include
the gluons’ polarisation vectors, i.e. T}, = €](p1)€§(p2)T}., .- The D’s tensors are

the sum over the external bosons polarisations. The first two are for the gluons and
the other two for the EW bosons,

no v VM
D — Z€§*EK — _gul/ + W’ (536)
A
Hov
. PP}
D= S, = o+ (537)
\j J

All tensor contractions and manipulations have been performed using the Mathe-
matica package Package-X [223]. The generated squared form factors have been
organized in terms of the functions,

Bs = 1—*1\23, Pa = 1—*]\}5137
M2 M3
Bzs = 1—=03=2 fas = 1-—pa=1,
s—M2—M?
By = —5—=,

which helped to reduce the length of the expression allowing for an easy and fast
export as a C++ code. With this implementation of the ggvvamp library it is possible
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to use SHERPA to evaluate the gg — V'V process at NLO QCD for off-shell EW
bosons. The four-lepton final state amplitudes need a separate implementation due
to the fact that the ggvvamp code supply the four-lepton form factors in the spinor-
helicity formalism [224, 225, 226, 227]. However, the form factors for the four-lepton
production

g(p1) + g(p2) = Vi(p3) + Va(pa) = ls(ps) + ls(ps) + L7 (p7) + ls(ps), (5.3.8)

in the spinor-helicity formalism can be written in terms of the form factors of Eq.
(5.3.2). The advantage of using this formalism is that it simplifies the amplitude
evaluation and its squaring. In this formalism, spinors are rewritten as a pair of
Weyl spinors as

% (1+7°) ulpi) = uy (pi)

i, (=)l =u ) =1l (539)

The multiplication between these spinors is then defined as,
u—(pi)u+(p;) = (ij) = [ig]". (5.3.10)

These two objects, (ij) and [ij], are directly related to the spinors four-momenta, i.e.

(i) = \/<p? +p§> (p? —pg’%) (jf)jip(?pzf — (i ). (5.3.11)

On the other hand, in the spinor-helicity notation the two external massless polari-
sation vectors become,

_ [2h*]1) _ (23]
6;1L,+(p1) - \/5[12] ) Elf’f(pl) - \/§<12> y
_ [11*]2) _ (1]2]
65;%( ) - \/5[21] ) 65’7(])2) - \/§<21> ) (5312)

where the spinors |1) and |2) carry respectively the momenta p; and ps.

In these terms, the amplitude for the four-lepton final state has in total four in-
dependent helicities. Two are for the incoming gluons and two for the final-state
lepton pairs. In the spinor-helicity formalism, the latter reads

I (pisps) = ") = I (0i, pj) = T (ps, i) (5.3.13)
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Each of these can take two values [R, L], or often also defined as [+, —]. There
is a total of 16 possible helicity configurations that can be reduced to 2 via sym-
metry relations. From Eq. (5.3.13) it is clear that the two helicities of the lep-
ton currents are equivalent if the momenta of the outgoing leptons are exchanged,
while from the definition of the spinor product in Eq. (5.3.9) it is easy to see that
e (pi) = e;‘“_ (pi). Thanks to these symmetry relations, the total amount of indepen-
dent helicity configurations can be reduced to two, (A1, A2, A3, A\s) = (L, L, L, L) and
()\1, )\2, )\3, )\4) = (L, R, L, L) In ()\1, )\2, /\37 )\4) the helicities 1 and 2 are for the in-
coming gluons while helicities 3 and 4 for the outgoing lepton currents. The two miss-
ing initial state gluon helicity configurations (A1, A2) = (R, L) and (A1, A2) = (R, R)
are related to (A1, A2) = (L, L) and (A1, A2) = (L, R) by a simple complex conjuga-
tion,

Mprrr(p1,p2; 05, ps, P7,08) = [MrrLL(P1,P2; D5, D6, P7,P8)] ",
MRrrrr(p1,p2; ps, D6, p7,P8) = [Mrrrr(p1,p2; s, Pe, P7,08)] " (5.3.14)

The three missing helicity configurations for the final-state lepton currents, (Az, \4) =
(R,L), (A3,M\1) = (L, R), (A3, A1) = (R, R) are instead related to (A3, \s) = (L, L)
by exchanging the final-state momenta of the lepton pairs, i.e.

My, x,rL(P1,P2; D5, D6, D7, D8) = M, 2oL (P1, D25 D6, P5, D7, D8),
M x,Lr(P1,P2; D5, 6, D7, P8) = M 2, 1.L(P1, P2} D5, D6 P8, D7) (5.3.15)
My, x,RR(P1,D2; P5, D6, D7, P8) = M, Ao 1.L(D1, D2; P65 P55 D8, P7) -

It is then possible to write down the helicity amplitudes for the production of four
final-state leptons in gluon fusion in terms of the identified di-boson amplitude given
in Eq. (5.3.2), i.e.

My oL (p1, p2: D5, P65 D7, P8) =
Vi Ve

5192 Ny, (4mar)? Iofs frfe x 5.3.16
v, (4ma) Dy, (ps + p6) Dv, (p7 + ps) ( )

X €\ (1)€55, (P2) Myuwpo (P1, p2; p3) 35 (95, D6) 7 (7, P8),

where the function Dy (q) is the denominator of the intermediate electroweak vector
bosons’ propagator, that can have the following forms based on the flavor of the EW
vector boson,
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D,y* (q) = q2, DV:Z,W(Q) = q2 — M‘% +1i Fva. (5317)

The third line of Eq. (5.3.16) can either be computed using the form factors from
Eq. (5.3.2) or it can be rewritten in terms of new form factors that depend on the
independent helicity configurations, and the A;(p1, p2; p3)’s form factors. The former
possibility would make the implementation of the four-lepton final state amplitude
more compatible with the implementation of the identified di-boson production am-
plitude, but it would also make the matrix elements very long and hard to manipu-
late. On the other hand, the latter option helps to make Eq. (5.3.16) compact and
readable. Therefore, the helicity amplitude is implemented in SHERPA using 9 new
helicity form factors. The helicity amplitude with this choice reads,

My x,.1(P1,P2; D5, D6, P7,P8) =

Lyl Ly
6(110,2va 47'('0[ 2 5J6 7J8
s (4ma) Dy, (ps + ps) Dv, (p7 + ps)

X Caxa | 20,1) (B2 (57)[68] + B3 (15) (17) [16] 18]
+ E3172(15)(27)[16][28] + E31*2(25)(17)[26][18]
+ B} (25)(27)[26][28] ) + B (15) (17)[16] 28]
+ B2 (15)(17) [26][18] + B2 (15)(27)[26] 28]
+ By (25)(17)[26] (28] (5.3.18)

where the factor C}, ), are,

Crrp=[1 p32><£]>, CLr = [2p,1). (5.3.19)

The ggvvamp code also provides the analytical expressions for these helicity form
factors E;‘l’\z in terms of the A;s. The explicit relations between these two objects
are again reported in Ref. [8], therefore they are not repeated here.

The regularisation of the two-loop amplitude is done for the A; form factors
which directly make the EZ-)“)‘2 functions to be UV and IR finite. The renormalisa-
tion is done using the conventional dimensional regularisation in 4 — € dimensions
in the MS scheme at the scale ;> = §, where § is the invariant mass squared of the
initial partonic system. The technical aspect of the UV renormalisation for these
amplitudes follows closely the discussion of Sec. 5.1.3. The IR regularized virtual
amplitude is given in ggvvamp in two subtraction schemes, gr-subtraction [228] and
Catani subtraction [229]. In the ggvvamp code the subtraction scheme choice is left
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to the user. The IR regularisation is performed as follows,

0 _ 40
Aﬁn - AIR—div

Afn = Alg aiv — 1(6) Al aivs (5.3.20)
where, for gluon initiated processes, the IR-singular function I(e) is,

e u% ‘71 i 1 u% ¢
I 4 _Z + .3.21
(€) I'(1—e¢) ( § > (62 6>CA eﬁo< § 9 (5:3:21)

with § being a constant specific for the regularisation scheme adopted. In the gp-
subtraction scheme this is simply d,, = 0 while in the Catani subtraction scheme it
is,

1
Sog = —§7r2CA + i7Bp. (5.3.22)

In SHERPA, the subtraction scheme is chosen to be the gp-subtraction despite the
fact that the Catani-Seymour subtraction is the default used in SHERPA. This choice
was made to simplify the implementation of the virtual amplitudes scale dependent
terms from the IR- and UV-regularisation. The implementation is made consistently
with SHERPA’s default Catani-Seymour subtraction.

5.3.2 Top Quark Mass Approximation

In SHERPA, all the loop-squared amplitudes needed to compute a loop-induced
process at NLO are evaluated using external loop matrix-element generators like
OPENLOOPS. In these generators the loop-squared amplitudes are computed with
full top-quark mass dependence by default, even though they can also be computed
in the Ny = 5 flavor scheme. The virtual matrix element evaluated by ggvvamp
account only for massless quark-loops. Therefore, top-quark mass effects have to be
added to have a reliable NLO correction, especially for the IR-singularity cancella-
tion between the virtual and real emission diagrams above 2m;. In order to give
an idea of the top-quark mass effects for a loop-induced process, in Fig. 5.10 are
shown the di-boson invariant mass, single Z-boson transverse momentum, pseudo-
rapidity difference of the Z-boson pair and pseudorapidity of the hardest lepton for
the gg — ete~putu~ process at leading order for both full top-quark dependence
and in the Ny = 5 calculation. The invariant mass distribution shows a flat off-
set for myyz < 2my of about 5% between the two calculations, while they start to
diverge for energies above 400 GeV. Similarly, the single Z-boson transverse mo-
mentum shows the same 5% difference but this time only up to about 100 GeV. The
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difference between the scale at which top-quark effects become dominant in these
two observables is due to the fact that in the di-boson invariant mass the contin-
uous ZZ production is the dominant contribution [207], and due to the Z boson
couplings to the quark-loop, the top-quark starts to contribute more only above its
threshold production, i.e. mzz ~ 2m;. On the other hand, in transverse momentum
observables the direct Higgs boson production is comparable to the continuous ZZ
production [207]. For the direct Higgs production top-quark effects become sizeable
already at the Higgs mass energy scale, i.e. about 125 GeV. The di-boson pseudora-
pidity difference and single lepton pseudorapidity, instead, show a good agreement
between the two calculations displaying only a flat shift of about 5%. From these
observables, it is clear that energy-independent observables are not much affected by
top-quark effects, while they can be quite sizeable in energy-dependent observables.
In the light of what has just been described, the evaluation of the ete™pu*pu~ pro-
duction in gluon fusion at NLO using the ggvvamp library for the virtual amplitude
is expected to provide a good approximation at energies below 2m; for invariant
mass distributions or below myg in transverse momentum distributions.

A more detailed discussion about top-quark effects in the virtual amplitude is
given in Ref. [167]. Here the authors have compared the large-m; approxima-
tion [230, 231] of the virtual amplitude with their calculation with full top-quark
mass dependence. Their results showed that the large-m; approximation, holds very
well for energies below 2m; while it starts to rapidly deteriorate at higher energies.
This motivates the use of top-quark approximations to study this process at these
energies. However, the large-m; approximation has not been used in SHERPA’s im-
plementation of the ggvvamp because the approximated amplitudes are not publicly
available. In its place, the full virtual amplitude A™ (®) is calculated in the massless

approximation where the massless virtual amplitude Ar(i))_top(é) is reweighted by the

one-loop amplitude with full top-quark mass dependence, i.e. multiplying it by the

factor A (®)/ -’41(1%)- top(®). The virtual correction is therefore evaluated according
to,

AO@)

V((I)) = A(O)*((I))A(l)((p) ~ A(O)*((I))i o ( )
A (@) T
Ar(l%)—zo (<D)AI(110)—‘50 () Vao-top(P)
=B@)— 5 0= B(@)ﬁ.
AHO-tOp ((I))Ano-mp (CI’) no-top

The Born piece with full top-quark mass dependence B(®) is the same as the Born
piece used in the NLO calculation, while the massless pieces are both taken from
the ggvvamp library.
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Figure 5.10: Comparison of di-boson production in gluon fusion with and without top-quark
mass dependence. The simulation has been performed using SHERPA + OPENLOOPS.

5.3.3 Validation of the Implementation

The implementation of the ggvvamp code in the MC generator SHERPA described so
far has been validated against the calculation presented in Ref. [169]. In this work
the eTe pup~ production in gluon fusion is evaluated at NLO QCD, including
all the initial-state real emission channels (see Sec. 5.2.2). In both Ref. [169]
and SHERPA’s calculation OPENLOOPS is used to evaluate all the one-loop matrix
elements and ggvvamp to evaluate the virtual matrix element. Top-quark mass
effects are included in both calculations using the same approximation, given in Eq.
(5.3.23). The leading order and real emission matrix elements are evaluated using
the OPENLOOPS libraries ppl1112 and ppll11j2, that include full top-quark and
Higgs-boson dependence.

Concerning SHERPA’s calculation, the numerical evaluation of the real emis-
sion matrix elements showed to fluctuate significantly in the soft/collinear emission
phase-space regions. To this end, the numerical stability was controlled using two
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settings. The first is OPENLOOPS’ internal stability check for loop-squared am-
plitudes stability kill2 (a stability threshold evaluated according to a scaling
criterion that uses either double or quadruple precision, a detailed description is
given in Ref. [154]). This parameter was set to 0.01 and its value was varied by
a factor of 10, upward and downward, without noticing any significant difference.
The second setting is SHERPA’s DIPOLES: AMIN. This acts as a low energy cut-off in
the evaluation of the H-type events in order to avoid miscancellations in the dipole
subtraction for the very soft and collinear region. In SHERPA the default value is
set to 1078, In this case, it is found that a value of at least 1076 is necessary to
have a stable evaluation of the real subtracted term. Also, it was noticed that too
large values of AMIN, i.e. above 10™%, have a noticeable impact on the NLO total
cross-section at the percent level. For this calculation the AMIN value is set to 1075,
It is interesting to note that such numerical instability in the soft/collinear region
happens only for a four-lepton final state calculation. It is instead not present, or
at least it happens for more remote phase-space regions, for the on-shell di-boson
production in gluon fusion.

The validation set-up evaluates the process gg — ete~utu~ at NLO QCD for a
center-of-mass energy of /s = 13 TeV. The renormalisation and factorisation scales
are set to half the four-lepton invariant mass p = my;/2, the EW scheme to the
G ,-scheme, with Gr = 1.16639 x 107° GeV~2 and the «y is set accordingly to the
PDF set NNPDF30_nnlo_as_0118. The vector boson masses, the top-quark’s mass
and width, and the bottom mass have been set according to [169], i.e.

MQ® = 80.385GeV Y% = 2.085GeV
MQ5 = 91.1876 GeV 9% = 2.4952GeV
M, = 125.0GeV Iy, = 0.00407 GeV
mpy = 4.18GeV I, =0

my = 173.2GeV Iy = 1.44262GeV .

The cuts used are taken from an ATLAS analysis in Ref. [175] in order to cover the
fiducial phase space of the ATLAS detector described in Sec. 3.2, plus extra phase
space cuts specific for the di-boson production, such as constraining the lepton-pair

invariant mass to 66 GeV < mg+¢- /,+,~ < 116 GeV. The cuts used then are,

Cuts

Pre/u > 7 GeV,  one electron with || < 4.9, the others [n.| < 2.5, |n,| <2.7
AReejyp > 02, ARy >02, 66 GeV < mgio /e, < 116 GeV

ee/ i

In Tab. 5.2 are reported the total cross-sections for the loop-induced ete™pu™u~
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production at both leading order and NLO QCD. The comparison shows perfect
agreement between the two calculations within statistical uncertainty.

Order || Reference [fb] [169] | SHERPA [fb]

LO 2.0052(1) 2.003(7)
NLO 3.626(1) 3.631(4)

Table 5.2: Comparison between the implementation of the ggvvamp code from Ref. [169]
and the implementation done in SHERPA and presented here for the loop-induced ete™put ™
production at /s = 13 TeV.

Since the computation of these amplitudes is very demanding, it is essential to
make sure that the on-the-fly scale variations available in SHERPA [205] can also be
applied for this process in order to simplify its theoretical uncertainty estimation.
To this end, to make sure that the on-the-fly scale variation implemented in SHERPA
works also for this process we did a point-by-point comparison of the on-the-fly scale
variation for the same process evaluated at two different central scale values, my
and 2 - my;. In this way the on-the-fly evaluation of the NLO correction at the
scales (pgr, pr), (2ur, 1ur), (ur,2ur) and (2ug, 2up) with the central scale set to
my has to match the on-the-fly evaluation at the scales (ur/2, ur/2), (ur, ur/2),
(ur/2,ur) and (pg, pr) for the calculation with the central scale set to 2my;. This
test shows perfect agreement between the on-the-fly variation and the explicit scale
variation for every phase space point tested. Tab. 5.3 shows an example for one
phase space point looking separately at the BVI and RS part of the calculation.

5.3.4 Fast Evaluation of the Two-Loop Amplitudes

The evaluation of the very complex analytical virtual matrix element can be very
time-consuming due to the evaluation of many polylogarithmic functions. Moreover,
in the ggvvamp code the authors have implemented a routine to ensure numerical
stability that increases the computational time even further. This routine does a
point-wise stability check that consists in evaluating the A; functions twice, once
at double precision and once at quadruple precision. In case the two results are
not in agreement within a user defined accuracy the code switches to higher nu-
merical accuracy repeating the comparison. This procedure is repeated until the
user requested accuracy is met. Due to this procedure and the complexity of the
amplitude’s analytical structure, the evaluation time of the virtual matrix-element’s
form factors is at the order of seconds. In Fig. 5.11 the distribution of the evalua-
tion time of all form factors A; at both leading and next-to-leading order is shown.
The evaluation of the leading order form factors is also taken into account because



QCD Corrections to eTe”u™p~: Gluon Fusion 5 102
(1Rs HF) ma 2-my (1R, pF)
factors BVI RS BVI RS factors
(1,1) | 2.79097 | 1.56608 || 2.79097 | 1.56608 | (1/2,1/2)
(2,1) 2.4373 | 1.20853 2.4373 | 1.20853 (1,1/2)
(1,2) 2.96485 | 1.46515 || 2.96485 | 1.46515 (1/2,1)
(2,2) 2.5606 | 1.13065 2.5606 | 1.13065 (1,1)

Table 5.3: Comparison between explicit scale variation and on-the-fly scale variation in
SHERPA for the BVI and RS part of the ete~u* ™ production in gluon-fusion. The two
columns my; and 2my; represent the user defined renormalisation and factorisation scale at
which the BVI and RS pieces are evaluated, while each row represents one on-the-fly scale
variation. The on-the-fly scale variations for each central scale are organized in order to ease
the comparison between the two on-the-fly scale variation BVI and RS pieces evaluation.

they can not be computed separately since they are needed for the virtual matrix
element regularisation. The plot has been generated evaluating 5000 random phase
space points covering the entire four-lepton phase space. The evaluation has been
performed on an Intel® Xeon® Gold 6126 CPU @ 2.60GHz. From the plot it is pos-
sible to read the average computational time for one phase space point, i.e. about
2s to 3s. The large computational time makes the use of this library very impracti-
cal for phenomenological studies, especially in complex simulations involving many
weight variations. However, there are different ways to deal with this problem. For
instance, in a fixed order calculation a possibility is to generate the BVI and RS
samples separately. The BVI piece converges faster than the RS due to the simpler
phase space, therefore it needs fewer events to get to the same statistical accuracy
of the RS piece. This can be improved even further by reducing the fraction of
evaluated virtual terms in the BVI sample, since the leading contribution in BVI
is given by the Born piece, meaning that the virtual correction can be evaluated
for fewer events without affecting the accuracy of the result. Evaluating the virtual
correction only for a fraction of the generated points can also be used in a MCQNLO
calculation where it is not possible to separately generate the BVI and RS samples.
However, these methods do not help in every, e.g. unweighted event generation.

To this end another method is given by using an interpolation framework. The
development and implementation of this method is part of the original results of
this thesis. The virtual matrix element interpolation framework developed here is
similar to some extent to the one presented in Ref. [232] used to interpolate a pre-
evaluated grid for the two-loop form factors of the NNLO QCD W*W ™~ production.
The interpolation is done by using multidimensional cubic splines [233] that can
be accessed from the public code Btwxt [234]. This code employs cubic Hermite
splines in a given N-dimensional interval where each polynomial is defined by the
interval values and their first derivative on the corners of it. The library has been
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Figure 5.11: Time distribution of the evaluation of the ggvvamp form factors.

implemented in the development branch of SHERPA as part of the ggvvamp library
add-on. This code is used to interpolate a pre-evaluated grid for the 72 form fac-
tors Ei)‘l)‘2 (s,t,m3,m3) of the helicity amplitudes given in Eq. (5.3.18). It therefore
actually builds 72 independent interpolators. In order to have a good interpolation
performance, it is crucial to have a suitable parametrisation of the four kinematic
variables s, t, M3 and M3 the helicity form factors depend on. A denser grid is
needed in regions where the form factors have a larger derivative, i.e. for soft and/or
collinear configurations of the two intermediate EW gauge bosons [8]. To this end
each point of the four-dimensional kinematic space (s, t,m3, m?) is uniquely mapped
to a four-dimensional unit hypercube (x1, 2o, x3,24) = [0,1]* as follows:

M{23,4} = M{23,4},min + x?3,4} (M{23,4},ma.x - M{23,4},min> )
k (s, My, MZ,)

BT s M‘Q/1 — M‘2,2

2t 4 s — Mg,
k(s M2, M2

= as(1 — x3) + bsx3, (5.3.24)

COS 93 = =1- 20,,5(1 — 334) — 2bt$4.

The range of the EW vector bosons masses mapped into the z; and xy variables
goes from M3 4y min = V40 GeV to M543 max = 1300 GeV. The lower boundary is
chosen in order to avoid instability The exponent « in the first line of Eq. (5.3.24) is
needed to have a finer binning in the small EW boson mass region. By testing this
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value, it has been found that o = 5 minimizes the interpolation error on the NLO
total cross-section. Both smaller and larger values showed deviations from the exact
total cross-section of a few percent. The s and ¢ variables are mapped to the physical
quantities B3 and cos 3 that are respectively the relativistic velocity and cosine of
the scattering angle of the EW boson with momentum ps. These two variables are
then mapped to the hypercube axes x5 and z4. However, since at the edges of the
(B3, cosf3) plane the form factors have a very large derivative [8], the mapping to
the x3 and x4 variables has been done adding four small cut-offs, ag, bs, a; and b, to
avoid numerical instabilities. To improve further the accuracy of the interpolation,
it would be advantageous to reduce the grid binning in the highly relativistic S5 — 1
and highly collinear |cosf3| — 1 regions. Alternatively, it is possible to divide the
(x3,x4) plane into four regions and build a grid for each one of these separately. A
similar grid splitting method has been used in Ref. [232]. In Fig. 5.12 it is shown
how the four grids are mapped to cover the (33, cosf3) plane. These four grids are
all built as four-dimensional unit hypercubes with 50 grid points for each of the
hypercube dimensions. Each grid uses the same parametrisation of Eq. (5.3.24),
differing only by the choice of ag, bs, a; and b;. These are set in order to cover the
entire (B3, cosf3) plane, excluding only the highly relativistic and collinear regions.
The phase space points not covered by this grid are evaluated using a linear extrap-
olation method. The pre-evaluated grids implemented in SHERPA use the following
cut-offs for the four regions:

as = 0.3, as = 0.8,

bs = 0.9999, bs = 0.9999,

a = 0.5, a; = 0.01,

by = 0.99, by = 0.5,

(5.3.25)

as = 0.0001, as = 0.0001,

bs = 0.8, bs = 0.8,

a; = 0.5, a; = 0.01,

by = 0.99, by = 0.5.

With the settings just described, each grid needs to evaluate 50* phase space
points, which with the ggvvamp average evaluation time of 2s per point would need
about 20 months. Using standard parallelisation methods, the creation time of the
grid can be easily brought down to a few days, using 500 jobs. A drawback of this
method is that at run time the grids have to be loaded into RAM requiring about
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Figure 5.12: Sectors of the (33, cos 83) plane corresponding to the four pre-evaluated (a3, z4)
grids.

15 minutes on the same system used in the ggvvamp time distribution evaluation
and 15 GB of RAM. However, once the grids are loaded their interpolation time
takes O(ms), i.e. three orders of magnitude faster than the analytical result from
ggvvamp, and slightly faster than the Born or real emission contributions.

The validation of the grid interpolation has been done by comparing only the
BVI part of the ete™u™u~ loop-induced production of the fixed order NLO cal-
culation. The exact calculation is dubbed BV I, and the interpolated calculation
BV It. The two calculations have been performed using SHERPA’s default SM pa-
rameters, a center-of-mass energy of /s = 13 TeV, the NNPDF30_nnlo_as 0118 PDF
set and setting the renormalisation and factorisation scales to ur = pup = my/2.
The analysis used is the standard RIVET [235] analysis for MC validation of the ZZ
production, MC_ZZINC, which implements cuts on the lepton-pairs to avoid photon
singularities, i.e. 66 < mg; < 116 GeV.

In this set-up, the total cross-sections for the BVI part of the NLO calculation agree:

Oex = 1.438(2) fb,

(5.3.26)
omt = 1.439(3) fb.
Similarly, inclusive observables show a very good agreement between the two cal-
culations as can be seen from Fig. 5.13. The plots show the four-lepton invariant
mass, leading lepton pseudorapidity, single Z-boson pseudorapidity and leading lep-
ton transverse momentum. In all these observables the exact calculation and the
interpolated one are in very good agreement. Small deviations are only observed in
the high energy region of the four-lepton invariant mass and leading lepton trans-
verse momentum, but these can be attributed to statistical fluctuations. In Fig.
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Figure 5.13: Comparison of the BVI part of the NLO fixed order eTe™ ™y~ production in
gluon fusion evaluated using the exact result from the ggvvamp code and the four-dimensional
interpolation. The simulations have been done using SHERPA + OPENLOOPS.

5.14 the Anzz and ARz observables are shown. In this case, large deviations of
about 15% are in the tail of the distributions, i.e. |Anzz| > 4.5 and ARzz > 5.5.
This is due to the fact that in that phase space region the interpolator switches to
its extrapolation method due to the fact that those points are not covered by the
pre-evaluated grid. Despite these differences, this interpolation framework is a very
useful tool. For example, it can be used as a surrogate for the loop-induced virtual
matrix element in unweighted event generation. Only when an event is accepted, a
full evaluation using the analytical virtual matrix element from ggvvamp is required.
Similarly to the technique described in Ref. [236].

The results in Sec. 5.4 for the MC@NLO calculation are all generated using the
exact virtual matrix element after testing the simulation setup with the interpolated
grid. In those tests there has been no statistically significant difference between the
exact and interpolated calculation.
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Figure 5.14: Comparison of the BVI part of the NLO fixed order ee™pu*u~ production in
gluon fusion evaluated using the exact result form the ggvvamp code and the four-dimensional
interpolation. The simulations have been done using SHERPA + OPENLOOPS.

5.4 NLO Di-Boson Production in Gluon Fusion Matched
to Parton Shower

Sec. 5.1.3 has discussed the parton-shower matching to loop-induced gluon-initiated
processes at leading order. In that case, it was shown that the parton-shower match-
ing for loop-induced processes could produce non-trivial effects due to the large
gluon initial state flux and splitting function. In observables sensitive to QCD emis-
sions, such as the di-boson transverse momentum, the leading-order parton-shower
matched calculation (Figs. 5.4 and 5.5a) produces a harder spectrum than the 0+1-
jet merged matrix-element calculation in the transition region from soft/collinear to
hard emissions. This is not observed in ¢q initiated processes, as shown in Fig. 5.5b
for the ete~p*pu~ production at leading order, suggesting that the parton-shower
matching to NLO loop-induced gluon-initiated processes has to be studied carefully
before using it for phenomenological studies. The parton-shower matching to the
NLO gg — eteup~ loop-induced process is going to be studied by comparing
the MC@NLO to the fixed order calculation. Due to the parton-shower unitarity,
these two calculations are expected to coincide at least for inclusive observables, and
especially they are expected to reproduce the same one-jet high transverse momen-
tum spectrum. The fixed order calculation is supplemented by an uncertainty band
defined as the envelope of the renormalisation (ug) and factorisation (up) 7-point
scale variations, i.e.

{Gur, Sur), (Sor,pr), (b, 30r), (pr, 0E), (LR, 208), (2R, pr), (2uR,20F)} -

The MCc@NLO calculation features a scale-variation uncertainty band for the parton-
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shower starting scale. This has been varied by a factor of 2 both upward and
downward, i.e. {%Mps,ups,Qups}. Together with these samples, the MEPS 0+1-
jet merged calculation is also included. This sample is added in order to highlight
the role played by the significant virtual correction in the showered calculation. All
these calculations have been performed using the same SM and PDF parameters
used in the validation of SHERPA’s ggvvamp implementation. The fixed order renor-
malisation and factorisation scales are instead set to the final-state lepton pairs’
mean transverse energy, i.e.

1
UR = Up = B (ET,ee + ET#W) . (5.4.1)

This is also used to set the renormalisation and factorisation scales of the core pro-
cess in the McQNLO and MEPS 0+1-jet calculations. In the merged calculation,
the merging cut is set to Qcut = 30 GeV, while the renormalisation, factorisation,
and resummation scales are set using the CKKW algorithm as for the results of
Sec. 4.6.2. It is essential to note that each 1-jet process also includes the ¢¢ and gq
initial-state channels. Finally, the phase space cuts used are,

pPT2 > 25 GeV, |772| < 3.5, ARee/ML > 0.2,

66 GeV < m€+€_/ﬂ+ﬂ_ <116 GeV.
These are general cuts for the standard MC validation analyses MC_ZZINC and
MC_ZZJETS from the RIVET repository. In Tab. 5.4 the results for the total cross-
sections from the three calculations are shown. The first thing to notice is that the
fixed order and MC@QNLO total cross-sections are in perfect agreement. This is ex-
pected due to the unitarity of the parton-shower, and it confirms that the McQNLO
method is working as it should also for NLO loop-induced processes. Instead, the
comparison to the MEPS 0+1-jet total cross-section shows a very large NLO k-
factor of about +75%, which is not covered by the still very large fixed order scale
variation uncertainty which goes from -10% to +27%. The size of the fixed order
scale uncertainty and the NLO correction agrees with other calculations [169, 207].
The parton-shower starting scale uncertainty of the MC@QNLO result has not been
reported because it was smaller than the statistical error of the nominal value. The
large NLO k-factor and theoretical uncertainty indicate that for an accurate descrip-
tion of the eTe~pt ™ production, the NLO correction of loop-induced four-lepton
production needs to be included.

The effects of the parton-shower matching are studied by looking at more exclu-
sive observables. In Fig. 5.15 and Fig. 5.17 are shown respectively lepton and jet
exclusive observables. Together with the comparison of the fixed order calculation
against the MC@QNLO and MEPS 0+1-jet calculations, a second ratio plot is added
showing the contribution of the S- and H-type events in the MCQNLO sample.



QCD Corrections to eTe”u™p~: Gluon Fusion 5 109

Loop Ind. pp — ete putu~+jets NLO Mc@NLO | MEPS 0+1-jet

Total Cross Section [fb] 1.7904(49) 72T | 1.793(7) 1.0184(6)

Table 5.4: Total cross-sections for the pp — eTe~puTu~ in gluon fusion evaluated at fixed
order NLO, Mc@QNLO and MEPS 0+1-jet.

The lepton observables taken into consideration are the four-lepton invariant
mass mae2y,, di-boson transverse momentum pr 2.2, leading Z-boson transverse mo-
mentum pr 7 and pseudorapidity difference of the boson pair Anac2,. Except for
the di-boson transverse momentum, for every other lepton observable the MC@QNLO
is in very good agreement with the fixed order calculation. The comparison with
the MEPS 041-jet calculation shows that the virtual correction has a more consider-
able impact in the low energy region in both the four-lepton invariant mass and the
leading Z-boson transverse momentum. Indeed, in the four-lepton invariant mass
distribution, both NLO calculations are about 75% bigger than the MEPS 0+1-jet
in the on-shell region, i.e. at about moeg, = 2M 7, and only 45% bigger at 500 GeV.
Very large deviations between the MCQNLO and fixed order calculations are instead
displayed in the di-boson transverse momentum. Here, the nominal MCQNLO de-
viates from the fixed order by more than 100% for energies between 40 GeV and
100 GeV. Furthermore, in this energy region, the Mc@NLO displays a very large
parton-shower starting scale uncertainty reaching 200% difference with the fixed or-
der at about 150 GeV. At higher energies, the MCQNLO calculation converges to the
fixed order calculation reproducing the right single hard QCD emission spectrum.
However, despite this deviation being similar to the one observed in the leading
order loop-induced parton-shower matching in Fig. 5.4 and Fig. 5.5a, they can not
be traced back to the same origin. The reason why they are different is given by
the fact that the MEPS 0+1-jet line does not display any bump, and it is, on the
contrary, in very good agreement with the fixed order result in the hard emission
energy region. This means that it can not just be a large parton shower effect due to
the size of the gluon splitting functions and their incoming luminosity. It has instead
to be linked to the large virtual correction in the NLO calculation matched to the
parton-shower since it is the only different piece between the MEPS 0+1-jet and
Mc@NLo. Indeed, by looking at the second ratio panel of the di-boson transverse
momentum it is clear that the large deviation of the MC@QNLO calculation comes
from S-type events that are dominant up until 100 GeV. At higher energies, the
Mc@NLO sample is dominated by the H-type events that correctly reproduce the
hard emission spectrum of the fixed order calculation as expected.

The large contribution to the S-type events comes from higher order terms in-
cluded in the MC@QNLO method. These terms can be understood by rearranging
the MC@QNLO formula from Eq. (2.2.6) for the case of an observable insensitive to
Born configurations,
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D(®p, ;)

(0) —/dchdcblé(ch)A(t, pPs)

+ /dchH(ch)O(ch). (5.4.2)

Taking this expression outside the Sudakov suppression region, i.e. A(t, ,u%gs) =1,
and writing explicitly the real emission contribution, Eq. (5.4.2) becomes

D(®p, )

(O)y :/d‘PBd‘IH (B(®p) — B(®p))
+ [ dorR(@R)O(@n)
:/d@3d¢>1 (V(®p) +1(®p)) K(®p, ®1)0(ubg — t)O(PR)

+ /d@RR((I)R)O((I)R). (5.4.3)

From the last equivalence in Eq. (5.4.3) it is clear that the energy region that should
be populated only by the real emission matrix elements also gets populated by S-
type events of the form [V (®p) + I(®g)] - K(®p, ®1)O(ubg — t). This is formally
a contribution at the order (’)(o/slo/l) that does not spoil the claimed accuracy of
the MC@QNLO calculation. Moreover, this term can be considered the soft and/or
collinear approximation of the virtual correction for the real emission diagrams. In
loop-induced processes the size of [V (®g) + I(®g)]- K(® g, ®1) can be comparable to
the R(®pr) piece of the NLO calculation due to the very large virtual correction and
gluon splitting function. Moreover, the presence of the @(,LLQPS —t) explains the very
large parton-shower starting scale uncertainty in the MC@QNLO sample. Indeed, for
smaller choices of upg, the activity of these higher order terms is reduced, improving
the agreement between the fixed order and the MC@QNLO as observed in the di-boson
transverse momentum distribution in Fig. 5.15. On the contrary, larger values of the
parton-shower starting scale would let these terms populate the higher energy region
worsening the agreement with the fixed order. The same effect was observed in the
NLO loop-induced di-Higgs production in Ref. [214]. It is important to point out
that these higher order terms are not only present in the MC@NLO method but also
in the POWHEG method, as shown in Refs. [168, 207], leading to the very same kind
of deviation. In quark-initiated processes, the higher order terms do not produce
such a sizeable contribution due to the more modest size of the virtual correction
and parton splitting functions, as shown in Fig. 5.16.

The jet observables studied in Fig. 5.17 are the leading jet transverse momen-
tum pr ;, the separation between the Z-boson and leading jet AR(2e2pu,j), pseu-
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dorapidity of the leading jet n; and the inclusive jet multiplicity Nje;. The leading
jet transverse momentum displays the same MC@QNLO deviation as the four-lepton
transverse momentum. In this case, its nominal value deviates from the leading
order at most by 80% at about 65GeV. It again covers the energy range from
40 GeV to 100 GeV with a very large parton-shower starting scale uncertainty that
largely exceeds the fixed order renormalisation and factorisation scale uncertainty.
The MEPSs 041-jet sample is again in good agreement with the fixed order cal-
culation in the hard emission region. The separation of the di-boson system with
the leading-jet shows a good agreement between the MC@QNLO and the fixed order
calculation for AR(2e2u,j) > . The small deviations displayed can be attributed
entirely to parton-shower effects since the MCQNLO and the MEPS 0+1-jet differ
only by a constant factor. In this case, the parton-shower starting scale uncertainty
is relatively small, especially for AR(2e2u,j) > m. The region AR(2e2u,7) < m has
a larger parton-shower uncertainty since it is entirely populated by it. The flat dif-
ference between the MCc@NLO and MEPs 0+1-jet of about 75% is again a confirma-
tion of the correct behavior of the parton-shower matched to an NLO loop-induced
process. The pseudorapidity of the leading jet and the inclusive jet multiplicity
observables show a very interesting behavior. In this case, the MC@QNLO is about
35% bigger than the fixed order and 75% than the MEPS 0+1-jet calculations in
both the one-jet inclusive cross-section and throughout the range of the leading jet
pseudorapidity. It is very interesting to note that the difference between MCc@QNLO
and MEPS 0+41-jet is still of the same order as the 0-jet NLO correction despite
these observables being formally at leading order. This is due to the fact that the
Mc@NLO sample is dominated by S-type events, meaning that these observables
are populated mainly by soft/collinear emissions according to the first line of Eq.
(5.4.2). In other words, in the leading-jet pseudorapidity and the one-jet inclusive
cross-section, the Mc@QNLO sample is still about 70% bigger than the MEPS 0+1-
jet sample because the soft/collinear emissions in the MC@QNLO are weighted by
B(®p) while in the MEPs 0+1-jet they are weighted by B(®p), reproducing so
the displayed 75% difference of the 0-jet NLO correction between the two samples.
Moreover, the parton-shower starting scale uncertainty of the MCQNLO sample is
not large enough to make up for this 75% difference. All these observations suggest
that observables sensitive to jet configurations in loop-induced processes may still
receive substantial corrections from higher orders terms.
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Figure 5.15: Distributions of leptonic observables for the loop-induced ete~utu~™ + jets
production. The MC@NLO calculation is compared against the fixed order. These two
lines are supplemented with uncertainty bands for, respectively, the parton-shower starting
scale and the renormalisation and factorisation scale 7-point variation. The MEPS 0+1-jet
is also included as extra reference. The four observables shown from top left to bottom
right are: the invariant mass of the four-lepton system mae2,, the transverse momentum
of the four-lepton system pr 22, the leading Z-boson transverse momentum pr z, and the
pseudorapidity difference of the Z-boson pair Ang. o, All predictions are calculated using
SHERPA-+OPENLOOPS +ggvvamp. The first ratio plot shows the showered samples relative
to the fixed order, while the second one gives the relative size of the contributions to the
Mc@NLO prediction.
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Figure 5.16: Distributions for the pp — eTe uTu~ + jets process at NLO QCD. The
Mc@NLO calculation is compared against the fixed order. The fixed order line is sup-
plemented with the renormalisation and factorisation scale 7-point variation uncertainty
band. The four observables shown from top left to bottom right are: the invariant mass of
the four-lepton system magcg,, the transverse momentum of the four-lepton system pr 2ca,
the leading-jet pseudorapidity 7;, and the leading-jet transverse momentum pr ;. All pre-
dictions are calculated using SHERPA+OPENLOOPS.
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Figure 5.17: Distributions of jet observables for the loop-induced e™e™u™pu™ + jets produc-
tion. The MC@NLO calculation is compared against the fixed order. These two lines are
supplemented with uncertainty bands for, respectively, the parton-shower starting scale and
the renormalisation and factorisation scale 7-point variation. The MEPs 0+1-jet is also
included as extra reference. The four observables shown from top left to bottom right are:
the leading-jet transverse momentum pr ;, the separation between the Z boson pair and
the leading jet ARzz ; the leading-jet pseudorapidity 7;, and the inclusive number of jets
Njer. All predictions are calculated using SHERPA+OPENLOOPS +ggvvamp. The first ratio
plot shows the showered samples relative to the fixed order, while the second one gives the
relative size of the contributions to the MC@NLO prediction.
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With the upcoming Run III and the future high luminosity upgrade of the LHC,
datasets will reach an unprecedented accuracy. In particular, the experimental un-
certainty on di-boson measurements is expected to decrease to just a few percent on
many differential observables, such as the four-lepton invariant mass and transverse
momentum. Theoretical predictions are then required to match the experimental
measurements’ high precision level. Specifically, calculations based on perturbation
theory need to be improved, including higher-order corrections.

High precision measurements for the di-boson production are crucial for testing
the gauge invariance of the SM because they allow studying the effects of the EW
gauge boson self-coupling dictated by the gauge symmetry. Moreover, many BSM
models introduce terms in the SM Lagrangian that modify these couplings by break-
ing the SM gauge invariance. High precision measurements are crucial to set limits
on the couplings and masses of possible new particles and further investigate the
SM.

In this thesis the higher order corrections taken under consideration are the
NLO EW to pp — eTe” u =+ jets and NLO QCD to gg — eTe” "y~ in a general
multiple QCD emission simulation.

Since a general framework to include the full NLO EW correction in a multi-jet
merged calculation is not fully developed yet, in this thesis, EW corrections have
been studied via two approximations, the high-energy virtual EW (EWy;¢) and
Sudakov (EWg,q) approximations, that were already implemented and automated
in SHERPA. Both these approximations are based on the fact that in the high
energy region of the phase space, the NLO EW correction is dominated by Sudakov
logarithms from the virtual matrix element. In this thesis, these EW approximations
have been in the first place compared to the full NLO EW correction to the pp —
ete uTp~ and pp — eTe” uT ™ j processes, in order to check how well they capture
the exact high energy behavior of the full NLO EW correction.

The EW virtual matrix elements have been evaluated for the 0- and 1-jet pro-
cess, respectively with OPENLOOPS and RECOLA. SHERPA’s interface to the RECOLA
matrix element generator has required to be ported and validated to the new version
of SHERPA (v3.0.0). The validation of the EW approximations has shown very good
agreement with the fixed order NLO EW calculation. Only in the case of jet observ-
ables for the four-lepton production associated with one jet a significant discrepancy
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with the fixed order calculation was observed. The cause for this discrepancy is found
to be a QCD-EW interference finite contribution to the real emission that is not part
of the EW approximations. However, the impact of this contribution is shown to be
significantly reduced by including the NLO QCD correction, improving the agree-
ment between the EW approximations and the fixed order calculation. The effects of
matching the fixed order NLO EW calculations to the resummed EW Sudakov loga-
rithms are studied in this validation. The effect of the resummation has been shown
to reduce the negative correction of the fixed order NLO EW calculation in the very
high-energy region. The overall good level of agreement of the EW approximations
motivates their use in a MEPS@QNLO calculation based on the NLO QCD 0- and
1-jet multiplicity and LO and 2- and 3-jet multiplicity matrix elements. Both the
total cross-section and the differential observables studied here have shown a good
agreement between the predictions with the two approximations. However, sys-
tematic deviations have been observed for phase space regions dominated by higher
multiplicities’ matrix elements. These deviations are explained by the different ways
EW,it and EWg,q approximations are applied to the pieces of the multi-jet merged
calculation. Specifically, the EWy;¢ is applied to higher multiplicities only via a local
k-factor using the EW virtual matrix elements of the lower multiplicities. Instead,
in the EWg,q approximation, higher multiplicity matrix elements receive the correct
NLL EW Sudakov factor. Finally, the phenomenology of EW effects in this setup
has been studied, including the theoretical uncertainty for the reference calculation,
i.e. MEPS@QNLO. The impact of the EW Sudakov logarithms is observed to exceed
the theoretical uncertainty for high energetic configurations reaching up to -40%.
The second higher order correction to the pp — ete™u*u~ process studied in
this thesis is the NLO QCD of the loop-induced gg — ete u™u~. The study of
this process focuses on its parton-shower matching at both leading order and NLO.
The leading order parton-shower matching highlights general features specific to
loop-induced processes, such as the large initial state gluon luminosity and splitting
functions. To give an idea of the generality of these features, the leading order ZH
on-shell production in gluon fusion matched to parton-shower was discussed. In this
study, two different parton-shower were considered, SHERPA and PYTHIA 8. Both
these parton-showers have shown very similar behavior with differences covered by
SHERPA’s parton-shower starting scale uncertainty. These two calculations have also
been compared to the MEPSQLO 0+1-jet merged matrix elements. In this compar-
ison, the multi-jet merged calculation included the scale variation uncertainty. As
expected, the LO+PS calculations failed to capture the hard emission spectrum of
the MEPsS@LO calculation. However, it was also observed that the parton-shower
produces a harder spectrum that exceeds the scale uncertainty of the MEPsSQLoO
calculation for energies between 40 GeV to 100 GeV. This behavior is characteristic
of loop-induced processes due to the large gluon splitting functions. This obser-
vation suggests that the NLO parton-shower matching has to be carefully checked
to identify any possible parton-shower artifact. The evaluation of the NLO loop-
induced eTe~ T~ production used OPENLOOPS for the Born and real emission
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matrix elements and ggvvamp for the virtual matrix elements. The interface to the
ggvvamp code in SHERPA and its validation is part of the technical achievements of
this thesis. Due to the highly complex structure of the virtual matrix element, its
single phase-space point evaluation takes, on average, 2 seconds. The large evalu-
ation time makes the NLO loop-induced four-lepton production quite impractical
for unweighted event generation or simulations involving several weight variations.
An interpolation framework has been developed for a fast evaluation of the virtual
matrix elements in order to solve this problem. With this method, the average single
phase-space point evaluation takes on the order of milliseconds. However, the main
results of this thesis have been evaluated using the actual analytical matrix element.
The interpolation is, instead, used for preliminary tests of the setup. Turning to the
NLO parton-shower matching results. The NLO loop-induced has been matched to
the parton-shower using the MC@QNLO method, including the parton-shower start-
ing scale uncertainty in the sample. This calculation has been compared to the NLO
fixed order calculation that includes the renormalisation and factorisation scale un-
certainty and the MEPS@QLO merging the 0+1-jet multiplicity matrix elements at
the leading order. From this analysis has been observed that in the total produc-
tion rate and differential observables that are insensible to jet configurations, the
fixed order and MC@QNLO calculations are in perfect agreement. Instead, the com-
parison with the MEPs@Lo displayed the very large NLO k-factor of about 75%
featured by loop-induced processes. In observables sensible to jet configurations,
such as the four-lepton transverse momentum, the MC@QNLO displayed substantial
deviations from the fixed order in the energy range from 40 GeV to 100 GeV. Unlike
the leading order matching, this discrepancy is due to higher order corrections in-
troduced by the MC@QNLO method, which are generally small. However, in the case
of loop-induced processes, these are enhanced by the large NLO k-factor and gluon
splitting functions. The significant effects of these higher order terms suggest that
loop-induced processes may still receive significant contributions from their NNLO
correction.

To give an outlook, the most immediate improvement to the results presented
here concerns the NLO QCD correction to the loop-induced ete™u™u~ production.
The virtual matrix element implemented and studied in this thesis has top-quark
mass effects included only via approximation. Analytical calculations, including the
complete top-quark mass dependence, have started to appear only very recently
[167]. The interface to the ggvvamp code developed in SHERPA is general enough
for a simple implementation of the virtual matrix elements’ form factors with full
top quark mass dependence. Implementing such amplitudes will give us a complete
description of the NLO QCD loop-induced four-lepton production. Moreover, the
interpolation framework developed for the fast evaluation of the massless virtual
matrix elements form-factors is expected to work as well, giving a fast alternative
for phenomenological studies of the full NLO loop-induced correction.

Another important follow-up is to include matched EW corrections in a multi-jet
merged calculation. This can be achieved by matching the EWyi¢ approximation
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to the all-order resummation of the EW Sudakov logarithms at NLL logarithmic
accuracy, using the exponentiated EWg,q approximation. The motivation to include
the all-order resummed EW Sudakov logarithms with the EW,;y approximation is
to improve the description of very energetic regions of the phase space that are where
many BSM new elementary particle candidates should contribute the most.

The higher order corrections presented in this thesis are the state-of-the-art of
the pp — eTe~u™p™ process modelling in both fixed order and fully differential
multijet-merged MC simulations. This work will be fundamental for the upcoming
measurements of ete~ ™+~ four-lepton production at the LHC in Run III and the
future HL-LHC.



Appendix A

OPENLOOPS and RECOLA
Validation

In this appendix are reported some validation plots for the porting of SHERPA’s
interface to the RECOLA matrix element generator to its version 3.0.0, and the de-
velopment and update of the new module, EXTAMP. Since this thesis focuses on the
ete ptu~ production the plots in Fig. A.2 are all calculations of this process.

Each sub-figure in Fig. A.2 contains ratio plots with different calculations of the
same observable, while different sub-figures show different observables. The calcu-
lations under consideration are:

e LO+PS. The reference calculation uses AMEGIC, and it is compared against
EXTAMP using OPENLOOPS as matrix element generator. The parton-shower
used is SHERPA’s default Catani-Seymour shower.

e Mc@QNLO. The reference calculation uses AMEGIC and OPENLOOPS for the
virtual amplitude. This is compared against EXTAMP using OPENLOOPS for
every matrix element. The parton-shower used is SHERPA’s default Catani-
Seymour shower.

e NLO QCD. Both calculations use AMEGIC to evaluate the tree-like matrix ele-
ments, while the virtual correction is evaluated with OPENLOOPS in the refer-
ence line and with RECOLA in the compared calculation.

e NLO EW. Both calculations use AMEGIC to evaluate the tree-like matrix ele-
ments, while the virtual correction is evaluated with OPENLOOPS in the ref-
erence line and with RECOLA in the compared calculation. These calculations
are done in the G, scheme.

The showered samples are reported for the four-lepton invariant mass, the sep-
aration of the Z-boson pair, the azimuthal angle difference of the Z-boson pair
and the di-boson transverse momentum, while the fixed order calculations for the

119



OPENLOOPS and RECOLA Validation
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(b) Separation of the Z-boson pair.
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Figure A.1: Validation plots for the EXTAMP module and the update of RECOLA. Each sub-
figure contains calculations for the same observable. The observables considered are, the
four-lepton invariant mass Fig. A.2a, the separation of the Z-boson pair Fig. A.2b. The
different calculations considered are: LO+PS, MCc@NLO, fixed order NLO QCD and fixed
order NLO EW.

four-lepton invariant mass, the separation of the Z-boson pair, the pseudorapidity
difference and the leading Z-boson transverse momentum All calculations show a
good level of agreement within the statistical uncertainty.
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Figure A.2: Validation plots for the EXTAMP module and the update of RECOLA. Each sub-
figure contains calculations for the same observable. The observables considered are, the
azimuthal angle difference of the Z-boson pair Fig. A.2a, the di-boson transverse momen-
tum Fig.A.2b, the pseudorapidity difference Fig. A.2c and the leading Z-boson transverse
momentum Fig. A.2d. The different calculations considered are: LO+PS, Mc@QNLO, fixed
order NLO QCD and fixed order NLO EW.
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