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Abstract

Abstract

Run 3 of the Large Hadron Collider (LHC) has recently begun and heralds an era of unprecedented
experimental precision. At the same time, several potential successors, future hadron- but also lepton
colliders, advance in design and scheduling. To maximize the gain from the expected huge increase in
experimental precision, increased precision of theory predictions is indispensable.

Most theory predictions performed in high-energy physics rely on perturbation theory, in which phenomena
are described in a perturbative series. Increasing the precision in this context requires taking more terms
up to higher orders in the expansion parameters, i.e., the coupling constants, into account.

Technically, these calculations are implemented in software frameworks called Monte Carlo (MC) event
generators. These are tools using numerical methods based on sampling random numbers to compute total
cross sections and simulate events. WHIZARD is one of the well-established general-purpose MC generators
able to simulate events for experiments at hadron- as well as lepton colliders.

In the course of this thesis, we completed the automated computation of terms at next-to-leading order (NLO)
in the strong coupling constant of quantum chromodynamics (QCD), using the Frixione-Kunszt—Signer
(FKS) subtraction scheme in WHIZARD. This includes the extension of the previously existing implementation
towards multi-jet final states and hadron collisions featuring emissions from the initial state, generalizing
the possibility to simulate events at fixed NLO, and a thorough validation of the implemented NLO QCD
corrections by comparison of cross sections computed for a large number of different processes with other
MC generators.

Furthermore, we implemented a process-independent version of the POWHEG-matching scheme, which can
be used to match partonic events, generated by taking NLO QCD corrections into account, with parton
showers, while avoiding to double count any emissions. We apply this matching exemplary to the standard
candle of the LHC, the Drell-Yan process and compare our results with data taken at the Compact Muon
Solenoid (CMS) experiment and to top-pair production in association with a jet at a future lepton collider.
The former is the first example of matching NLO QCD corrections in WHIZARD to a parton shower as well
as the first comparison of differential NLO distributions from WHIZARD with experimental data.
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Zusammenfassung

Zusammenfassung

Die dritte Datennahme des Large Hadron Colliders (LHC) hat kiirzlich begonnen und eine neue Ara des
Datenreichtums eingelautet. Zur selben Zeit schreitet die Entwicklung und Planung moglicher nachfolgender
Hadronen- und Leptonenbeschleuniger voran. Um den maximalen Nutzen aus den gewonnenen Daten zu
ziehen, ist es unverzichtbar, die Genauigkeit theoretischer Rechnungen in gleicher Weise zu erhéhen.
Theoretische Rechnungen in der Hochenergiephysik basieren in der Regel auf Stérungstheorie. Die Genauigkeit
solcher Rechnungen zu erhéhen, bedeutet weitere Terme mit hoheren Potenzen der Entwicklungsparameter,
der Kopplungskonstanten, zu beriicksichtigen.

Technisch realisiert sind diese Rechnungen in Monte-Carlo-Ereignisgeneratoren (MC-Generatoren). Diese
Programme verwenden numerische Methoden, basierend auf Zufallszahlen, um Wirkungsquerschnitte zu
berechnen und Ereignisse zu simulieren. WHIZARD ist einer der etablierten Mehrzweck-MC-Generatoren, der
in der Lage ist, Ereignisse in Experimenten sowohl an Hadronen- als auch an Leptonenbeschleunigern zu
simulieren.

Im Laufe der vorliegenden Arbeit haben wir die automatisierte Beriicksichtigung von Termen zugehorig
zur nachstfithrenden Ordnung in der starken Kopplungskonstanten, basierend auf dem Frixione-Kunszt—
Signer-Subtraktionsschema, im MC-Generator WHIZARD komplettiert. Dies beinhaltet die Erweiterung der
zuvor vorhandenen Implementation auf Endzustinde mit mehr als zwei Jets sowie Hadronkollisionen mit
Abstrahlungen aus dem Anfangszustand, die Moglichkeit Events zu generieren, die ebenfalls Terme der
néchstfithrenden Ordnung beriicksichtigen und eine ausfiihrliche Validierung der Implementation durch den
Vergleich von Wirkungsquerschnitten einer grofien Bandbreite an Prozessen mit anderen MC-Generatoren.
Dariiber hinaus haben wir das POWHEG-Matching-Schema prozessunabhéngig implementiert. Es kann genutzt
werden, um die generierten partonischen Events mit einem Partonshower zu verkniipfen, ohne dabei Ab-
strahlungen der Korrekturen hoherer Ordnung und generiert vom Partonshower doppelt zu zédhlen. Beispiel-
haft wenden wir das POWHEG-Matching auf den Drell-Yan-Prozess am LHC an und vergleichen unsere Vorher-
sagen mit vom CMS-Experiment gemessenen Daten. Dies stellt die erste Anwendung von NLO-Korrekturen
in WHIZARD in Verbindung mit einem Partonshower sowie den ersten Vergleich von mit WHIZARD berechneten
Vorhersagen, die Korrekturen der néchstfithrenden Ordnung beriicksichtigen, mit gemessenen Daten dar.
Um die Prozessunabhéngigkeit unserer Implementierung zu unterstreichen, betrachten wir auflerdem die
Produktion eines Top-Quark-Paares begleitet von einem Jet an einem zukiinftigen Leptonenbeschleuniger.
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1 Introduction

1 Introduction

The success story of higher-order corrections in perturbative quantum field theories begins with the hydrogen
atom, probably the most favorite toy of physicists during the last century.

The history of the hydrogen atom

Soon after Sir J. J. Thomson discovered the electron in 1897 [11] and came up with the plum pudding
model of the atom in 1904, describing it as "negatively electrified corpuscles enclosed in a sphere of uniform
positive electrification" [12], this idea was proven incorrect by his student Ernest Rutherford, who discovered
the atomic nucleus in his gold foil experiment in 1911 [13], inspiring him to describe the atom as a central
positive charge surrounded by negatively charged electrons, coining the Rutherford model of the atom. Two
years later, Niels Bohr enhanced his model to the (Rutherford-)Bohr model of the atomic nucleus [14, 15],
which explains the discrete energy levels of the electrons around the nucleus by assuming them moving
on quasi-classical circular radiationless trajectories. It was the first model of the atom able to explain the
Rydberg formula for the atomic line spectrum, which was experimentally already known for 25 years [16],

by spontaneous quantum jumps between the discrete energy levels yielding emission energies of

AB = Ry (g _g) L)

ny n;

where R is given by hc times! the Rydberg constant and n; and ny are the principal quantum numbers
of the initial and final energy levels, respectively. However, it was noticed that the energy levels were only
accurately described up to O (10*5), and the model also failed to predict the spectra of larger atoms. Also,
it could not explain the relative intensities of the spectral lines and why some spectral lines were observed
very close to each other.

These shortcomings could be overcome by enhancements to the Bohr model of the atom suggested by
Arnold Sommerfeld [17] in 1916. He introduced two additional degrees of freedom to the electron movement,
allowing elliptic trajectories, which could later be mapped to the electron orbital angular momentum, with
the quantum number ¢, and its projection on the z axis, with the quantum number m,, as well as the fine
structure constant « as the velocity ratio of the electron in the first orbit in units of the speed of light,
which later became known as the electromagnetic coupling constant. While in the Bohr picture, all states
with the same n had the same energy, this degeneracy was lifted by Sommerfeld’s description accounting
for the angular momentum. This is displayed on the left hand side (LHS) of fig. 1.1. Despite its success in
adequately describing a variety of experimental results, it could not treat all systems and exhibited some
mathematical inconsistencies.

In the development of modern quantum mechanics, another, regarding most results empirically equivalent,
description of the hydrogen atom arose from the Schrédinger equation postulated in 1925 and published
one year later by Erwin Schrodinger [18]. It describes the time evolution of the wave function of quantum
mechanical systems. For the hydrogen atom, this equation factorizes into radial, angular and spin part,
making it analytically solvable. Its solutions are the energy eigenstates of the electrons, the orbitals, expressed
using spherical harmonics characterized by four quantum numbers, including the spin.

Schrodinger’s description of the hydrogen atom did not include any relativistic effects. Although it was
possible to enhance Schrodinger’s description with relativistic corrections, the first fully relativistic quantum
mechanical description was achieved by Paul Dirac in 1928 [19]. The analytical solution of the Dirac equation

for the hydrogen atom once more improved the accuracy of the prediction for the energy levels. The fully

IThis factor is 27 in natural units.



1 Introduction

relativistic quantum mechanical description of the hydrogen atom is often called the fine structure of the
hydrogen atom.

In the Dirac picture, states with the same quantum numbers n and j, such as the two states 2.5; /o and
2P, 5, have the same energy level. However, the Lamb-Retherford experiment [20] from 1947 showed that
transitions between the two states can be stimulated with radio frequencies, implying that the two states
indeed have different energies. This energy splitting is displayed on the right hand side (RHS) of fig. 1.1.
The Lamb shift was explained in the same year by Hans Bethe [21]. Bethe described the Lamb shift by
interactions of the hydrogen electron with virtual photons. In his calculation, he encountered divergences due
to the unconstrained photon energy, which he solved by renormalizing the electron mass. In a perturbative
interpretation, the Lamb shift can be seen as the first higher-order correction to the quantum mechanical
approach marking the beginning of modern quantum field theory (QFT), especially quantum electrodynamics
(QED).

Further corrections to the energy levels of the hydrogen atom arise from the multipole interactions of the

atomic nucleus with the electrons. These effects are summarized as the hydrogen hyperfine structure.

0 eV
2P 2P3/2
2541
29 28y, />
Ve }z 1 GHz
2 2Py,
R 15
~13.6 eV 1Sy, 1Sy,
~
E Bohr fine structure Lamb shift

Fig. 1.1: Fine structure and Lamb shift of the hydrogen atom’s energy levels.

The second huge success of modern QFT was achieved just one year later by Julian Schwinger [22] when
he calculated the electron magnetic moment. It was predicted by Dirac’s theory to exactly equal 2 until
Schwinger computed the first-order correction based on local Green’s functions, further developing the
renormalization theory. His results were almost immediately confirmed experimentally by Polykarp Kusch
and Henry Foley [23]. Today, the electron magnetic moment is known and experimentally confirmed up to

12 digits, being probably the most precisely known and measured fundamental quantity in all of physics.

The Standard Model of particle physics

In the coming decades, many bright minds continued to develop the mathematical groundwork of renormal-
ization theory and QFT, which finally allowed the formulation of the Standard Model of particle physics
(SM). The Standard Model is a QFT describing the particles, fields and interactions of three of the known
four fundamental forces of nature.

The electromagnetism is described by QED, which governs the interactions of all electrically charged parti-
cles, including the charged leptons (electrons, muons and taus), and photons. It is unified with the weak
force in the electroweak (EW) theory, additionally describing the interactions of neutrinos and heavy bosons
such as the W, the Z and the Higgs boson.

The theory of QCD governs the interactions of all color-charged particles, such as the three generations of
quarks and the gluon. The fundamental particles of the Standard Model are organized in generations I-II1
as depicted in fig. 1.2.
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Fig. 1.2: Particle content of the Standard Model of particle physics. Quarks are displayed in green, leptons in
turquoise, gauge bosons in red and the scalar Higgs boson in yellow. Provided by ref. [24].

For decades, the SM was very successful in predicting and describing many of these interactions and particles
even long before they were discovered. The latest success was the discovery of the Higgs boson a decade
ago [25, 26], 48 years after its prediction [27-29].

To identify possible shortcomings of the SM, the precision of both, predictions and measurements, has to
increase. Run 3 of the LHC has recently begun and will be followed by the High-Luminosity LHC (HL-
LHC) [30]. During its runtime, each upgrade will yield more data for hadron-hadron collisions than ever
collected before. In the future, high precision lepton collider experiments such as the International Linear
Collider (ILC) [31, 32], the Compact Linear Collider (CLIC) [33], the Future Circular Collider (FCC) [34,
35] or the Circular Electron Positron Collider (CEPC) [36] are forseen and will allow to test the SM at
unmatched precision. These high-precision experiments would be useless if most of the analyses were limited

by theoretical uncertainties [37].

Higher order calculations

The majority of theoretical calculations in the SM are performed in a perturbative approach. Cross sections
and observables are expanded in powers of the strong coupling constant, g, and the electromagnetic
coupling . The first non-zero term in the perturbative series is the leading order (LO) term. In general, it
is of the order O (a% o™). Subleading terms are at higher order in either aug or o or both. We refer to the
term of the order O (agJrl am) as the NLO QCD term, while the term of order O (ag 0/”“‘1) is referred to
as the NLO EW term. Further terms are part of the next-to-next-to-leading order (NNLO) correction and
so on. At hadron colliders, the NLO QCD correction is the most dominant one as o < aig, while the NLO
EW correction is comparable to the NNLO QCD correction with a few exceptions. At lepton colliders, the
EW corrections often exceed the QCD corrections due to the EW nature of the processes studied.
Feynman diagrams have turned out to be an incredibly useful, illustrative and mathematically rigorous tool
to describe this perturbative expansion. In these diagrams, particles are depicted by different types of lines,
their interaction by vertices. Each three-particle vertex is proportional to one of the coupling constants.
Thus, in terms of Feynman diagrams, higher orders generally feature more vertices caused by loops and
additional radiation. The LHS of fig. 1.3a shows the LO Feynman diagram for dijet production at a lepton
collider, ete™ — jj. It represents the mathematical terms for the LO matriz element. As the cross section
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is computed from squared matrix elements ’M‘Z, the RHS of fig. 1.3a is also shown and represents the

complex conjugate.

ot | et et L et et Lo ot
(VAN 7./ 7 /N\!
Z/y ! Z/y Z/y ! Z/y Z/y ! Z/y
- q i q - - q i q - - q i q -
e \ e e | e e | €
(a) Born contribution (b) Virtual contribution (c) Real contribution

Fig. 1.3: Diagrammatic representation of the NLO QCD contributions to dijet production at a lepton collider,
ete” — jj. Created for ref. [38].

In an NLO calculation, the leading term is the Born contribution. It is diagrammatically equivalent to the
LO contribution with the subtle difference that, when computing the Born term, we take the NLO values
for parameters such as widths and parton distribution functions (PDFs), which are accurate to NLO, so the
Born contribution does not necessarily agree numerically with the LO contribution.

The other two diagrams, fig. 1.3c and 1.3b depict the two types of NLO corrections, here for NLO QCD. To
see which terms we need to compute to get the NLO matrix element, we square the infinite series of the

matrix elements, keeping all terms up to order O (a?“). This results in

|MNLO|2 = |M§Lo|2 + 2Re [MﬁLOM;§O]+|M§LO 2 (1.2)

In this way, we find that also loop matrix elements become relevant, as displayed in fig. 1.3b. We refer to
this contribution as the virtual contribution as it features a virtual particle in a loop; in the case of fig. 1.3b,
the gluon. The third type of contributing diagrams are real diagrams, shown for ete™ — jj in fig. 1.3c.
Real corrections include additional radiated particles.

In a naive computation, both types of corrections are infinite. The virtual contribution includes integrals over
unconstrained loop momenta, which diverge for infinitely large as well as for infinitesimally small momenta.
In the first case, we call them ultraviolet (UV) divergences and in the second case infrared (IR) divergences.
The UV type of divergences is precisely the same type of problem that Bethe encountered when calculating
the Lamb shift. The solution is analog, too. In any renormalizable QF T, such as the SM, these divergences are
cured by renormalizing fields, couplings and masses. This comes at the price of introducing the dependence
on an artificial energy scale pg, the renormalization scale. If all orders of coupling constants were summed up,
the dependence on pgr would vanish entirely. For any finite number of terms, however, it remains. Typically,
variations of such scales like pug by a factor of order 2 are used to estimate the theoretical uncertainties
from higher-order corrections beyond the considered fixed order. The IR divergences cannot be remedied by
renormalization. They are present in both the virtual and the real contribution and are best visualized for

the real emission.

q,Pi

4& g,D;
q

Fig. 1.4: Feynman diagram of a quark radiating a gluon. The resulting momenta are p; and p;. All Feynman
diagrams in this thesis are created with TikZ-Feynman [39].
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A real emission of, e.g., a gluon as depicted in fig. 1.4 adds an additional leg to the Born diagram as well as
an additional propagator from the original leg. For a particle ¢ radiating a massless particle j, the propagator

before the emission will make the squared matrix element proportional to

1 1 |7 ] m?2

= ith velocit ; = =4/1——== . 1.3
(pi +p3)2 - mf 2EZEJ(1 — BZ COS(GU)) Wik veloetty /Bz E; E12 ( )

From this propagator alone, we can identify the two types of IR divergences?. On the one hand, they include
soft divergences if E; — 0, due to the emission of a particle with infinitesimal energy®, and on the other
hand they appear for particles j radiated collinear in the same direction as their mother particle i, i.e.,
0;; — 0 if the emitter is massless too, implying 8; = 1.

There are multiple ways to deal with IR divergences. One could introduce small but non-zero mass parameters,
but this would unnecessarily increase the complexity of the calculation and, in some cases, even violate gauge
invariance, one of the mathematical principles underlying QFT. The most common strategy in analytic
calculations is dimensional regularization [40]. However, as this approach works in non-integer dimensions,
it is hardly portable to numerical computations.

The most successful numerical approach is based on the observation that the IR divergences of the real
emissions turn out to precisely cancel out the IR divergences of the virtual diagrams. This fact was first
observed by Felix Bloch and Arnold Nordsieck [41] for pure QED and almost 30 years later simultaneously
generalized by Toichiro Kinoshita [42] and Tsung—Dao Lee and Michael Nauenberg [43] to the Kinoshita—Lee—
Nauenberg (KLN) theorem. It states that higher-order amplitudes in a theory of massless fields are finite,
order by order, given that degenerate states are summed over. This is the case if all calculated observables
are defined in an IR-safe way, meaning that they are unchanged by additional soft or collinear emissions.
The KLN theorem is the underlying basis of subtraction schemes, which are methods allowing the automated
numerical calculation of higher-order cross sections. There are different subtraction schemes, but the general
idea for all of them is the same. They introduce a subtraction term S to the real contribution rendering
the integral over the difference of both finite. This subtraction term is then integrated over the radiation

degrees of freedom and added to the virtual contribution, rendering also this integral finite so that

o NLO _ ;B +/ (do® fdaS)Jr/ (dav +/ do’s> . (1.4)
n+1 n rad

finite by construction finite by KLN

There is some freedom in the construction of the subtraction term as long as it cancels out the divergences.
From this freedom, different subtraction schemes arose. One such scheme, the FKS subtraction scheme,
has been implemented in the course of this thesis and its predecessors. We will discuss its mathematical

structure in sec. 2 and show its validation and some applications in sec. 5.

Monte Carlo Generators

Both LO, and higher-order calculations, are made available to other physicists in the form of MC generators,
numerical computer programs predicting integrated cross sections and simulating events from high energetic
interactions, governed by perturbative QFT up to the subsequent parton shower. Fig. 1.5 colorfully illustrates

the different parts of the event simulation on the example of a deep inelastic collision of two hadrons. In

20ther authors might exclude the collinear divergences from the term "IR divergences". Some authors refer to them as
"mass singularities" instead.

3This is the pedagogical explanation. In fact, as the phase-space volume also decreases with the energy of the radiated
particle, both effects could potentially cancel out. We will discuss soft divergences more thoroughly in sec. 2.6.
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this figure, the two incoming hadrons are depicted by the two largest light green ellipses on a horizontal
line. Two of their constituents enter the most energetic, i.e., the hard interaction, depicted by a red circular
blob in the center, possibly after emitting lower energetic initial-state radiation (ISR). Two other partons
may perform a secondary interaction, less energetic than the first one but still contributing to the overall
energy deposits as the underlying event. Those partons not involved in any of the hard interactions form the
beam remmnants, depicted by the small light blue ellipses. At the end of all the hard interactions, the parton
shower simulates further less energetic emissions of gluons and quarks, shown in red, as well as photons,
shown in yellow, until at some scale, the emerged partons hadronize to semi-stable hadrons. These hadrons

decay, producing sprays of particles coined jets.

Fig. 1.5: Schematic of a hadron-hadron collision indicating different parts of the simulation by color. The hard
interaction is depicted as the red blob in the center. Also shown in red, surrounding the red blob, is the
parton shower. The light green ellipses indicate the parton-to-hadron transition, followed by hadron decays
displayed in darker green and photon radiation in yellow. The purple ellipse and the attached gluons show
a potential secondary interaction, the underlying event. On a horizontal line with the incoming hadrons,
also beam remnants can be seen. This picture was taken from ref. [44].

The MC programs employed to simulate these parts are just as multifaceted as the underlying physics.
MC generators such as MadGraph5_aMC@NLO [45], or short MG5_aMC, the POWHEG-BOX [46-48], Sherpa [49,
50] and WHIZARD [51] focus on simulating the hard interaction. They receive matrix elements from in- or
external matrix element generators and perform a numerical phase-space integration based on MC strategies
to compute the total cross section of a process. Afterwards, or sometimes also during this integration, they
generate partonic events, i.e., collections of particle flavors, colors and momenta, which can be written to
disk to directly be analyzed or processed further.

The parton shower then acts on these partonic events. It performs a cascade of subsequent soft or collinear

splittings on the hard partons until they hadronize to semi-stable hadrons, which then further decay down
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to long-lived or stable particles. Although most MC programs are able to simulate both the partonic events
as well as some parton shower, most have special expertise in one of the two areas. We call the latter Shower
Monte Carlos (SMCs) to differentiate the two. The two most commonly employed SMCs are PYTHIA [52]
and HERWIG [53].

In any experiment, most of the long-lived or stable particles will finally end up being detected in one of
the many layers of modern particle detectors. For the simulated predictions to be meaningful, also this
interaction has to be simulated. Often, they also involve MC strategies, but we refer to them as detector
simulations. In this thesis, only the first two kinds of MC generators will be relevant and we will put a
strong focus on the MC generators for the hard process.

There are two complementary approaches considering these MC programs. On the one hand, there are
many programs written specifically to simulate some specific process or a subclass of processes. These are
typically less flexible and harder to use but allow spearhead calculations of the highest-order precisions. On
the other hand, there are general purpose MCs; programs whose intention is to be able to simulate a large
variety of diverse kinds of processes, often also for diverse collider setups. These programs are frequently
developed over multiple decades, growing parallel to the large-scale experiments at which they are employed
as workhorses for signal and background processes alike. Being able to simulate different kinds of processes
with the same tools comes with the advantage of significantly increased useability and comparability of
different analyses required for large-scale experiments. WHIZARD and also MG5_aMC belong to this class of
MC generators. In sec. 4, we will further elaborate on the technical details of the former, WHIZARD.
Realistic studies require the simulation of the hard process performed by one of the MC generators as
well as the parton shower and hadronization, which are taken care of by one of the SMCs programs. In a
LO simulation, both tools can be implemented rather independently and a clear interface such as the Les
Houches Interface for User Processes (LHIUP) [54, 55] can be defined to manage the communication between
the two programs. If the parton shower is to be applied to an NLO calculation, however, the two procedures
have to be more intertwined, as both the real radiation in the NLO description of the hard process and the
parton shower, add additional emissions to the process. In a naive implementation, both programs would
simulate emissions of the same energy scales, spoiling the accuracy by generating too much radiation. In
order to avoid this, parton-shower-matching schemes, algorithms to avoid this double counting, have been
invented and are widely employed. We will discuss one such matching scheme, the POWHEG matching [46, 47,

56] scheme, in great detail in sec. 3 and show applications of it in sec. 6.
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2 The FKS subtraction scheme

2 The Frixione-Kunszt-Signer subtraction scheme

After a general introduction to NLO computations and subtraction schemes, this section will focus on the
technical details of the FKS subtraction scheme as implemented in the MC event generator WHIZARD.

2.1 NLO computations and subtraction schemes
2.1.1 Counting coupling constants

First, we should clarify which terms we aim to compute. Even when computing LO cross sections, there
may be several contributions. Considering for example, the process uu — uu, there are three contributions,
ie. utt — g — uu at order O (a% o), utt — v/Z — wu at order O (a$ a?) and their interference at order
O (afal).

In general, the orders contributing to the total LO cross section reach from the highest order in the strong
coupling O (ag am) to the highest order in the EW coupling O (ag aM), where N > n, M > m with a
constant total power of couplings N +m = n + M. This series of contributions consists of alternating
dominant terms and subleading interference terms. Especially at the LHC, the size of the dominant terms
typically decreases in this order.

Fach of these contributions may receive NLO corrections of each type, NLO QCD and NLO EW. This

results in a scheme of possible contributions as shown in fig. 2.1.

LO:

QCD EW QCD EW QC’D/ EW

NLO ‘ ‘ ‘ - ‘

Fig. 2.1: Contributions to the total mixed QCD-EW NLO cross section. The LO contributions consist of an alter-
nating series of dominant Born terms and subleading interference terms. Each LO term may receive QCD
(olive) and EW (light blue) corrections connecting it to two different NLO terms. The leftmost lower blob
represents the pure QCD correction; the rightmost lower blob the pure EW correction. All inner terms
receive mixed corrections from a dominant and an adjacent subleading Born term.

As we can see, the majority of NLO terms is made up of both NLO QCD as well as NLO EW corrections to
different LO terms. To ensure a full cancellation of all the divergences, it is crucial to consider both types
of corrections simultaneously. Thus, we refer to this type of corrections as mized corrections.

There are two terms, however, for which mixed corrections are not required. It is the QCD correction to
the LO term of the highest order in ag and the EW correction to the LO term of the highest order in «.
These are the pure NLO QCD and the pure NLO EW terms, respectively.

Throughout this thesis, we will mostly focus on the pure QCD contribution to the total NLO cross section.
It is usually the dominant one as ag > «. However, many results, especially the phase-space construction,

will be entirely applicable for NLO EW and mixed corrections as well.
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2.1.2 Contributions to the cross section at next-to-leading order

In NLO computations, we aim to compute the first-order correction to the LO cross section. The LO cross

section is given by the integral of the squared LO matrix element
o0 = /]M(O) *do, . (2.1)

To obtain this simple relation, we absorb the flux factor and the § distribution forcing four-momentum
conservation in the phase-space measure d®,,.
As aforementioned in the introduction, sec. 1, the NLO cross section receives contributions? from squared

Born matrix elements, B, squared real matrix elements, R, and squared virtual matrix elements, V),

o’NLO = /B(@n) d‘bn+/R(®n+1)d¢n+l+/V(¢'n) d(I)n : (2'2)

We then construct a subtraction term, S, for the real contribution such that by virtue of the KLN theorem,

all contributions are separately finite.

oNLO — / B(®,) db,, + / (R(Bpy1) — S(@pi1)) dPpyy + / (V(@n)+( /radS(@nH)d(I)rad) d<I>n> (2.3)

finite by construction finite by KLN

This is equivalent to but more detailed than eq. (1.4). There is some freedom in the choice of the subtraction

term, which can be used to formulate different subtraction schemes.

2.1.3 Subtraction schemes

The common idea of most subtraction schemes is to subdivide the real phase space into singular regions
such that the divergences in each of these regions are simple enough to construct subtraction terms for each
of the singular regions separately.

Most subtraction schemes can be assigned to one of two classes. The first are the dipole-based subtraction
mechanisms, the most common one being Catani-Seymour (CS) subtraction [57, 58] but also antenna
subtraction [59-61] belongs to this class. The general idea of dipole subtraction schemes is to organize the
singular regions of the real phase space into dipoles, consisting of two partons originating from a splitting
and a spectator, such that each dipole corresponds to one of the n 4+ 1 particle states that are degenerate
with a given n particle Born state. They then construct a subtraction term in each region according to a
universal factorization formula. Summarized, this means that CS subtraction performs a 3 — 2 mapping
from the real to the Born phase space to organize the singular regions.

This is fundamentally different in the FKS subtraction scheme. It was initially applied to three-jet production
at a hadron collider [62] and further generalized two years later [63]. Instead, the FKS subtraction builds on
a given Born configuration constructing the singular regions of the real phase space by parametrizing just
the two particles resulting from the splitting. This corresponds to a 1 — 2 mapping from the Born to the
real phase space.

Because of the reduced number of particles characterizing a divergent phase-space region in FKS compared
to CS, there are, in general, less FKS subtraction terms to be computed, giving the FKS subtraction a
better performance scaling for processes with many potential emitters [64]. In the FKS approach, the

4In sec. 2.7.1, we will encounter a fourth contribution connected to PDFs, the DGLAP remnant. For now, we consider it to
be part of the virtual term.

10
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singular regions are distinct and independent, making it straightforwardly parallelizable. However, the
Born to real mapping of FKS requires the real phase space to be parametrized in the same coordinates
as the subtraction terms, which is a disadvantage compared to the CS approach working with any generic
phase-space parametrization.

In terms of event generation, the CS subtraction is better compatible with dipole-based showers because
of the structural similarities in the shower and the subtraction prescription. On the other hand, in the
FKS approach, the fixed Born momentum configuration simplifies the organization of subtraction terms
in generated fixed next-to-leading order (fNLO) events. It is also better suited for matching schemes like
MC@NLO [45, 56] or POWHEG [46, 47] matching for the fact that both matching algorithms also operate on the
identified singular regions which are in a one-to-one correspondence with IR singularities, which, in turn,
are at the core of the shower mechanism.

A third, less often applied subtraction scheme is the Nagy-Soper subtraction scheme [65, 66]. It is based
on splitting functions in an improved parton shower [67-69], promising to facilitate the matching to parton
showers. It scales comparable to FKS while keeping the phase-space parametrization general. However,
this comes at the cost of more complex expressions for the integrated subtraction terms. It has not been
implemented in a general purpose MC generator so far.

The CS subtraction mechanism has been implemented in Sherpa [70] while the FKS subtraction was
preferred for MG5_aMC [64] and the POWHEG-BOX [47, 48]. In WHIZARD, the FKS subtraction scheme has
been implemented in full generality over the course of several doctoral theses [71-73] and the present work.
Its implementation as well as application to a variety of processes at NLO QCD and NLO EW is also
discussed in detail in ref. [7]. For this reason, it is the FKS subtraction scheme as implemented in WHIZARD,
which we will focus on in this section, beginning with some general notational remarks and the phase-space

construction.

2.2 Notation

We will first clarify the notation used in this thesis. It is mostly adapted from refs. [47, 64, 73].
Throughout this thesis, we use natural units such that

h=c=1 . (2.4)
Furthermore, we choose the metric signature (+, —, —, —), so that the square of a four-momentum is given
by
2 2
P =0")" -0} —p, —p2=E*—(p) =m? , (2.5)

where p® = E is its energy, § its three-momentum and m its mass.
Computing NLO corrections to scattering processes, all momenta will belong to one of two phase spaces.
The Born phase space of the underlying 2 — n process is given by

6” = {E@7E9?E3?"'7En+2} ) (26)

where the indices @ and © denote the initial-state momenta parallel and anti-parallel to the beam axis along
the positive z direction. The final-state particles are numbered from 3 onwards to implicitly leave k; = kg
and ky = kg for the two initial-state particles. Here, we used barred momenta to stress their connection to
the Born phase space. In some occasions, we will instead decorate quantities of the Born process with an
index 5.

The real phase space has to include one more four-momentum for the radiated particle. Also, the emission

11
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may boost the remaining particles, so we need a different set of four-momenta for the real phase space. We
denote it as

(I)n+1 = {k@vk@7k37"' ;kn+27kn+3} ) (27)

omitting the bars this time. If we want to stress that a quantity belongs to the real phase space, we may
use an index .

The described physics will be invariant under a reordering of the final-state particles. We can thus always
assume that the radiated momentum is given by the last one in the list, i.e., k3. For final-state splittings,
we often assume that k,, 2 is the emitter’s momentum after the real splitting.

We require both sets of four-momenta to fulfill energy-momentum conservation, i.e.,

n+2 n-+3
E@ +E9 = ZEZ and k@ —+ ke = Z k,’ . (28)
=3 =3

This momentum conservation is expressed by the § distribution in the n-body phase-space element

o _ 7 _ n+27 n+2 d3E
AP, (ke ko, ks, ... kni2) = (27)* 6* k@+ke—zki H -

S (2.9)
i=3 i=3 (277)32/‘5?

in which we will additionally absorb a factor of dzp gdrp o if emissions from the initial state are possible.
If this is the case, we need to distinguish up to three different center-of-mass energies. The hadronic
center-of-mass energy is the largest one. It will be denoted by S = (Kg + Kg)? where Kg and K are the
four-momenta of the incoming hadrons beams. The partonic center-of-mass energy of the Born process will
be given by

s = (E@ + E@)Q =T aTBoS (2.10)

where x3 g are the energy fractions of the partons relative to the protons, i.e. the Bjorken-z, so that
E@ = x&@K@ . (2.11)

In case of an emission from the initial state, it is different from the partonic center-of-mass energy of the

real process, which is given by
sp = (kg + ko)? = rrerro S where kg =1rrgeKe - (2.12)

In general, it is sg > sg, which may be interpreted such that in FKS, the energy for the radiation is
"borrowed" from the incoming hadron instead of from the Born system. In the case of equality, we may

simply denote them as s. We will derive the exact relation in sec. 2.4.3.

2.3 The singular regions

As mentioned in sec. 2.1.3, the FKS subtraction mechanism follows a divide and conquer principle by
identifying and organizing divergent phase-space regions into singular regions or alpha regions (ALRs), in
such a way that in each ALR there is no more than a single pair of particles, whose momenta constitute a

soft, a collinear or both types of IR divergences. We call such a pair of partons an FKS pair.

2.3.1 The FKS pairs

Focusing on QCD corrections, there will be three types of FKS pairs [72, 73]:

12
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(¢,9) A(n anti)quark emitting a gluon produces a soft singularity for vanishing gluon energy and/or a
collinear singularity if the gluon is emitted collinear to a massless (anti)quark.

(g, q) Two massless quarks resulting from a g — ¢ splitting may give rise to a collinear singularity.
(9,9) Two gluons resulting from a g — gg splitting are possibly both collinear and soft divergent.

These pairs are exemplary for a final-state splitting when computing NLO QCD corrections. The FKS pairs
for initial-state splittings and for EW corrections follow the same rules as described in this section.

The pairs are ordered so that the second particle is always massless. If possible, it is the gluon. The
mirrored pairs, e.g., (g,¢), give rise to the same divergences but would also describe the same process as

their counterparts. We thus do not need to take them into account explicitly.

To identify these FKS pairs, we need to introduce a notation describing the flavors present in the process.

We will label the Born flavor structure with

fo ={fg fi:--} (2.13)

and equivalently, the real flavor structure fr. We will assume an ordering of the flavors in each flavor
structure. Similar to refs. [64, 72, 73], we define

ny = number of initial-state particles,

ng := number of non-strongly interacting final-state particles,

ng = index of the first strongly interacting particle,

nyg := number of strongly-interacting massive final-state particles,
ny = number of strongly-interacting massless final-state particles,
ng := total number of strongly-interacting particles,

where more specifically, ngp takes the values 1,2,3 for hadron-hadron, lepton-hadron and lepton-lepton
collisions, respectively.
Using these definitions, we can impose an ordering of the flavor structures so that each flavor structure

contains
1. the initial-state partons {fi [1<i< nI} followed by
2. all the non-QCD particles {fl Inf+1<i<n;+ n@},
3. the heavy final-state partons {fi |ny+ng+1<i<n;y+ng+ nH} and
4. lastly the light, i.e. massless, final-state partons {fl |ny+ng+ng+1<i<ny+ng+ng+ nL}.

Additionally, we sort the particles within each group so that particles and antiparticles appear pair-wise
with antiparticles first.
On the ordered real flavor structures, we can now formally define the set of FKS pairs as

Prks(fr) :{(Z,anFSZSTL[ (ISR) or ny+ng<i<nr+ng+ng+ny (FSR),
nyt+ng+tng +1<j<ny+nyg+nyg+ny, J>i,

I(®pi1) R(Pry1, fr) — 00 if E; — 0 andjor K || Ej} . (2.14)

In each FKS pair, we call particle i the emitter and j the radiated particle. The FKS pairs as defined by
eq. (2.14) make sure that the radiated particle is always massless, f% comes after f% in the flavor structure

13
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and we do not double count the symmetric pairs, (4, j) and (j, ).

In eq. (2.14) we have also silently introduced the Jet measurement function J. It is present to ensure the
finiteness of the Born-like partonic short distance cross section. This is necessary as the FKS subtraction
mechanism will only deal with phase-space divergences arising from the real splitting. The most common
method to restrict the n-body phase space to IR finite regions only, is to apply an IR safe jet-clustering
algorithm and require at least ny, well-defined reconstructed jets. We will further elaborate on this condition

when discussing the Born contribution in sec. 2.5.

At this point, we want to emphasize that the indices in the FKS pair always refer to the real flavor structure
fr, which contains the ezternal legs of the process. This means that the FKS pairs describing flavor-changing
splittings depicted in fig. 2.2a and fig. 2.2b will be (g,q) and (g, ¢) respectively. In this case, the "emitter"
will somewhat unintuitively have a different flavor than the splitting particle that was part of the Born flavor

structure.

Y
S

q

(a) Initial-state splitting gg + ¢ (b) Final-state splitting g — ¢g

Fig. 2.2: Exemplary flavor-changing splittings.

As a practical example of the labeling defined in this section, tab. 1 shows all the ALRs for the process
ete™ — jjj as generated by WHIZARD. Restricted to just two light quark flavors, this process has only two
different Born flavor structures fz labeled by iz. With three light QCD particles in the Born process, there
are three possible final-state emitters 3,4 and 5. Each emitter may radiate a gluon. Additionally, the Born
gluon may split into one of both allowed flavors. This makes 5 different singular regions per underlying Born
flavor structure; 10 singular regions in total.

For example, in ALR 1, a gluon present in the Born process splits into two quarks matching the flavor of
the two existing quarks. The matrix element will be invariant under a reordering of the final-state particles.
We thus need to take into account all possible (¢,q) pairs in Prks.

Considering ALRs 2 — 4, we see that we keep apart these three ALRs although they have the same flavor
structures. The only difference is the associated emitter. The reason is that different emitters will lead
to different real phase-space points (PSPs) even for the same set of Born momenta, as we will see in
sec. 2.3.2. On the other hand, regions sharing the same emitter index will also share the same phase-space
parametrization.

Also regions 5 and 6 are instructive. A gluon splitting connects the Born and the real process in both regions.
Although only a single gluon is present in the Born flavor structure, two (¢,g) FKS pairs must be considered.
The reason is again that the real matrix element does not know about any specific emitter and will thus
diverge if either pair of same-flavored quarks become collinear to each other. Due to the different ordering
of the flavors in the real flavor structure, both ALRs are assigned the same emitter ID em, which, however,
refers to different quark flavors.

Taking into account all relevant FKS pairs is crucial for a subdivision of the real phase space in such a way

14
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that only a single soft and/or collinear divergence remains in each region and no specific region of the phase
space is double counted by the phase-space integration. This includes correctly defining all the FKS pairs,
especially also taking into account FKS pairs not fitting the same but a different ALR’s underlying Born
flavor structure as in ALR 5 and 6 in tab. 1.

Q. Ir ir | em | mul Prks /B iB
1| 111,222 21| 1 | 5 | 4 {(3,4), (3,6), (4,5), (5,6)} 11,-11,2,2,21] | 1
2 | M1-11,222121) | 2 | 3 | 2 | {(3,5),(3,6), (4, ) (4,6),(5,6)} | [11,-11,2.2,21] | 1
3| [1-11,2,22121) | 2 | 4 | 2 | {(3,5),(3,6),(4,5),(4,6),(5,6)} | [11,-11,-2,2,21] | 1
4| 1111222121 | 2 | 5 | 1 | {(3,5),(3,6),(4,5),(4,6),(5,6)} | [11,-11,-2,2,21] | 1
5 | 1111221, 1] | 3 | 5 | 1 {(3,4), (5,6)} [11,-11,2,2,21] | 1
6 | 11-11-1,1,-2, 2] | 4 | 5 | 1 {(3,4),(5,6)} [11,-11-1,1,21] | 2
7| A1-11-1,1,-1, 1) | 5 | 5 | 4 ((3,4),(3,6), (4,5),(5,6)} | [11-11-1,1,21] | 2
8 | [11,11,-1,1,21.21) | 6 | 3 | 2 | {(3,5),(3,6),(4,5),(4,6),(5,6)} | [11,-11,-1,1,21] | 2
9 | [11,11,-1,1,21.21) | 6 | 4 | 2 | {(3,5),(3,6),(4,5),(4,6),(5,6)} | [11,-11,-1,1,21] | 2
10 | 11,-11,-1,1,21,21] | 6 | 5 | 1 | {(3,5),(3,6),(4,5),(4,6),(5,6)} | [11,-11-1,1,21] | 2

Tab. 1: FKS table for the process e"e™ — jjj restricted to j € {d,d,u, @, g}. The index a, labels the ALRs, fs
and fr are the Born and the real flavor structure given in terms of PDG IDs [74] labeled by iz and ir,
respectively. Prks denotes the ALRs set of possible FKS pairs. The index em refers to the real flavor
structure defining the emitter relevant in this ALR, while mul is a multiplicity factor counting the number
of equivalent and thus omitted regions.

2.3.2 Parametrization of the radiation phase-space

The subtraction of divergences in the FKS scheme will be implemented individually per ALR. To construct
subtraction terms, we need a mapping between the n-body Born phase space ®,, and the n + 1-body real
phase space ®,,11. One characteristic of the FKS scheme is the Born-to-real mapping, meaning that the
real phase space will be constructed based on a Born phase space and a generated radiation phase space

®,.q4 in a factorized approach such that
o) = d,, do'oy) (2.15)

in each ALR labeled by «,.. We will discuss this phase-space construction in the following subsections.
The inverse mapping from the real phase space to the Born phase space is straightforward. Given the real
flavor structure, the FKS pair and the real kinematics, i.e., the set of real momenta, we can map the real
phase space to the underlying Born phase space by replacing the FKS pair with a single particle. In the
case of a singular region with a soft divergence, we can simply delete the particle becoming soft. In the case
of a singular region with a collinear divergence and final-state radiation (FSR), the substituting particle will
carry the sum of the FKS pair’s momenta. For collinear divergences in ISR, we remove both the radiated
parton and the emitter so that only the momentum fraction of the parton after the radiation remains [64,
73]. In all three cases, momentum conservation is ensured.

After determining the set of momenta, the inserted particle’s flavor can be determined from the existing
vertices. With a subsequent relabeling of the momenta according to the procedure described close to
eq. (2.13), we can determine d®,,. This mapping is unique given the real kinematics, flavors and the FKS
pair. The same is not true for the opposite mapping, as the real phase space features three degrees of

freedom more than the underlying Born phase space.
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We parametrize the radiation phase space in the three FKS variables (£,y, ¢) such that
dofo) = 7 (&, y. ¢) dedydo (2.16)

where J is the Jacobian (determinant) for this parametrization. We will deduce it for three different cases
in sec. 2.4. If not explicitly specified by their indices, they always refer to the FKS pair (¢, ) in Prpks where
i coincides with the ALR’s emitter, i.e.

Yij for FSR
§=¢§ , Y= and ¢=¢; . (2.17)
y; for ISR
They parametrize
e the energy of the radiated particle
_ 2E;

N (2.18)

rescaled to half the available total energy r For FSR off a massless emitter, it is limited by the
total energy of the emitting particle before the splitting such that

%,
NE

where we find £,.x = 1 only if the recoil system is massless, as in, e.g., eTe™ — ¢q.

0 <& <&max =

<1 . (2.19)

The upper energy limit will be more complicated for massive emitters and ISR. We will derive them
explicitly in secs. 2.4.2 and 2.4.3.

e the polar separation of the radiated particle with respect to the emitter direction after the emission,
in case of FSR, or the beam axis in positive z direction, in case of ISR, in form of a cosine such that

ot

cos(b; ;) = “;7 for FSR

for ISR

(-1,1)>y:= (2.20)

4 &

J
"
k;

il
&
ol

cos(fg,;) =

=

This implies that for ISR, the sampled phase-space points will be independent of the emitter reducing
the number of different PSPs to compute. Again, we refer the derivation for massive emitters to
sec. 2.4.2.

e the azimuthal angle between the radiated particle and the same reference direction as in the definition
of y
¢ € (0,2m) . (2.21)

Although it is one of the three FKS parameters, ¢ will not play an important role, as for incoming beams
along the z axis, we can always assume ¢ = 0 and rotate the phase-space point by an angle ¢ at the end.

The divergence structure instead manifests in £ and y. For £ — 0, the energy of the radiation vanishes, re-
sulting in a soft divergence, while for y — 1 the angle between the emitter and the radiated particle vanishes,
leading to a collinear divergence. For ISR, we additionally have to take into account that both initial-state

partons are separated by exactly 180° in the polar angle®. This implies that an emission anti-collinear to

5In reality, initial-state partons may have intrinsic transverse momentum, violating this statement. In simulations, however,
this effect is only added at a later stage, often by the SMC.
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2 The FKS subtraction scheme 2.3 The singular regions

one initial-state parton is collinear to the other. We thus have to take into account both collinear limits,

y — £1 for emissions from the initial state to describe all collinear divergences.

Technically, we use the same set of FKS parameters (&, y, ¢) for all ALRs. Due to the fact that the meaning
of y depends on the emitter direction, this set of parameters does not refer to geometrically identical PSPs
for every single set of parameters. However, as the MC integration covers the whole fiducial phase space,
they are merely mirrored mappings of the same total real phase space so that in the end, the terms of all

ALRs will be integrated over the same total real phase space®.

2.3.3 The S functions

General requirements

At this point, we have introduced particle labels to identify pairs of particles responsible for divergent regions
of the real phase space. We also chose a parametrization so that a region is collinear divergent if y — +1 and
soft divergent if & — 0. Consequently, the next step in the FKS approach is to define a set of functions able
to subdivide the real phase space in such a way that in each ALR, a single collinear and/or soft divergent
region remains. In the FKS literature [47, 62, 64, 72, 73], they are in general called S functions, S;:".

The S functions will be weights between 0 and 1 defined for each FKS pair (i, j) € Ppjg in each ALR across
the entire phase space reducing the contributions from PSPs in which a pair other than (¢, j) become soft

or collinear. Effectively, we can absorb these weights into the real matrix element
Rij =S5 R (2.22)

where ¢ is the emitter of the ALR «,. allowing to directly integrate the product of both over the phase space.
For ease of notation, we keep the dependence of S and R on fg and @, implicit.

There is some freedom in the choice of the S functions. In the original FKS publication [62] they were
defined as a product of Heaviside step functions so that S%T € {0, 1}, effectively slicing the phase space into
disjunct regions. It was later recognized [75] that smooth functions improve the numerical behavior.

There are some general conditions these functions must fulfill. Following ref. [47], we obviously require that

the S functions are a partition of unity”,
> Ry=R = > oSy = (2.23)
(4,3)EPpLs (:,)€Ppks

at each PSP in ®,,4.
Also, only a single divergence should remain in each ALR. We achieve this by requiring that they vanish in

regions where any other FKS pair becomes collinear or soft, i.e.

lim S%r =0 VPpig > (k1) # (i,j) and my =0 (2.24)
ki ||k

as well as Elim0 Sy =0 Vk¢{ij}l fE e {g. A (k) € Poyg (2.25)
k>

6This is true if we consider pure NLO QCD or NLO EW corrections. When computing mixed corrections, however, some
ALRs will feature the radiation of a QCD parton while others will feature photon radiation. In this case, if jet clustering as
well as photon recombination (c.f. sec. 2.5) are applied, even the total phase spaces may be different.

7 It is important here that the S functions sum up to unity if summed over (i, j) in a single fixed ALR ., not if summed
over all ALRs as different ALRs are not always evaluated at the same real PSPs as mentioned earlier. We will come back to
this in sec. 5.1.
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2 The FKS subtraction scheme 2.3 The singular regions

taking values between 0 and 1 anywhere else.

On the other hand, in regions where the particles ¢« and j become collinear, we require

2B (i, 5) € Pors | (fis f2) = (g,9) if np <i,j

lim Sfr = hyj = BtE (2.26)
killk; 1 else
We need to special case ( f}a, ffz) = (g,g) as in these regions, also a soft emitter would give rise to a

divergence. We already desymmetrized Prks in eq. (2.27) to avoid counting this region twice. To these
regions, we apply the so-called double FSR factor [48] h;;. This removes the divergence for a soft gluon at
position ¢ compensating the left out half of the phase space by a factor of 2 for the rest.

In regions where the particles ¢ and j become soft, we require
Jlim S5 =i VP > () €9} (2.27)
;—0
where the ¢;; € R are constrained by

0<ecy; <1 and doai=1 . (2.28)
(i,j)elpl‘:&s

It is not always c;; = 1 because a single radiated soft gluon may constitute a soft divergent FKS pair with

more than a single emitter.

Explicit choice of S functions

Explicitly, we implemented S functions recommended by refs. [47, 64] as

Sor = (2.29)

'Ddij

with normalization

hi
D= ) o (2.30)

(k,l)EPrks

and phase-space weights for FSR

2
. EZEJ mL—>0 E,E]

such that
dij =0 iff E;=0 Vv E;=0 V klk . (2.32)

This choice fulfills all conditions imposed in the previous subsection. Additionally, if the radiated particle
becomes soft, the d;; correspond to the square of the transverse momentum kr. A phase-space subdivision
based on kr will prove to be beneficial for implementing a kp-based matching to a kp-ordered parton
shower [47] like the POWHEG-matching algorithm which we will discuss in sec. 3.
To describe ISR, we do not have to consider vanishing emitter energies. Therefore, we can assume F; > I
to define

dij :=2E(1+ (=1)'y;) for ie{1,2} . (2.33)
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2 The FKS subtraction scheme 2.4 The real phase-space construction

We remember from the definition of y in eq. (2.20) that y is independent of the emitter in case of ISR which
means that the same PSPs are sampled in regions with emitter 1 and emitter 2. So if there are two ALRs
with emitter 1 and emitter 2 and the same flavor structures, it is possible to merge both regions into a single
one which we will assign emitter 0 to remember that they have been merged. Specifically, this is possible
if a gluon is radiated and both initial-state partons are color charged or if a photon is radiated and both
initial-state partons are electrically charged. For the ALRs with emitter 0, we define

1
doj = ——— =Fj(1-vyj) (2.34)

The S functions in the soft limit
The S functions we have defined so far may become ill-defined in the soft limit. We can see this by rewriting
the reciprocal of eq. (2.29) to

o) 7t dij dij hy; dij hi
(s7) =pyt=1+ > o2+ ot his (2:35)
J k| (kj)€Prrs 0 Y (k1)EPrks J
ki 1]

and examining the second term. It contains the ratio of phase-space weights for different emitters radiating
the same particle at position j. In the soft limit, E; — 0, the ratio of the h factors becomes constant and

both d;; and dj; approach zero. However, computing the limit analytically using eq. (2.31) for FSR we find

2(k; - k:)E;E? (Ej, + E;)?
(ki - k) E:E3 (B + Ey) _z(’f (2.36)

- _ i ']%j)Ek
E;—=0 dpy E;j=0 Q(kk : ];‘])EkEJQ (El + Ej)2 (k‘k : ];‘]

Here we split k; = E; l;:j such that Izzj is a unit vector in the direction of the radiated particle, which, according

to our definition of Prkg in eq. (2.14), is massless. So we can instead define
soft . )
L (2.37)

for the soft limit without altering the ratio in eq. (2.29). Moreover, a soft emission also leaves the emitter

momentum unchanged. We can thus implement eq. (2.37) using the Born momenta k;.

We can derive a similarly simplified form of the phase-space weights in the case of ISR by using d;; as defined

in eq. (2.33) and eq. (2.34) instead of eq. (2.31). In this case, we arrive at

a9 =2(1+ (—1)'y;) for i€ {1,2}
At i=1—1y7 for i=0 . (2.38)

2.4 The real phase-space construction

In sec. 2.3.2, we stated that we construct the real (n+1)-body phase space in a factorized approach according
to eq. (2.15). However, we still need to derive the explicit construction.

In this discussion, we will assume the Born phase space ®,, to be given as a regular n-body phase space by the
MC event generator. The remaining task is to construct the radiation phase-space element d®,,q given by
eq. (2.16) in such a way that the divergent regions are explicit. Having already defined the FKS parameters

(&, y,¢) for the simple cases, we have to determine the Jacobian for this phase-space parametrization.
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2 The FKS subtraction scheme 2.4 The real phase-space construction

We divide three different cases

1. massless FSR emitters,
2. massive FSR emitters,

3. massless ISR emitters.

The fourth possibility, massive ISR emitters, may be relevant when describing, e.g., muon colliders [1]. In
this thesis, the initial-state partons will always be massless. We refer to ref. [76] for the construction of the
phase space in this case.

For the derivations, we follow ref. [47] in both cases of massless emitters. The case of massive emitters in
the final state has been derived in ref. [77] on the example of NLO EW corrections to single-W production
but is applicable to general NLO corrections as the phase-space construction is independent of the flavor
structures. This also implies that the discussion here will cover the kinematic constructions to compute
NLO EW corrections as well. In the framework of the WHIZARD MC generator, all three cases have also been
mentioned in refs. [72, 73] and are reviewed in detail in ref. [7].

We will discuss the phase-space generation for a fixed generic ALR. As before, the radiated particle is the last
in the real flavor structure. Furthermore, to simplify the notation, especially when summing up momenta
throughout this subsection, we assume, without loss of generality, that the emitter is directly before the
radiated particle in the ordering, such that for FSR the momenta of the emitter and the radiated particle
are given by k,42 and k, 43 respectively.

2.4.1 Radiation off a massless final-state emitter

We will start by sampling the FKS variables, then construct the real phase space and afterwards compute

the Jacobian determining d®,,q.

Sampling the FKS variables

The radiation phase space has three degrees of freedom that we choose to parametrize using (£, y, ¢) in sec. 2.2.
However, the actual MC integration will always cover the unit hypercube, so we first need to determine the
FKS variables (§,y, ¢) from the underlying sampled random numbers r¢, 7y, 74 € (0,1), respectively.

We determine ¢ using a rescaled

g = g/gmax = gmin + Tf(l - gmin) = ‘75 = fmax(l - fmin) ’ (239)

where {max is the upper bound given by eq. (2.19) and &,y is the lower bound. We typically choose a tiny
but non-zero value for &, just to prevent numerical instabilities. It can be adjusted with the parameter
fks_xi_min. Its default value is &y = 1077,

y is sampled using

3
y=1-2r, followed by y 3<y — y3> = Jy= 3(1 — yz) . (2.40)

Here, the reassignment of y performs an importance sampling favoring (anti-)collinear values.

Finally, ¢ is trivially sampled according to

¢ = 27T7’¢ — ,_7¢ =27 . (241)
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2 The FKS subtraction scheme 2.4 The real phase-space construction

This variable transformation in total requires an additional Jacobian factor
\7rand = \75 jy jqb (242)

to be taken into account.
Having sampled the FKS variables, we can continue to construct the phase space.

Phase-space construction
Continuing the discussion we started in sec. 2.2, we notice that for FSR, the initial-state momenta are

unaffected by the additional radiation,
IR® = TB,D - k@ = E@ ) (2.43)

so that the center-of-mass (CM) frame will be the same in both systems allowing us to work in this frame.
Extending eq. (2.8) we require four-momentum conservation between the Born and the real particle set such
that

n+2 n+3
=3 =3

where we also defined ¢ as the system’s four-momentum, which in the CM frame explicitly reads
=5 and ¢=0 . (2.45)

For the subsequent discussion, dividing the momenta into two sets will prove helpful. We will refer to the
momenta {k,12,knt3} as the emitter-radiated system while the remaining momenta {ks, ..., k,4+1} form
the recoil system. In the construction of the (n+ 1)-body phase space, we impose a conservation of the recoil

system’s invariant mass,

n+1 2 n+17 2 s
M2 =k2 = ( > k) = ( > ki> = ke - (2.46)
=3 =3

Imposing the same invariant mass implies that the two sets of recoiling momenta are related by a Lorentz-
boost A along the common recoil direction, i.e., the direction of the emitter before radiation in the Born
system, in such a way that the difference between the initial-state momenta and the recoiling system is
light-like, i.e.

(4= Akec)® =0 . (2.47)

For a generic Lorentz boost, this implies the condition
0 kO Blkrec| = 8K k, 2.48
q VFRrec =7 | reC| VBkrec + V|krec] (2.48)
which we can solve for ¢¥, square and rearrange again to find that the boost velocity is given by

27 ko + El‘ 2
g C e lhrecl) (2.49)

q2+(k9ec + |EreC‘)2

Defining the four-momentum for the emitter-radiated system

—

k= knyo+ knis = ¢ — krec  s0 that k= —Kree (2.50)
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2 The FKS subtraction scheme 2.4 The real phase-space construction

we find that
>0 = k> k| = ke - (2.51)

Together with ¢° = k° + k% . from eq. (2.44), we conclude that f3 is positive and smaller than 1, so this boost
always exists.
Using the boost, we can explicitly formulate the relations

E; = Ak; Vie{3,...,n+1} (2.52)
and  knio = q — Akyec (2.53)

between the sets of Born and real momenta such that by construction, the momentum conservation imposed
in eq. (2.44) holds.
From our definition of £, eq. (2.18), we can quickly determine the radiated energy to be given by

- S
Buss = sl = €27 (2.54)

To determine the energy of the emitter in the real phase space, we reformulate the energy-momentum

conservation from eq. (2.44) to

" = Erec + Enio+ Engs = |E|2 + Mg + |En+2| + |En+3| ) (2.55)
where we used the definition in eq. (2.50) from which we also get
B2 = |knsal? + Kngs]? + 20kns2l Enis|y (2.56)

using the definition of y (c.f. eq. (2.20)). From eqgs. (2.46), (2.47) and (2.53) we find for the recoil mass

Mrzec = k?ec = (Akr06)2 = (q - kn+2)2 . (257)

Together with the condition that the radiated energy is less than the emitter energy before the emission,
which we can derive from eq. (2.57),
q2 _ M2

(2.58)

EnJrS S ‘En+2‘ = 2(]0 5

we find only one solution for the emitter energy:

. 2 M2 ) 0 En
Epyo = |knio| = - ¢ lfont3| (2.59)
2(¢° = [kn3l(1 — 1))
From eq. (2.58) and eq. (2.57) we can also derive the upper limit
- M2, 2.,
gl - T g (2.60)

which we already stated in eq. (2.19).
After that, we construct the angles and thus the vectors En+2 and En+3 such that their sum k = En+2 + En+3
is parallel to the emitter direction before the emission, k,,;2, and the azimuth between lZnJrg and k is @.
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2 The FKS subtraction scheme 2.4 The real phase-space construction

Together, they determine the four-momentum k according to eq. (2.50) which also allows us to compute kyec.
Using kyec we can compute the boost velocity 8 by eq. (2.49). This, in turn, makes it possible to compute
all real momenta of the recoil system’s constituents by inverting eq. (2.52). This concludes the phase-space

parametrization up to the Jacobians.
Determining the Jacobian

In order to express the radiation phase space in terms of the FKS variables, we need to determine the
Jacobian of this transformation. We start with the (n + 1)-body phase-space element in analogy to eq. (2.9),

i\ mal e
d®y41 = <q - Z ki ) H Fi(2m)?

n+1 3 n+1 3
Bkpys d3k d3k;
—k— k; 2.61
= (2m)*6 (q Z >2En+3 (2m)3 2En42(2m)3 14 2E;(2m)? ’ (261)

using k instead of k, 12 as integration variable. We now want to determine the Jacobian J according to
eq. (2.15) and eq. (2.16), i.e., such that

n+2 n+2 d3E1
APy 41 = [«7(579’ )dfdyfw} q- Z g T 3F, 2np | (2.62)
i=3 i

repeating eq. (2.9), by equating these two expressions.

Now, we make a few observations:

e By construction, k is parallel to En+2 which implies
Bk = d|F2dF| and  d*Fnis = dQa|knso|?d[Fnse] (2.63)

allowing us to cancel the solid angle measures d{2s.

e The first n — 1 momenta are connected by just a Lorentz boost (c.f. eq. (2.52)). Furthermore, using
eq. (2.53) we find ¢ — k, 12 = A(q — k) so these terms are also connected by just a boost.
Now the phase-space elements and four-dimensional delta distributions in eqs. (2.61) and (2.62) are

Lorentz invariant implying

n+1 n+1 d?’k e _ n+17 n+1 d?’E
—k— k —_ 2m)* 6 — kpqo — k; _ . 2.64
e Using the definition of the FKS variables, the phase-space measure for spherical coordinates and
7d|kd"§+3‘ = % we can infer
d3kn+3 _ q2
2En+3(27r>3 B (477)3

¢ dédeos(v)dp (2.65)

—

where we defined v as the angle between En+3 and k or, equivalently, k,,.

Putting the above three points together, we find that the Jacobian has to fulfill

2 L2
¢ ooy H2UE
En+2

(47)3 =T [kp+o| dy dlknsa| (2.66)
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2 The FKS subtraction scheme 2.4 The real phase-space construction

To solve this further we thus have to express (y, @HQD in terms of (cos(t), |l¥|) for a fixed value of £. We
can achieve this by squaring k4o and k (c.f. eq. (2.56)), remembering the upper limit of the radiated energy,
eq. (2.58), and expanding M2 = (¢ — kni2 — kni3)? to get the relations

rec

R = Rngal? = [Fnss]?
2 |knv2 [kl

q2 _ M2

r - N 2 o
27(106(: and Mr2ec = (qO - |kn+3| - |kn+2‘) - k2 . (267)

k2 =k + k25 — 2|k |kngs| cos(y) :
‘En+2| =

Using these to compute the partial derivatives, we can compute the determinant

M Oy |E|2 . K2
det [ 2l okl | = <|kn+2| - 0) . (2.68)
Olkn2] dy |kn+2‘3 2q
dcos(yp)  Ocos(v)
We define
K% = 2lkni2| ks (1 —y) (2.69)
to finally conclude from eq. (2.66)
¢*¢ |En+2‘2 7 K2\
J=+——3—= |knt2| — — so that d®raq = T dédydep . (2.70)
(47)° [ io 2¢°

The Jacobian in the soft limit
We will also need the Jacobian in the limit of a soft or a collinear emission, so we will quickly derive it here.

In the soft limit, no energy is radiated so that

Fnssl = Enis =0 = £—=0 and [Fnso| = [Knso| - (2.71)

This leads to
a*¢ 2.72
Tsoft = W (2.72)

The Jacobian in the collinear limit

In the collinear limit, we find similarly

. ¢ — M2 . o e
y—1 = r£—>0 and lm |kpi2|=—5"5 — [knts| = [kns2| =€, (2.73)
y—1 q 2
so that the Jacobian is given by
2 0
g€ q°¢
jcoll = 3 <]- ] ) . (274)
(4m) 2K s

Example: The Jacobian for eTe™ — ¢g

Exemplary, we also want to discuss the specific form of the Jacobian for a 2 — 2 process such as eTe™ — ¢q.
In such a process, both particles are back-to-back and take an equal share of the available energy. As one
particle recoils against the other, the recoil system will be massless, i.e., My, = 0. So we find, based on
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2 The FKS subtraction scheme 2.4 The real phase-space construction

eqs. (2.58), (2.18) and eq. (2.59)

- 0 0
I q T q
[kntel = 5 [kntsl = € (2.75)
- 2 M2, — 2¢Ok, 01—
|kn+2| _ q - ei q | n+3| _ % - 5 (276)
2¢° — 2|kp43/(1 —y) 1-501-y)
With these, the Jacobian given by eq. (2.70) simplifies to
2
q €1-¢)
7 (2.77)
(A 1= £ - )P

2.4.2 Radiation off a massive final-state emitter

Sampling the FKS variables
In the case of a massive emitter, we will sample ¢ as usual and £ as in the massless case according to

eq. (2.39). However, we choose to parametrize y according to

]. ]- - ﬂem . m2
= 1—(1+ Bem)exp|rylo { } with Bem = /1 — —— 2.78
! ﬁem( ( Jon) p[y ’ 1+ fem ]) Ei+2 | :
so that we will use 1_g 148
— PemlY + em
Ty = lo { } 2.79
Y Bem 8 1- Bem ( )

as the Jacobian factor instead of the one given in eq. (2.40).

Phase-space construction

To a large extent, the phase-space construction for the emission of a massless particle from a massive emitter
is equivalent to the massless case we just discussed in sec. 2.4.1. However, due to the emitter with mass
m > 0, the kinematic bounds and the construction of the emitter momentum after the emission, k2, have
to be adjusted.

We will again work in the CM frame of both systems and define the recoil system according to eq. (2.46).
Thus, we find

2 2 2
- 2 =2 — = +m* — M,
MI?CC = [q - k"+2] = q2 + kn+2 —2 qO En+2 ~ En+2 = q2—qorec
2 2 2
- 92 —2 — — —m*+ M
m2 = [q - krcc] = q2 + krcc - 2q0Ercc < Ercc = qQ—qOrec (280)

for the energies of the emitter and the recoil system in the Born phase space, respectively.
The construction of the four-momenta in the emitter-radiated system {k, 2, k,13} is more involved. It is
based on the observation [77] that the energies E,, 2, E,t3 and e fill a convex Dalitz domain [78, 79]. Tt

is thus possible to choose the parametrization

En+2 = En+2 —z En+3 ; (281)

where z is the slope of the Dalitz plot.

For each value of z, there is a maximum value of E,, ;3 such that the point lies within the Dalitz domain.
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All points fulfilling
|kn+3| £ [knta| & |Krec| = 0 (2.82)

for at least one combination of signs are at the domain’s boundary. We can now isolate |k;cc|, square, isolate

2|En+3\|l%'n+2| and square again to get rid of the ambiguous signs and arrive at
(Fural” + [Bnsal® = [Rrec®)” = 4 [Bnsal* Rural” . (2.83)
Using eqs. (2.80), (2.81) as well as
rec

> > 2
kiio=FE.,,—m* and k. =(q"— Enj2— Enys) — M. (2.84)

we can transform eq. (2.83) equation into
4Ky y3]? (2 knssl ¢°2(1 = 2) + ¢°22 — 2¢°2Frec + Mfec> =0 . (2.85)

Solving this quadratic equation for |En+3| = E,+3 yields the boundaries of the radiated energy

2q0|Erec\z —¢?22 — M?

0< Eps< e 2.86
= s = 2¢°z(1 — 2) (2:86)

from which we can immediately determine the maximum of ¢ to be given by

2¢° Erec 2z —q%2% — MECC
Emax = | |2 . (2.87)
¢?z(1—2)

There are two values of z for which the allowed maximum of the radiated energy vanishes

=0
rec

+ Efec - Mrzec

qo

21/2 = (288)
These are the boundaries of the allowed z values so that z € [22, 21]. We can use this to parametrize z using

y according to
1+y

2
so that we can use z instead of y as third FKS variable to parametrize the radiation phase space ®,,q.
With egs. (2.81), (2.87) and (2.89), we have all the ingredients to compute the momenta of the emitter-

radiated system from given values of (£, vy, ¢) using an angular construction similar to the massless case.

z = ZQ_(ZQ — zl) (2.89)

Finally, we can determine the momenta of the recoil system ks, ..., k,41 via boosting the Born momenta

Es, ..., kns1 parallel to —kree = K as in eq. (2.52) using an inverse boost A~1(3) with [72]

1-— a2 o Erec + |];/:rec|

=— = 2.
1 + 042 Erec - |krec| ( 90)

concluding this phase-space construction up to the Jacobian.

Determining the Jacobian

To determine the Jacobian, we will again compare the full phase-space element of the (n + 1)-body phase
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space with one factorized as (n ® 1)-body phase space
AP, 1 = JdE, 13dE, o d¢dd, (2.91)

similar to egs. (2.61) and (2.62) for the massless case. We will factorize both phase spaces further by
separating the phase space of the recoil system. For the real phase space, the remainder is a 3-body phase
space with the emitter, the radiated particle and the recoil system d®,e. such that

d®,41 = dP3dP. with

o — M2, ks ko e
57 21 2B, 3(27)3 2E, 15 (27)3 2Erec (27)

5 (2m)* 6*(q — knys — kng2 — Frec) - (2.92)

In the Born phase space, just a 2-body phase space of k,, 1o and ke, remains such that we can write

2
d@n — erec _ _
21 2F,42(27)3 2F e (2m)3

d3En d?’Erec - - —
= (277)454(q - kn+2 - krec) d(I)rec . (293)

We again make a few observations:

e The two recoil phase spaces ®,¢c and ... are connected by a Lorentz boost such that their phase-space

elements are identical and can be canceled on both sides.

e We can simplify the real 3-body phase-space element by integrating out the recoil momentum d>k;ec

and then using the Dalitz variables E, 3 and E,, ;2 to find

AP, = d®kpys d3kp o (21) 6((q = Fnys — knio)? — M2,)
’ 2En+3 (271-)3 2En+2 (277)3 q n+3 n+2 rec
<,
— ﬁkm&-?u kn+2 dEn+3 dEn-{-Q dCOS(@) do (271') 6(((] — k-n+2 _ kn+2)2 - Mr2ec) (2.94)

In the next step, we can rewrite the argument of the § distribution according to
(q_kn+3_kn+2)2_Mr2ec = q2+m2_Mr26C_2qo (EntstEnt2)+2E, 13, 10+2c08(0)kny3kni2 (2.95)

to execute the polar integral, which yields

P a9
- AB, 3By 0dd = — " dE, 5By o dé 2.
8(271')5 +3 +2 ¢ ] +3 +2 ¢) ( 96)

d®s @)

where we chose to denote just {2 as the angular orientation can be chosen relative to any of the three
bodies.

e Repeating the analogous steps, we can also get rid of the § distribution in the Born phase-space element

finding
&F Poee . &F, _ i 2k,
- +2 - (277)454(q7kn+2*krcc) - +2 ot 6((q*kn+2)27Mr2cc) _ - ‘ +2‘
2 140(2m)3 2B 00 (217)3 2F 42(27)3 8(2m2 ¢
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2 The FKS subtraction scheme 2.4 The real phase-space construction

We can use these observations to simplify the phase-space elements of eq. (2.92) and (2.93). Plugging them
together into eq. (2.91) and canceling all the common factors, we find that the Jacobian has to fulfill

1 2Rl
P f— 2.97
err =@ (297)
so that we can conclude
~ qO 1 ~
J = = with d®raq = J dE43dE,10dp . (2.98)

3 =
(27)° 2R sl

We now perform one more transformation to the actual FKS variables in the massive case using eqs. (2.18)
and (2.81) for the derivatives of E,, 13 and E, 2, respectively, to finally determine the Jacobian

q2 En+3
J = with d®paq = Jdédzde . (2.99)

3 =
(27)% 4]

2.4.3 Radiation off a massless initial-state emitter

Phase-space construction

For initial-state emissions, we always assume here that the emitter is massless. We can thus use the same
forumlae to sample the FKS variables (£,y,¢) that we used in the case of FSR emissions off a massless
emitter in sec. 2.4.1.

The phase-space construction, however, has some notable differences. Most notably, as already mentioned
in sec. 2.2, the CM of the Born and the real momenta will differ. Consequently, the center-of-mass energies
of the Born and the real system will be different, i.e., sg > sg. We choose to work in the real CM frame,
such that (rr,eKs + 1r,.6Ks) = (1/3,0).

Following ref. [47], we parametrize the radiated momentum as

knts = @f <1,sin(0) sin(¢), sin(6) cos(¢),cos(9)) . (2.100)

with y = cos(f) as usual in the case of a massless emitter.

We use k13 to define
n+2

ktot = Z kl = "Eﬁw@K@ + fERyeK@ — kn+3 (2101)
i=3
as the total momentum available after the initial-state radiation.

For the Born system, we can similarly define the total momentum of the partonic system

n+2

ot =Y ki =g aKe +280Ks (2.102)
=3

Next, we want to determine the boost that connects both systems. We define it in such a way that both kit
and ko, have the same invariant mass and rapidity. This is achieved by concatenating three different boosts.

The first boost, A, boosts into a system with zero longitudinal momentum, i.e., such that the rapidity of
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both Apkgot and Ap ki vanishes. This is achieved with a boost velocity of [72]

;T Fotk
fi= i fotho

ktot Eg} + E(é

(2.103)

Secondly, we apply a transversal boost Ap such that the transversal momentum of the system ArAp ko

vanishes. The boost velocity, in this case, is given by [72]

1
Br=——— (2.104)
A / 1 + kQSB
T,n+3
Finally, we restore the original rapidity by applying the inverse longitudinal boost AZI.
Summarizing, the two systems are connected by the boosts
kot = AL ATALkor (2.105)

which implies that we can construct the remaining (n — 1) real momenta using the inverse operation
ki=A;'AL ALK for i€ {3,....n+2} . (2.106)

Based on the above construction, we can also determine the relation of the Bjorken-x values of both systems.

First of all, we observe that the invariant mass of k. is given by

\/S
kt20t = (ZL'Ry@K@+"ER,@K@)2+I€72H_372 kn+3~($n7@K@+$R7@K@) = 8R+072\/8RTR = 873(175) (2107)

and for its rapidity, we find

1 kg + Kot 2-€§(1+y)
y(kto zln[wt;’ =In|/>—Fr— 2.108
( ' t) 2 kgot - ktot 2- 5(1 - y) ( )
using egs. (2.100) and (2.101) in the last step.
We also find for the CM energies of both systems
sr = (tr,eKe + 2roKe)® = 20R a7R 0 (Ko Ko) (2.109)
sp = (18aKe +180Ke)? = 2tpa780(KeKe) =sr(1—¢€) (2.110)

where we used eq. (2.107) and the fact that kior and kot have the same invariant mass in the last step. By
division, we get

8o _ TR,© (1-¢) . (2.111)
IR®  TBoO

Furthermore, we notice that the incoming hadrons are light-like so that in the rest frame of the incoming

partons,
Kg=+Ki = areKi=srcKS . (2.112)

Also, the fact that by definition, ki has the same rapidity as (rp,eKe + 28,6 Ko) together with eq. (2.108)
implies
vsaKe _2-€(1+y) _ wperre (2.113)
ekl 2-E61-y) rretse '
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so that, together with eq. (2.111), we can find the relations

i = E® 2-¢17y)
@ VT-¢\2-¢ =y

(2.114)

& must not take values such that any xr g exceeds unity. This condition allows us to derive the maximum
value, &nax, that £ may take for ISR.
We can square and rearrange eq. (2.114) to find

: _ B (1+y)+(1-9(1—y)
e R [ 2419
which we can again rearrange to
1 _ 2
0> (1—5)2+(1—5)(1 v~ 250) 1k (2.116)

1+y

an equation quadratic in (1 — £). With the condition £ < 1 we find the only solution

(1-¢= 20 +y)ape : (2.117)

(=)= wh o) + /(1 0h o) (1 - y)? + 16yat

We can get the analog solution for x5 o by y = —y. In this way, we determined that

2(1 er)x%,@
(1= )1 = 2hg) + /(1 + 0h6)2(1 — )2 + 1640} g
201 — y)ag o }
L+ y)(1—ah o)+ /(1 0h )2 (1 +y)? — 16yaf

Emax =1 — max{

(2.118)

is the maximum value that £ may take.

Determining the Jacobian
Determining the Jacobian for the parametrization of ®,,q with (£, y, ¢) will be straightforward in this case.

e From the definition of k13, eq. (2.100), we can immediately derive

Phns R ¢ d¢ dy do (2.119)
2Ens (21)8  (4m)3o oW ’

e Next, from eq. (2.114) we can compute

deﬂB d.’IJB,@

- (2.120)

d.’I}R’@ dIR’@ =
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2 The FKS subtraction scheme 2.5 The Born contribution

Using both observations and the Lorentz invariance of the integration measure, we can rewrite the (n + 1)-

body phase-space element as

. 3
v L 2E; (2)

nt3 o\ ndd 3
Ad®.q = de @dl’R @ 27T ( @K@ + (ER,@K@ — Z kz) H i
= .135@ l‘B@ 5

SR n+2 n+2 dgk
2 K Ko — ks =S ki) T =20
@rp1 dg dy de (2m)*6 (3772,69 o +rroKe — knys ; ka) £[3 2, (27)°

sm € . n+2 nt2 g
=d d d€ dydeo (2m)*6 Kg + Ko — k; —_
TBedtse s T {dydg (2m) (xs@ o +apeKe ;3 ) i|:|3 3F, (27)°
SR §
= P, 2.121
g ey do d, (2.121)
We can immediately read off the Jacobian
s & : _

J = e To¢ with d®raq = J ddyde . (2.122)

Having this final piece, we concluded the construction of the (n+ 1)-body phase space from the Born n-body

phase space for all relevant types of emitters.

2.5 The Born contribution

Having the recipes for generating the phase spaces at hand, we will turn our attention to the integrands, i.e.,
the matrix elements and subtraction terms, next. As explained in sec. 2.1.2, we will compute the total NLO
cross section as the sum of separate contributions. Typically the largest contribution to the cross section
comes from the Born term.

Computing the Born contribution to the cross section is almost as straightforward as computing a LO cross
section, a problem already solved in all modern MC generators. In contrast to the computation of the LO
cross section, however, we use input parameters such as particle widths and also PDFs with (at least) NLO
accuracy for the Born term.

In general, also the Born configuration may be divergent in some degenerate regions of the phase space.
This is especially the case for processes featuring light partons (leptons and photons included) in the final
state. These divergences will not be treated by the subtraction mechanism, so they have to be taken care of
in advance.

Just as in a LO computation, these regions are excluded by imposing kinematic constraints on the final-state
momenta of the partons known as cuts. Similar to ref. [64], we will denote this condition symbolically via
the jet measurement function J(®,,) which we already used in sec. 2.3. This condition is always implicitly
present, but we will write it explicitly only when relevant.

Obviously, we have to apply the same cuts to all components of the NLO cross section to compute a physically
meaningful quantity. To avoid spoiling the subtraction mechanism, the imposed cuts have to be IR safe, i.e.,
not affected by soft or collinear radiation. Usually, this condition is met by requiring n? or nf = n% +1
jets reconstructed with an IR-safe jet algorithm [80] and/or photon recombination of radiated photouns.
For the NLO cross section to be finite, it is in general not sufficient to just require a finite Born cross section
and a suitable subtraction mechanism. The kinematic conditions rendering the Born cross section finite also
need to be radiation proof, as the subtraction will only remedy divergences related to the radiated particle.

One of the simplest examples is given by the process pp — ete™ computed at NLO QCD with massless
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2 The FKS subtraction scheme 2.6 The real contribution and subtraction terms

electrons and the condition that pr > 20 GeV holds for each of the leptons. In the Born phase space, the
leptons are back-to-back, so no collinear divergence is possible. Hard initial-state radiation, however, may
boost the eTe™ system, so that a collinear divergence of both non-QCD particles becomes problematic.

Requiring nf =0or n? = 1 reconstructed jets is indeed not sufficient.

Given an adequate jet measurement function J, we can formulate the Born contribution in more detail than
before as

o (fs) = / %3’;))8(%)61% : (2.123)

also making explicit a symmetry factor N (fg) to account for identical particles in the final state.

2.6 The real contribution and subtraction terms

From the perspective of the MC integration, computing the real contribution is probably the most demanding
part of the NLO calculation. On the one hand, due to the factorized construction of the phase space, which
we already discussed and on the other hand, because it is this part of the computation which requires the
meticulous construction of subtraction terms to yield a finite result.

As discussed in sec. 2.3, we divide the real phase space into singular regions, ALRs, such that we can use
eq. (2.23) to write

o (fr) /%R(fn)d¢’n+1

B J(Pri1) (ar) =
_ / N R () a5 a8, (2.124)

arEPFKs

We explicitly included the jet measurement function J and the symmetry factor N'(fr) just as for the Born
contribution in eq. (2.123). Eq. (2.124) describes the non-subtracted real cross section as we left out the
subtraction term S compared to eq. (2.3). We will dedicate this subsection to the real contribution and the
construction of these subtraction terms, following the procedure described in refs. [47, 73] and also ref. [64].
In this discussion, we will representatively concentrate on one single ALR.

In order to construct the subtraction terms, we first make the divergences in eq. (2.124) explicit by using
dimensional regularization in d = 4 — 2¢ dimensions. We can use the FKS variables (£, y) we defined in

sec. 2.3.2 to rewrite the phase-space element as [47, 62]

o n+3 n+3 ddflkl
d®p 1 = (2m) 0% | kg + ke — Z ki H (2m)4-12E
=3 %;3 !
J

(4m)

8176
( (1 ) dgdy dﬂd_2> ,

(aur)
a®n d®. .

(2.125)
where the indices ¢ and j are reserved for the emitter and the radiated particle, as usual. For y and df2, they
are y; and df); for ISR and y;; and df2;; for FSR. In both cases, the azimuthal integral yields the area of a

(d — 3)-dimensional sphere

27.(.175
Qo= . 2.12
[ = = (2:26)

In the first part, we will focus on the subtraction terms for final-state radiation, returning to the subtraction

terms for initial-state radiation in sec. 2.6.2.
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2 The FKS subtraction scheme 2.6 The real contribution and subtraction terms

2.6.1 Final-state subtraction terms

Due to divergent propagators in the matrix element, final-state divergences will occur for & — 0 or y — 1.

We can use this knowledge to define the finite regularized squared real amplitude

1 1

ﬁar (57 y) = 52(1 - y) Rar SUCh that Rar = ?i’féar (5; y) . (2127)

Here, both factors come from the propagator. The factor 1/¢ enters squared in the squared amplitude while
one factor of (1 — y) is canceled by the sum over the radiated polarization states [7].
Together with eq. (2.125) we find that we can express the integral over the radiation phase space as

1—e

gmax 1
(a)) S 1 1 ~
/Rar(fR) d(I)rad - (471_)(1_1‘/0 €1+26 ‘/_1 (1+y)e(1_y)1+6 /Rar(£7y) de72 dydf . (2128)

Now that the divergences are isolated, we can deal with them in terms of modified plus distributions. They

are defined such that they regularize the appearing divergent terms:

fmax gmax . .
[7(3) semae= [T IEDZSODOZE (2.129)
Ecut
§lTlaX glnax - -
| <1g£(€))5 flewas= [ HENZ] (Of)@@wt % log(e) de (2.130)
s f(&y) — f(&,£1)O(xy — 1+ 60y1)
/—1<1¥y>5oﬂ / 1Ty dy . (2.131)

Here, we introduced three parameters &y, 07 and do. While . allows to shift the soft contribution
between the subtracted real and the integrated subtraction terms (c.f. eq. (2.3)), do does the same for the
collinear contributions to the FSR subtraction terms. We also used the opportunity to introduce d;, the
analogon to o for ISR. They can be chosen in the ranges 0 < {cu < 1 and 0 < Jgyr < 2, but the total
summed result should be independent of the explicit choice. By default, we choose oy = 1 and do;r = 2

restoring the unmodified plus distributions bar the integration ranges, i.e.

1 1 1 1
(6), (&), = <1:Fy>(m,) - (2132)

We can use these plus distributions and a Laurent expansion of the integrands to rewrite the divergent parts
of eq. (2.128) as

511262 Sout o(¢ +(§) (1og§(§)) +0(e?) and (2.133)
gcut Ecut

ﬁ: % 5 )+<1_y>60_6(1‘)g1(1_—yy>)50+o(62) . (2.134)
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With these insights we can continue from eq. (2.128) to find

Q, cu 25
/Rar(fR ddr) = 5 /g : 2620 0 (0,1) d2q_s

// L) Kl:1)50—G(W)go]ﬁar(w)dwm2
) ) Jenen
o/ - / (3) E( 1y>goj§7')7é<£,y>dydfd¢+o<e)

— JFSR _i_IE_EI}X JFSR LFiRa +0(e) (2.135)

sc,ap +c,a

where we get a factor of 27¢ in the first and third row due to 6(1 — y) acting on (14 y)~¢.

We also labeled the remaining integrals in the last step using ’s’ and ’¢’ for soft and collinear divergent
terms, respectively, and + for the part regularized by the plus distributions. We can see that the first three
terms of eq. (2.135) are soft-collinear, soft and collinear divergent, respectively. These terms are guaranteed
by the KLN theorem to cancel with corresponding terms in the one-loop virtual amplitude and thus can be
used to construct the integrated subtraction terms for the virtual contribution. We will return to them in
sec. 2.7.

For the real contribution, we will focus on the last integral, I§3%, . It is a finite contribution to the real
cross section, so we can safely compute it in d = 4 dimensions, i.e., with € = 0. In this case, the angular
measure df);_o reduces to d¢. We have also already derived the Jacobians for four dimensions in sec. 2.4.
They already include a factor of & which is also present in eq. (2.125). Thus, we can include the Jacobian

factor in the real squared matrix element by defining

W Re (6,9) (2.136)

R(xr (fa y) =
taking out one factor of &.
Using this definition and the modified plus distributions, we can again split the remaining finite part
according to

Lita :/%dqs/&mx d’s/ {Aa, &)

— Ra, (0,9)0(Eeut — &) — Ra, (£, 1)O(y — 1+ 60) + Ra, (0,1)O(Eeut — £)O(y — 1 +50)| . (2.137)

This is the master formula for the real-emission subtraction terms. It states that the finite real matrix
element is obtained by subtracting the soft and collinear limits, Rq, (€,1) and Rq, (0,y) and adding the
soft-collinear limit to compensate subtracting this limit with each of the other two terms once, similar
to eq. (2.135). Although this is not surprising, only the parametrization using & and y ensures that the
divergences are separated consistently.

We can now proceed to separately construct the subtraction terms, 7~2ar (&,1) for the collinear, 7~€a7,(0, y) for

the soft and 73% (0,1) for the soft-collinear limit, respectively. In every divergent limit, the real configuration

becomes degenerate, i.e., Born-like. We use this fact to construct the counterterms: we approximate the
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limit of the squared real matrix element as the squared Born matrix element times a kinematic factor. The

construction of the counterterms is explained in refs. [48, 73]. We will summarize the results in the following.

The collinear counterterms

In the collinear limit, we can write

R ntzk?
By = L kb - LT 2.138
! z t 21— 2)kj-n ( )
parametrizing the momentum of the Born emitter using the energy fraction
Era Eem
B &5y B (2.139)
Een  2Fem Eem

k.1 is defined such that it is transverse to the collinear FKS pair (4,j) and satisfies k; - k; = 0 and an
additional vector 7 is defined such that k; -7 = 0 and n? = 0. This construction preserves the emitter as a
light-like vector k? = (Ef — kj” )2 = 0, which we assume here, as there are no collinear divergent regions with
massive emitters.

The construction of the collinear counterterms is then based on the observation that the squared real

amplitude can be factorized as a splitting function times the Born amplitude, i.e.

fo—rity  8Tas 4 _ (i)
Ra, — E? Pféﬁf%f%(zakl)g)\ ) (2'140)
where the splitting functions PJ;\ fi g (z, k) are QCD splitting functions derived by Altarelli and Parisi [81].
B RIR

Here, we used their spin-dependent form in d = 4 dimensions with A representing either two spinor or two
vector indices and ¢ = 0. We refer to app. A.1 for their formal definition. The Born matrix element in
eq. (2.140) is the spin-correlated squared Born matriz element obtained by leaving the spin indices of the
emitting particle uncontracted, which is non-trivial only for gluonic emitters.

In this setup, we can derive the regqularized real collinear counterterms for each of the final-state splittings
depicted in fig. 2.3 as [73]

REZ(E1) = RETW(E) = Sfy 15{?‘55? {1 +(1- z)z] B (2.141)
~ = 167T045TF k?”k‘y

I, 1) = S ———— | — 29" —42°(1 — 2)—5= | B, 2.142
RE (e 1) = Sy | s — 4221 - )L |5, (2,142
- 16masCa 22 5 kX kY

g—99 1) = 9% _ 1— pv _ 1L 14
REEN) =S [ 2+ (1-2))g" + 420 | B (2.143)

where the constants Cp = 4/3, T = 1/2 and C4 = 3 are the usual SU(3) constants. The counterterms are
evaluated in the collinear kinematic limit. In this limit, only the S function in eq. (2.143) is non-trivial (c.f.
eq. (2.26)) while in the other cases, they reduce to 1 and are included for uniformity.
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(a) ¢ = qg (b) g — qg (c) g — g9

Fig. 2.3: Diagrams of all possible FSR QCD splittings.

The soft-collinear counterterms

The soft-collinear limit is characterized by y — 1 and z — 0. It is sufficient not to consider the mirror soft
singularity 1 — 2 — 0 since we desymmetrized Prks and introduced the double FSR factor in eq. (2.26).
This limit is still collinear, so the discussion of the collinear counterterms still applies. In fact, we can take
the limit z — 0 in egs. (2.141-2.143) and use the relation

9" By, =B (2.144)

to find

2rasCr
s

32770450,4

RE79(0,1) = RETW(0,1) = S5
. . 5

B and RY799(0,1) =S5 B (2.145)
while 7@3:‘15(07 1) vanishes as the splitting g — ¢g is not soft divergent. We see that also all the terms
involving spin-correlations vanish as in the soft-collinear limit, there is no kinematic freedom left. Technically,

we do not use eq. (2.145) but instead use eqgs. (2.141) and (2.143) implemented in a soft-finite way.

The soft counterterms

The soft counterterms will also only be relevant for gluon emissions. In the soft but not collinear limit,
the gluon still takes away no momentum from the emitter, so there are no spin interactions. However, the
gluon still carries a color charge. Moreover, the soft gluon has a large wavelength leading to non-local color-
correlations [82] with the whole system of external colored partons. These can be described by expressing
the real matrix element in the eikonal approximation [83, 84] summing over all external momenta and color

charges®,
n+2 -
M1)€t (k)2 > 1 Fi M (D,,) (2.146)
a, n+1 —ES]’,M J Ej ck,c;QEk.]%_ n .
k=1 J

where €5, (k;) denotes the gluon polarization vector with spin s;, we introduced k; such that k; = E; - k;
for the radiated massless particle and we used the fact that in the soft limit, the Born and real momenta
are equivalent ky = ki V k€ {3,...,n+2}.

We can now square eq. (2.146), sum over final-state spins and colors to derive the regularized real soft
counterterms [48, 73]

167T0zs sy QEJC -El sy E2
R, (0,y) = 8 ,.; 80" (1—y) — T Bu-Y —r _co(fB| . (2.147)
IRV s ;; (ki - ki) (k1 - kj) ,; (ki - kj)?

8Colorless particles in the sum will drop out because of their vanishing color operator.
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Here, By; denotes the color-correlated squared Born matriz element By = — |./\/lzl\2. It is symmetric and
obeys
n—+2
Z By = C(f5)B (2.148)
k£l

where C/( fé) are the Casimir constants for the flavor fg. We used these conditions to split off the second
term in the brackets of eq. (2.147) from the first.

Finally, we remind ourselves that for the S functions appearing in the soft counterterms, we have to use the
S functions in the soft limit, taking into account the findings in sec. 2.3.3.

In the counterterms derived so far, we have explicitly not included the symmetry factor for identical final-
state particles. Although we use the Born matrix elements to construct the counterterms, it is important
that the counterterms are equipped with the real symmetry factor N'(fg) for the (n + 1)-body final state
for the counterterms to match the divergent real terms.

The counterterms also have to be multiplied by the appropriate jet measurement function J, i.e., they must
obey the phase-space cuts. Contrary to the symmetry factor, however, their jet measurement function
is evaluated using the underlying Born kinematics as the real kinematic degenerates in any divergent
limit. Moreover, we need to add the same term to the real component that we subtract from the virtual
component for the subtraction approach to be valid. If different jet measurement functions were applied to
the subtraction terms in both contributions, the result would depend on details of the subtraction scheme,
e.g., the explicit values of §; and do.

2.6.2 Initial-state subtraction terms

So far, we have only treated emissions from the final-state partons. However, emissions from the initial-state
partons also exhibit a divergent structure and thus require careful construction of subtraction terms.
Contrary to FSR, the initial state real and virtual divergences do not entirely cancel each other and instead
leave uncancelled initial state collinear divergences. These remaining divergences are only properly canceled
by also taking renormalized NLO PDFs into account, which themselves contain collinear divergences in the
NLO PDF evolution kernels. This is explained, e.g., in ref. [73].

Fortunately, we can derive the subtraction terms for both the initial-state emissions in the partonic cross
section as well as the PDF divergences analogous to our derivation of the final-state subtraction terms in

sec. 2.6.1. We start by defining the regularized squared real amplitude in this case as
1 1
£ 1—y?

where this time, we account for divergent regions for both, y — +1 and y — —1. Following the steps we

Ra, (&) =€ (1 = y*) Ra, such that Ro, = Ra, (1) (2.149)
took in sec. 2.6.1, we use the expansion for the y-dependent factor

L @)
1—y2)i+e QIe [6(1_9)"‘5(1"‘2/)]

65, ), ) e o
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2 The FKS subtraction scheme 2.6 The real contribution and subtraction terms

and eq. (2.133) for the ¢-dependent factor to find

[ R )0y = 5 [ [ R 0.1) 4 R 0,-1)] a0

L), )85 s
), (), v
//gm/ ( )£ [(11) +<1+y>5jj(% wr (6 y) dy dE d + O (€)

— [ISR | [ISR I—Ii-ScRa ILS}:LQ +0(e) . (2.151)

sc,ap s+,a

+ Ra (6, —1)| d€ dfu-s

We see a number of additional terms arising compared to eq. (2.135). The first two terms are soft divergent
and will subtract similar terms of the virtual contribution. The third term Ifrsfar is collinear divergent and
will cancel with virtual terms and the divergences of the NLO PDFs. We will discuss these cancellations in
sec. 2.7.1. The last term Iffa is finite in € so we took the limit e — 0 and used eq. (2.119) to reintroduce
the Jacobian J(®). Tt is the analogon to eq. (2.137) featuring additional (soft-)collinear counterterms for

y — —1 which we will review in the remainder of this section.

The collinear counterterms

Before explicitly constructing the subtraction terms, we have to elaborate on the kinematic structure of
the initial-state splittings, especially the collinear ones. Fig. 2.4 depicts all possible initial-state splittings
diagrammatically. We notice that, compared to fig. 2.3, there is one more splitting type depicted for the
fact that for initial-state splittings, the partons not connected to the rest of the matrix element are not
interchangeable. We denote the different initial-state splittings using the backwards-evolution interpretation.
If we consider, e.g., fig. 2.4b, the splitting describing the transformation from the Born to the real matrix
element is the splitting of a gluon into quarks instead of a quark radiating a gluon. Thus we write gq < g or,
in general, fi f7ja + fk in such a way that the real external particles are on the LHS and the Born particles
are on the RHS to stress the fact that we are describing an initial-state splitting. Doing this, we keep the
convention of writing the radiated particle last on the LHS and using the external particle flavors, which
results in notations such as ¢gg < ¢ for the splitting depicted in fig. 2.4c which at first glance may seem

unintuitive.

% %

) 49 < q ) 4q+ g ) 9G <+ q )99 < g

Fig. 2.4: Diagrams of all possible ISR QCD splittings. The notation is explained in the text.
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2 The FKS subtraction scheme 2.6 The real contribution and subtraction terms

As in the case of FSR, we compute the collinear counterterms in the strictly collinear limit. In the case of
ISR, this means that the radiated parton is strictly collinear to either of the beams. Contrary to FSR, the
collinear ISR configuration is left with an additional degree of freedom, the energy of the radiated parton,

linearly parametrized by z such that

_ K2
B =kl + W+ 5L

' =Pk n (2.152)

where we defined k; and n analogous to eq. (2.138).

We also find that in the collinear limit, the relation z = 1 — £ connects both parameters. Using this, the
collinear phase space directly follows as the collinear case of the discussion in sec. 2.4.3.

With this definition, we can derive the collinear counterterms again as a product of splitting functions and

Born amplitudes. For the reqularized real collinear counterterms we find [48, 73]

8ragTr

RETCA(E, £1) = RIITI(E, £1) = T (12 [2*+(1-2)%]B (2.153)
R, +1) = RITI(E, +1) = &rggmc% (1+2)%B (2.154)
Rero(e, 1) = T [ -1 - g + 4“‘““,@’?]6 2.15%)
RIITI(E, £1) = &ngna“ { —2(z+2(1—2)%)g" + 4@ k%éji}[ﬁw (2.156)

for all ISR QCD splittings. We did not include any explicit S function in eq. (2.153f) as they are equivalent
to unity in all cases.

Finally, we note again that in the Born amplitudes, we have to use the real symmetry factor N(fr).
Moreover, we have to use the real PDFs with the rescaled zr g = 7057@, which is the collinear limit of
eq. (2.114) and also the PDF with the real flavor f» for the emitting parton which is different than the
Born flavor for the splittings depicted in figs. 2.4b and 2.4c.

The soft-collinear counterterms

Just as for the FSR case, the ISR soft-collinear counterterms simply follow from egs. (2.153-2.156) with
z =1« & = 0 which can directly be applied as the regularized counterterms are already formulated in a
soft finite way.

The soft counterterms

Only the splittings featuring an additional gluon in the final-state feature soft divergences, i.e. the ones
shown in fig. 2.4a and 2.4d. The emission of a soft gluon neither changes the emitter momentum nor the
flavor, so the real and Born PDFs will coincide in this case. The eikonal approximation also holds for ISR so
the subtraction terms are equivalent to the ones given in eq. (2.147) with the replacements (1 —y) — (1—y?)

in the equations and using the soft S functions whose d?}’ft are given in eq. (2.38).
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2 The FKS subtraction scheme 2.6 The real contribution and subtraction terms

2.6.3 Partitioning the real contribution

The general idea
In sec. 2.3, we have identified all regions in which the real contribution diverges. These insights can be used
to split off a finite piece of the real contribution dividing the real contribution into a singular, diverging part
and a finite part without any singularities so that the finite part can be handled almost like an ordinary LO
contribution. This was first mentioned in ref. [46] and first implemented in the course of ref. [85].
This partition is performed per ALR so that
R =Ry +Rgr - (2.157)

In general, the partition may be achieved by defining a function F(®,1) taking values between 0 and 1
and assigning

Ran = R F(®ny1) (2.158)

Rgr =R [1 = F(®p41)] (2.159)

with the condition that F' — 1 in the phase-space region, which is singular in the given ALR. For the whole

Qo
sin

FKS subtraction mechanism, it is then sufficient to take the singular real contribution RS’ into account,
while the finite real contribution Rg! can be integrated separately. This contribution is finite across the
whole phase space, so it does not require any subtraction terms, ALRs or S functions to be integrable and
no counterevents to generate finite differential distributions. We will see in sec. 2.8 that both are in general
necessary for event generation at fixed NLO.

The events representing the finite contribution will have (n+ 1)-body kinematics, and the associated weights
will be positive definite, implying that also unweighted event generation would be possible for this component.
However, as this is not possible for the events associated with the singular contribution, this is rarely useful.
The real singular contribution will be integrated including the subtraction terms across the entire phase
space, so the associated cross section will often be negative. Events for the singular contribution will be
generated just as in the case without any real partition, which we will discuss in detail in sec. 2.8.

In the end, the results from both contributions need to be additively merged in order to restore the {NLO
accuracy. While the cross sections can simply be summed, the event samples can be merged, assuring that
the sum of weights for each contribution is proportional to their respective cross section. It is equivalently
possible to directly generate a mixed event sample by deciding on an event-by-event basis whether an event
based on the finite or the singular contribution should be generated so that the probability for an event

based on the finite contribution is given by

Rgr:(q)n-i-l)
Ren(@ni1) + Rén(Pri1)

(2.160)

While the former approach is the default procedure in WHIZARD, the latter is realized in the POWHEG-BOX.

The restoration of the fNLO accuracy refers to the computation of NLO cross sections as well as the
simulation of fNLO events which will, in the end, be independent of the explicit choice of the real-partition
function. When generating events to be matched to a parton shower, however, we will treat the singular
real contribution significantly different from the finite real contribution so that the details of the choice for

F will impact the predictions.
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2 The FKS subtraction scheme 2.6 The real contribution and subtraction terms

Choices for the real-partition function
Different realizations of the real-partition function F(®,,41) are possible.
In WHIZARD, the default definition is given by [71]

1 ifd (’L,j) € Prks with \/(pi —l—pj)2 <m; +m; + hp

0 else

F(®n11) = (2.161)

By definition of the FKS pairs, m; = 0. If also the second member of the pair is massless, eq. (2.161)
simplifies to

1 if3 (Z,j) € Prks with QElEJ(]. — cos(@ij)) < h%—‘

F(®,41) = (2.162)

0 else

Here, hp is the real-partition scale determining which PSPs we consider close enough to a divergence and
thus belonging to the real singular. It can be used to estimate the theoretical uncertainty of this procedure.
Pris refers to the collection of FKS pairs given by eq. (2.14). It is initially collected across all ALRs so
that the finite contribution does not require knowledge about the ALRs.

The motivation for the functional form of F' is simple. As soon as at least one FKS pair falls below the
threshold given by hp, it is possible for soft or collinear singularities to arise, so the real contribution may
not be finite, and we set F'(®,,11) = 1.

It is also possible to base the real-partition function not directly upon the kinematics but on a direct
comparison of the squared real matrix element with its soft or collinear limit, which we determined in the
previous subsection. The default choice in the POWHEG-BOX [48] is

F(®pi1) =1-0(R™ —n-RGy) O(RY —n-Regy) (2.163)
such that F' is zero if the real squared amplitude (excluding PDFs) is larger than n times its soft or collinear
approximation, meaning that the real amplitude will be treated as finite far off the singular phase-space
regions. The default choice is n = 5. This decision is made for each ALR and each PSP individually so that
for the decision itself, knowledge about the ALRs is necessary.

While we previously only discussed partition functions making a clear cut between finite and singular
contributions, it is also possible to use a smooth function for this separation. A possible choice suggested in

ref. [86] is to set
. k% max 2
F = 7+ with Z =8B B and H = k7. (2.164)

where Bpax is an upper bound for the Born cross section so that Z vanishes like the Born cross section and
H serves as hardness scale. In this case, the singular contribution Rg;, vanishes like the Born contribution
B, keeping the ratio R/5 finite. We will understand in sec. 3, esp. sec. 3.6.3f, that this behavior is beneficial
for the POWHEG approach of matching NLO events to a parton shower.

It would be an interesting future project to compare the different approaches performance-wise for the
integration and their impact on the predictions of matched differential observables.

A particular example

While it is always possible to use the aforementioned partition of the real matrix element, there are some

cases where the benefit of this approach is most evident. One particular example is given by the real
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2 The FKS subtraction scheme 2.7 The virtual contribution and integrated subtraction terms

correction to the process ete™ — t£j. The partonic final state of the Born process consists of two top quarks
and a gluon. The real correction receives contributions where the gluon splits into two light quarks, i.e. from
matrix elements M, ;- 7 2.
Fig. 2.5 shows the contributing diagrams. Fig. 2.5a depicts the typical contribution where the gluon splits
into light quarks giving rise to collinear divergences. The contribution depicted in fig. 2.5b, however, is
finite because here, the collinear divergence is regularized by the top mass. This process corresponds to a
different underlying Born process than ete™ — t£j, but in a full gauge invariant calculation, all contributing
diagrams have to be summed up.

The consequence is a very poor convergence of the integration in the ALRs with a ¢ — ¢g splitting, as we will
see in sec. 6.3 because we still have to apply the counterterms in these ALRs to remedy the divergence caused
by diagrams such as fig. 2.5a. As also mentioned in ref. [72], the partition of the real matrix element discussed
here solves this problem by splitting off the finite part of the matrix element into its own contribution,
greatly improving the performance of this kind of processes.

Other affected processes include pp — tt j, which has the same problem, although suppressed by more ALRs
featuring gluon radiation instead of a gluon splitting and eTe™ — bbj, where the same effect is present but
suppressed by the much smaller b mass as well as eTe™ — tty at NLO EW.

+ et

|
S|

(& (&

(a) eTe™ — ttqg (b) ete™ — qqtt

Fig. 2.5: Exemplary Feynman diagrams for the real correction to the process ete™ — ttj. Only (a) fits the underlying
Born process ete” — ttj, but corrections from (b) are also required for gauge invariance.

2.7 The virtual contribution and integrated subtraction terms

In this section, we want to discuss the virtual contribution to the total NLO cross section. As stated earlier,
the virtual contribution is, in general, UV as well as IR divergent. While we can treat the UV divergences
using renormalization, we rely on the KLN theorem for the cancellation of IR divergences between the real
and the virtual contribution. Specifically, this cancellation implies that we can construct the subtraction
terms for the virtual contribution by integrating the divergent parts of the real contribution over the radiation
phase space and adding them with opposite signs according to eq. (2.3). For this reason, we will refer to
them as the integrated subtraction terms.

The computation of the bare, i.e., the divergent, virtual contribution involves the solution of loop integrals,
which is usually performed by dedicated tools known as one-loop providers (OLPs). The solution is usually
provided via coefficients of the Laurent expansion in the form

1 1
V= 72]}(2) + ,V(l) + V(O) + 0 (6) . (2165)
€ €
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2 The FKS subtraction scheme 2.7 The virtual contribution and integrated subtraction terms

Here, the first term includes soft-collinear IR poles while the second term accounts for soft or collinear IR
poles. V is assumed to be UV finite by renormalization.

In the previous section, specifically eq. (2.135) for FSR and eq. (2.151) for ISR, we already derived the
IFSR IFSR IFSR

divergent parts of the real contribution. By performing the integrals I7.", I;7°0 , 1720

and summing
over all ALRs, we can derive the counterterms canceling all € poles in eq. (2.165) from FSR and also the
remaining finite contributions from the subtraction terms.

When computing the soft and soft-collinear integrals Isy o, +Isc,q,., we will again encounter color-correlations
and integrands of the form % similar to eq. (2.147) which are called eikonal factors E(mk’m’) Their
explicit form depends on the masses of the particles k and [ and we will also get separate factors for each
pole in e denoted by the index p € {0, —1, —2}. We will not go into the details of the computation of the
eikonal factors here. The eikonal factors for the massless case can be found in refs. [62] and [48], while the
massive cases are given in refs. [64] and [48].

The collinear limit is derived in, e.g., ref. [87] and ref. [88]. When computing IEE% , the angular integral
will average the involved splitting functions (c.f. sec. A.2) and the spin-correlated squared matrix elements
B,.., so that it can be written as a prefactor Q; times the squared Born matrix element B.

With these considerations, we can write the finite subtracted virtual squared amplitude in the form

o my,my)
((I)nva Szgklo Bkl (I)'me ""7291 (I)nafB)+V( )(q)nafB) ) (2'166)

where we assume a factor of 52 to be included in V(O)(fbn7 f8). Eventually, the subtracted virtual contribution

to the total cross section results from

N V(®y, ) dPrn . (2.167)

2.7.1 The DGLAP remnant contribution and integrated subtraction terms

In the discussion of the virtual counterterms, we have explicitly excluded the ISR counterterms. The soft
and soft-collinear counterterms I~ flz and [ SICSf' can be treated just as the FSR terms canceling almost all
soft divergences.

The counterterms for the initial state collinear divergences, I iclz , require a separate treatment as the
initial state collinear divergences do not cancel with the virtual contribution alone but also require a proper
treatment of collinear divergent terms arising from the NLO PDF evolution.

The finite remainders of this cancellation can be integrated separately, so they can be treated as their own
NLO component. This component is Born-like in nature like the virtual component but kinematically has
one additional degree of freedom describing the energy share of the initial-state splitting in the collinear limit.
For this reason, it is coined as either the Dokshitzer—Gribov-Lipatov-Altarelli-Parisi (DGLAP) remnant
component to stress the relevance of the PDF evolution [81, 89, 90] or degenerate (n + 1)-body contribu-
tion [64] from the kinematical point of view.

Starting from eq. (2.151), we can solve the angular integral in I13% and again average the splitting functions
and the spin-correlated squared matrix elements B,,,. Additional terms will emerge from the e expansion
of the spin-averaged splitting functions <pf7iz e fi Y(§,€) in d = 4 — 2¢ dimensions and taking into account
the divergent PDF terms. For the details of this calculation, we refer to refs. [62] and [73]. In the end, the

regularized sum of I ff]z and the collinear PDF counterterms can be split into a finite and a remaining
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2 The FKS subtraction scheme 2.8 Fixed next-to-leading order differential distributions

divergent part
Gin@ (@,,6) = G %) (@, ) + GOSN (@n, €) (2.168)

where the finite part is given by

(in®) 5(0) 1 s0; log(¢)
gcw,ﬁn ((I)n,f) 27T (Pf%f%ef%(g)[<f)§wt 10g|:2ﬂ2:| +2( g >£Cut‘|

~PY i(@(l)fm) @, ) (2.169)

Fithetis >\ €

using the definition

§(P)(& ¢) =: P(§,¢) = PO(&) + P (€) + O (&) (2.170)

inspired by ref. [64] for the expansion of the splitting functions in e.
(in,®)

The remaining divergent part G, div

(®,,,€) still has a pole in ¢ left which will cancel the remaining soft
divergence of the initial-state virtual terms but is of no further concern here.

We used the index . in eq. (2.169) to stress the fact that the DGLAP remnant contribution can be computed
per ALR. In practice, we compute this contribution per ALR, summing up the contributions of all real flavor

structures fr for each underlying Born flavor structure fz such that

GO (@6, f5) = > G D (@,,6) (2.171)

ar|fs

is the integrand for the DGLAP remnant contribution. This is finally computed according to
J (I’na in
o) = [ S @, e g acav, (2.172)
N(fs)

again taking jet measurement function J and the symmetry factor for identical particles N into account.
While we sum up the contributions for all individual Born flavor structures in the computation of the total
cross section, we need the results for specific Born flavor structures to generate fixed-order events.

This concludes the discussion of all NLO contributions to the total cross section.

2.8 Fixed next-to-leading order differential distributions

So far, we have discussed all contributions to the NLO total cross section. However, MC event generators
have received their name not just by computing cross sections, so we want to dedicate the remainder of this
section to the simulation of events with NLO accuracy.

Strictly speaking, what we call "events” in this context should not be considered equivalent to any event that
will occur under realistic experimental conditions. It should rather be understood as a simulated collection
of particles with flavor, spin and charge associated with momenta and a weight, such that these objects
produce histograms similar to histograms produced by actual measured events if processed through an event
analysis and adding their weights in each bin. To stress this distinction, they are sometimes referred to as
"four-vectors with weights".

Different accuracies can be incorporated at the level of these events. In this section, we will focus on fixed-
order NLO events, i.e., events that include the complete differential NLO information allowing to compute
differential cross sections with NLO accuracy but no effects beyond that. This implies that they will only
include up to a single emission, i.e., the real emission. They will not take into account additional soft or

collinear emissions and subsequent hadronization. They are thus called partonic events.
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2 The FKS subtraction scheme 2.8 Fixed next-to-leading order differential distributions

Events beyond the parton level take into account further emissions simulated by SMCs. Having multiple
emissions simulated by parton showers while retaining NLO accuracy for the first emission requires a proper
matching of both approaches. We will discuss the matching of NLO events to parton showers in great detail
in sec. 3 while focusing on fixed-order NLO events as implemented in the MC generator WHIZARD [73, 91] in
this section.

To generate events at fixed NLO, we need to consider all components relevant for the computation of the
NLO cross section also for the event generation. There are two ways to achieve this. It is possible to generate
the events for each component separately, summing up the predictions for the differential observables in the
end or in a single run for all components combined. Generating them all simultaneously is more user-friendly
for further processing. However, the separate generation allows to generate more real events than events for
other components, which is often useful as the real phase space is usually more complex to describe.

In the separate simulation of all components, simulating the events for the Born, the virtual and possibly also
the DGLAP remnant component is straightforward. For each of them, we generate a Born-like kinematic
configuration d®,, with an associated weight based on the corresponding squared matrix element B,V or G
respectively, i.e., the integrands of egs. (2.123), (2.167) or (2.172).

For the real events however, we need to ensure that the FKS subtraction mechanism also works on the
level of generated events. To achieve this, we need to generate subtraction events with negative weights
associated with an n-particle configuration and real events with an n + 1 particle configuration correlatedly.
For this, we introduce the notion of an event group. An event group consists of multiple subevents forming a
set of correlated momentum configurations associated with individual weights?. One may consider the sum
of all subevents in an event group as a single "NLO event" rather than each subevent on its own.

Each event group will consist of one collective counterevent accounting for the subtraction term with a
Born-like momentum configuration and an associated weight —do® followed by a number of real subevents
with n + 1 particle momenta and a weight do™ based on the non-subtracted real contribution each.

As we have discussed in sec. 2.3, often multiple ALRs share the same Born process. We compute a single
subtraction term for all real flavor structures sharing the same Born flavor structure. Consequently, we
need to generate multiple subevents with real kinematics, i.e., with one additional radiated particle, for each
Born-like event generated. All these subevents will share the same underlying Born phase space d®,, but
will have different radiation kinematics d®,,q4 to account for all the real terms whose subtraction terms are
included in the Born-like subevent.

The real-like subevents will also have different flavor structures if the Born process allows a flavor-changing
initial-state splitting or features a final-state gluon. We randomly determine each subevent’s flavor structure
with probability proportional to that flavor structure’s portion of the total squared matrix element at each
PSP.

We generate as many real subevents as there are distinct real phase spaces whose number is given by Nphs
As all real subevents share the same Born kinematic, two phase spaces are equivalent if they have the same
emitter and share the same resonances, which we will discuss in sec. 3.6.8. In all other cases, they are
distinct. This implies that Npus is equal to the number of emitters for processes with a single resonance
history. Hence, in order to produce a histogram with the statistics of Neyents NLO events, we need to
generate and analyze in total up to 4Neyents Born-like and Npphs - Nevents real-like momentum configurations
associated with weights.

If all components are treated separately, special attention must be paid to normalizing the generated events

properly. For the total histogram filled with these fNLO events to be correctly normalized to the total NLO

9Technically, subevents in the same event group share the same event ID e.g., in the HepMC event format.
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cross section, each component individually has to be normalized to its respective cross section. While this is
trivial for the Born, virtual and DGLAP remnant subevents, the real subevents must be normalized together
with the counterevents.

The nature of the event groups consisting of subevents with individual but correlated, indefinite weights
makes generating unweighted events impossible and forces the subevents to have non-uniform weights so
that it is only possible to generate weighted {NLO events.

The performance and usability can be improved by using the combined NLO integration mode (c.f. sec. 4.1),
which will generate events for all components combined. In the combined mode, the sum of the weights of

all components with Born-like kinematics

doB(@,,, f5) + do¥ (D, f5) + do% (@, f5) — Y doSe (@, @2, fi5)

arlfB

is assigned to a single Born-like subevent. Again, the sum over «, runs over all alpha regions sharing
the same Born process. It is not necessary to have a distinct kinematic configuration for each of these
components'?.

One may wonder why the counterevents share the kinematics with the Born subevents, although they depend
on the radiation phase-space variables, and when computing the total cross section, the subtraction term is
part of the subtracted real component. Intuitively, this is the case as the counterterms are computed in the
soft and/or the collinear limit. An infinitely soft or an infinitely collinear particle will, by definition of IR~
and collinear-safe observables never influence any such observable and thus does not need to be explicitly
included in the event.

We can also understand this at the level of histograms. Let us consider events with at least N clustered
jets for a general process eTe™ — X + Njet at fNLO parton level. Fig. 2.6 shows a figurative histogram of
the number of jets in these events separated by components. With appropriate jet clustering and energy
requirement for the jets, this is a well-defined observable. It is clear that, at {INLO, all events with N + 1
clustered jets have to be real-like subevents featuring real radiation. For the real events, it is also possible
that two final-state partons are clustered into a single jet, so the real events also contribute to the N-jet bin.
If we require at least N clustered jets, it is also clear that the Born and the virtual component contribute
with their total cross sections to the N-jet bin. The same holds for the counterevents with negative weights.
As discussed around eq. (2.129), it is possible to use parameters like do and &y to shift contributions of the
collinear or soft phase-space regions between the real-subtracted component and the integrated subtraction
terms. Now, if the counterevents and the virtual subevents had different kinematics, it would be possible
that both contribute to different bins. In this case, individual bins would depend on the choices of §p and
Ecut- As all observables are supposed to be independent of these parameters, this would be inconsistent, and

thus, the counterevents always have to have the same kinematics as the virtual subevents.

10 All Born-like components share the same final-state momenta. However, the initial-state momenta for the DGLAP remnant
component and the initial-state flavor for the subtraction component may differ from the Born component. In the combined
event generation mode, these two minor points are neglected. The properties of the initial state should not have any effect on
the resulting histograms.
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Fig. 2.6: Contributions from all components to a figurative histogram showing the number of clustered jets for
a process like eTe”™ — Njet. The real cross section contributes in three different ways: First of all, it
contributes via the weights of all events with N + 1 clustered jets and it contributes to the N-jet bin if two
partons out of the N + 1 partons are clustered into the same jet. Additionally, the counterevent weights
(labeled 8) are part of the total real cross section o®. They also contribute to the N-jet bin just as the
Born (B) and the (V) contribution.

2.8.1 Fixed next-to-leading order histogramming

After generating an event sample, it can be analyzed using tools like ROOT [92] or Rivet [93, 94], computing
algorithmically defined kinematical observables for each event, while summing up the weights of all events
in small predefined ranges for each observable, i.e., in bins, producing differential distributions visualized
as histograms. Analyzing the generated fNLO event groups is not a trivial task, as care must be taken
to preserve the cancellation between the different NLO terms without spoiling the statistical treatment of
uncertainties when filling the subevents into binned histograms.

When filling histograms, the cancellation between the Born-like counterevents and the real-like subevents
needs to be ensured per bin, as otherwise, the large and positive weights of especially the real subevents
featuring soft or collinear radiation would pile up to unphysically large values in some bins, while the large
and negative weights of the counterevents would sum up to large and even negative values in other bins.
To some extent, this can be achieved by constructing IR-safe observables as discussed in sec. 2.5 so that
by definition, the soft and collinear real-like subevents end up in the same bins as the counterevents of
said event group. However, at the level of binned histograms, there are still some caveats, of which we will
discuss a few here on the simple example of two-jet production at a lepton collider, i.e., the partonic process
ete™ — jj. But the same holds for pp — jj and many other processes.

Fig. 2.7a shows the differential distribution of the energy of the hardest jet, i.e., the jet with the highest
transverse momentum. Although all jets have been reconstructed using an IR-safe jet-clustering algorithm,
we clearly see that something is wrong: the LO events gather in the bin including E;, = vs/2 = 250 GeV as
each of the two jets in these events has an equal energy share. In contrast, the fNLO distribution shows a
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large positive peak slightly below 250 GeV followed by a large negative dip right after.

The reason is simple: each of the two jets in the Born-like subevents has, like in the LO events, an energy of
Vs/2 = 250 GeV so that all Born-like subevents including all counterevents end up in this one bin. Although
per construction of the jets, some real-like subevents featuring a very soft or collinear emission will also end
up in this bin, the sum of all negative counterevent weights outweighs the sum of all other event weights.
The real-like subevents solely populate all other bins, and especially in the bin right below 250 GeV, they
feature increasingly large weights towards the upper bin edge. This explains the overshooting of the Born
distribution in the central region as well as the huge statistical uncertainties of the most pronounced bin.
The same problem described here for the jet energy also affects other observables, such as obviously the
jet momentum, but also, e.g., the thrust of the event. Apart from the careful definition of all observables
and manually choosing bin edges such that the positive and negative weights in each bin always sum up
to a positive value, a more general approach to solving this issue, characterized as misbinning effects, is to
apply some weight smearing across several neighboring bins when filling the histograms, as implemented in
Rivet 3 [94]. If summed over all bins, these effects vanish so that the total cross section does not suffer
from these artifacts.

As a second example of a common mistake when dealing with fNLO events, fig. 2.7b shows the rapidity
distribution of the hardest jet in the same setting as before. We can clearly see the huge uncertainties of
the {NLO distribution, and by taking a closer look, we also see that the LO distribution is unexpectedly
asymmetric. The same distribution for the second hardest jet is exactly mirrored in comparison to fig. 2.7b.
For this reason, it is omitted here. The problem is that the "hardest" jet is defined by its transverse
momentum, which is ambiguous for all Born-like events. For the LO events, this ambiguity is solved by
preferring the jet in the positive direction of the beam axis, explaining the asymmetry of the LO distribution.
Consequently, if the jet which is determined to be the hardest in the Born-like counterevents happens to be
the emitter in the real-like subevents, the emission will decrease its energy so that the "hardest jet" in the
real-like subevents of the same event group will not be the same jet as before. For the fNLO distribution, this
forces the real-like subevents with positive weights predominantly on the LHS of the distribution explaining
the huge bin values and uncertainties while the counterevents lead to a negative distribution on the RHS.
Of course, this misfeature could be remedied in this case by just considering the absolute value |y;, | shown
in fig. 2.7d as both jets of the Born-like events are exactly 180° apart from each other.

Finally, fig. 2.7c shows the transverse momentum of the third hardest jet, i.e., the real emission. This
histogram is entirely populated by the real-like subevents and does not include any counterevents. In a sense,
histogramming an observable explicitly depending on the real radiation is like imposing a cut on the real
radiation, which is illegal in the subtraction formalism. For this reason, the leftmost bin is not well-defined.
It includes arbitrarily soft emissions without any counterterms'!. To avoid numerical instabilities of matrix
elements in exactly these regions of very soft real emissions, we impose a technical cut of & > &5, 1= 1077
(c.f. eq. (2.39)) on all generated events, and also when computing the cross section. This technical cut
does not affect any reasonably defined NLO observable. Without this cut, the leftmost bin would exhibit
an unregulated IR divergence. If not properly excluded from the analysis, these soft emission events also
disturb angular distributions not sensitive to the jet energy. Beyond fixed-order, this would also not pose a
problem as soft real radiation gets lost in all the additional emissions from the parton shower. Furthermore,
the entire distribution arises only from the real correction, i.e., it constitutes the LO-accurate description of
the (n + 1)-jet process ete™ — jjj.

1180 technically, this object may not be called a "jet" as it does not fulfill the energy and angle requirements imposed on the
main jets by the jet definition criteria.
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Fig. 2.7: Showcase of issues with f{NLO histogramming on the example of the energy of the hardest jet, its rapidity
and the transverse momentum of the radiated jet for LO (red) and fNLO (blue) events. The process is
ete™ — jj at /s = 500 GeV with a scale of y = Hr/2 = % ZZ A /p%i + m? where the sum over ¢ runs over
all final-state partons. Additionally, we require at least 2 jets clustered using the anti-kr algorithm with
R = 0.5 fulfilling pr > 30GeV and |n| < 4. The error bands represent the statistical uncertainties of 1M
event groups.

The second issue when dealing with NLO events is to determine the correct uncertainty for each bin. Even if
we have defined observables so that the cancellation of real-like and counterevents is not spoiled, we are still
filling potentially very large negative counterweights from Born-like subevents and very large positive weights
from soft or collinear real-like subevents into the same bin. When doing so naively, this huge variation in
the weights leads to artificially large uncertainties not resembling the actual uncertainty of the predictions.
In order to get realistic uncertainties, the entire event group has to be statistically treated like a single
event, meaning that all event weights of an event group are added up beforehand for each bin and only their
sum is filled into each histogram as a single entry. As not all subevents have to end up in the same bin,
this requires the notion of a fractional fill. This is implemented in an NLO addon to Rivet 2 [93] called
NLOHisto1D available as part of the Rivet contrib repository [95] and natively included in Rivet 3 [94].

The problems discussed in this section only apply to fixed-order NLO events. In the next section, we will
discuss the matching of NLO calculations to parton showers at the level of events. This approach will retain
full NLO accuracy in the high-energetic regions while remedying the issues of misbinning and determining
the correct uncertainties without the need for event groups and subevents. The POWHEG method discussed

in sec. 3 will even reduce the number of negative weights.
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3 The POWHEG matching scheme

So far, we have limited our discussions to calculations at fixed perturbative orders, including computing
cross sections as well as simulating events. In order to provide realistic predictions for any experiment,
however, we need to do better than that.

The problem with fixed-order results is that they always only describe a limited number of well-separated
final-state particles, while in realistic experiments, the number of observed particles grows indefinitely with
the experiment’s resolution. This goes hand in hand with the second downside of fixed-order approaches, i.e.,
they are always IR divergent in soft and/or collinear phase-space regions, so they cannot describe the entire
phase space without the use of sufficiently inclusive observables or a well-defined resummation scheme. While
there are process-specific methods to perform this resummation analytically [96], it is far more practical to
employ SMC generators for this purpose. The three most commonly used SMCs are PYTHIA [52], HERWIG [53]
and Sherpa [50].

Building on a fixed-order computation, these SMCs perform the leading logarithmic (LL) resummation
by applying a parton shower algorithm to the events and thereby produce exclusive multi-parton events,
not subject to a limit in the number of describable particles. This is done by performing a cascade of
predominantly soft or collinear splittings with the present set of partons to lower and lower energies.

QCD confinement dictates that colored states can never be observed directly and will always form colorless
bound states, hadrons. So at some point, when the parton shower reaches a low scale, a transition from
isolated colored partons to colorless hadrons will occur. This process is called hadronization. In a SMC,
hadronization is described by a phenomenological model, which cannot be derived from first principles but
is instead based on modeling driven by experimental data for hadronic production yields. In this section,
we will assume that the hadronization is dealt with externally by one of the above-mentioned SMCs. This
is technically possible by handing over an intermediate stage of the events from one program to the next by
writing the files to disk or using internal interfaces. We will not go into more detail at this point.

As both steps, the parton shower and the hadronization involve numeric modeling with a non-small number
of adjustable parameters, they need to be tuned using experimental data to have a consistent description.
These selected sets of parameters are thus called tunes.

This section will discuss the basic ideas of parton showers and illuminate how to improve not only LLO but
also NLO predictions with parton showers without double counting radiations or spoiling the NLO accuracy.
As WHIZARD currently strongly relies on the POWHEG-matching method, this section will put a strong focus
on POWHEG matching.

3.1 Parton showers and the Sudakov form factor

When matching parton showers with matrix-element calculations, a thorough understanding of how parton
showers work and how to manipulate them is crucial, especially beyond leading order. For this reason, we
will discuss the basics of how a parton shower is generated in this subsection.

The original idea goes back to G. Fox and S. Wolfram [97] and is inspired by observations of QCD radiation

Te~ collisions for either very soft or very collinear radiation. It relies on the idea that

patterns in e
interferences of amplitudes of successive emissions can be neglected, meaning that subsequent splittings can
be described independently.

Based on this idea, we model the parton shower by performing a series of subsequent splittings to final-state
partons up to some minimum scale t,,;, dictated by the detector resolution.

In the standard case, these splittings are governed by splitting probabilities. As explained in, e.g., ref. [98]

the inclusive splitting probability of a parton ¢ to split into the two partons j and k can be expressed in
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terms of the Altarelli-Parisi splitting functions [81] (c.f. app. A) as

g A
dPisjil(t 2) = 57 Pisju(2) dt dz (3.1)

where we have integrated over the azimuthal angle, z represents the energy sharing between the partons j
2
Rien
Another common choice for the scale ¢ would be some function of the emission angle which results in an

and k and ¢t = log ( ) is the ordering parameter of the shower chosen to be the transverse momentum.
angular-ordered shower, known to improve the color coherence [99, 100] of the generated events. However,
POWHEG matching to angular-ordered showers requires an additional veto step to respect the hardness criterion
defined in the matching procedure. Thus, we will focus on transverse-momentum ordered showers in this
work, i.e., showers in which each emission features a lower transverse momentum than the previous one with
a transverse-momentum dependent emission scale t.
The exclusive probability for the first emission is then given by the probability of an emission at scale ¢
times the probability that there is no emission at any higher scale
ag ~

APt 2) = o Py (2) X Altmas, t) dtdz (3:2)
where A(tmax, t) is the no-emission probability between some maximum starting scale ty,x and the splitting
scale t. Tt is also called the Sudakov form factor which according to eq. (3.2) is given by

t1
A(tl,tg) = exXp (—// Zfipzﬁ]k(z) dt dZ> . (33)
t2

We use a shorthand notation in case the upper scale is the starting scale t,.x:
A(t) := A(tmax,t) - (3.4)

Although an analytic computation of the Sudakov form factor would be possible, it is more often computed
numerically using a series of overestimations and subsequent veto steps called the Sudakov veto algorithm [98,
101] to avoid having to compute the integral in eq. (3.3) analytically. We will come back to this strategy in
sec. 3.5.1f.

After generating the first emission in this way, we continue the evolution by setting t,.x = ¢t and repeat the
process. This guarantees that each subsequent emission is generated at a lower scale t creating a transverse-
momentum ordered shower.

The total cross section will finally contain terms with multiple numbers of splittings [71]:
do_shower _ dO’LO{A(tmin>
+ dt PAOA®) ALt tuin)

+dt' YA ) (A tmin) + - - )}} : (3.5)

In eq. (3.5), the first term represents the case of no emission, i.e., the Born term, and the second term
represents the case of a single emission approximating the real emission. The third term represents the case
of exactly two emissions and so on. By applying the Markovian property of the Sudakov

A(tmin) = A(tmaxv tmin) = A(tmaxv t)A(tv t/)A(tlv tmin) P (36)
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we find, e.g., for the exclusive probability of two splittings
AoV = do O A (tn ) P()P () dt dt’ . (3.7)

By integrating out all scales in eq. (3.5), we see that the whole shower cascade integrates to one, eventually

leaving the total cross section unaltered. Thus, the parton shower is a unitary procedure!2.

3.2 Improving the parton shower — merging and matching

Due to the parton shower’s nature of describing all radiations with splitting functions, it is a very good
description of the phase-space regions governed by soft and collinear splittings. In regions governed by hard
emissions, however, it fails to accurately describe the radiation pattern without extensive tuning of the
shower parameters.

To enhance the parton shower, it is possible to use process-dependent matrix elements instead of universal
splitting functions without spoiling the shower unitarity, given by eq. (3.5). The matrix elements better
describe hard regions in the phase space but often fail to be accurate in the soft regions. It is thus important
to put both approaches together in a well-defined way.

Originally, parton showers were enhanced using LLO matrix elements only. In this approach, events are
simulated based on matrix elements describing different processes featuring a range of jet multiplicities.
Today, it is possible to merge computations based on NLO matrix elements of processes with different jet
multiplicities, too. Whenever event samples inherently describing different Born processes are combined,
this procedure is referred to as merging.

In contrast, if only matrix elements describing the same process at different orders, i.e., the Born and the
real matrix element in an NLO computation, are taken into account, this method is called matching.
Summarizing, while both merging and matching enhance the parton-shower description with matrix elements
of different jet multiplicities, when merging, these matrix elements describe different processes, whereas

matching deals with higher-order corrections to the same process.

3.2.1 Merging

The original approach of merging parton showers with matrix elements was first employed in 1987 [102] to
describe PETRA and PEP data using JetSet [103], a predecessor of PYTHIA. Back then, it was only possible
to correct the first emission using a single LO matrix element. It was later generalized by Giele, Kosower
and Skands and coined as the unitary matching method [104]'3.

Prior to their work, the generalization of parton-shower merging to multiple emissions was achieved by two
different methods. On the one hand, there is MLM matching [105, 106] named after M. L. Mangano, and
on the other hand, there is CKKW matching [107] coined by Catani, Krauss, Kuhn and Webber.

The main problem that merging algorithms have to solve is the problem of double counting jet multiplicities.
It arises as both the parton shower and the matrix elements generate additional radiations. This is depicted
in fig. 3.1. We can see that the parton shower as well as the matrix elements include a process with two
initial-state emissions.

A general solution to this problem is to define disjunct regions according to some jet parameter in which

one approach is preferred over the other. Methods based on this idea are called slicing merging schemes, as

12 The parton shower does, however, affect the event kinematics, e.g., the jets’ hardness, so in the presence of cuts, applying
a parton shower may indeed affect the fiducial cross section.

13For historical reasons, some of the merging methods still carry the term "matching" in their names. They are merging
methods nonetheless.
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the idea is to slice the phase space.

The simplest possible choice here is to define a transverse-momentum cut-off for the jet, prmin, below which
lies the parton shower domain and above which we prefer the description by the matrix element, thus
ensuring that the matrix element is used to describe the hard radiation.

Also, the MLM and the CKKW matching procedures belong to this category of slicing merging schemes.
Besides slicing merging schemes, there are also approaches to merging based on subtracting the double-

counted parts, referred to as subtraction merging schemes.
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: : i ;]7’1' <PTmin : Z EPT <PTmin
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PT > PTymin
25%%;; ,>pmm“ . e
Fig. 3.1: Illustration of double counting when merging parton showers with LO matrix-element calculations. Radia-

tions generated by the parton shower are shown in red while radiations described by matrix elements are
depicted in blue.

Many elaborate merging schemes introduce an interdependence between the Monte-Carlo program generating
the partonic events and the parton-shower program, sometimes up to a point necessitating both tasks to be
performed by the same monolithic program. In a modular framework like WHIZARD, this is undesirable. We
thus prefer merging schemes that can be implemented independently on the internal details of the subsequent
shower. The MLM scheme is one such merging scheme. It has been implemented in WHIZARD in the course
of a Ph.D. thesis [71].

3.2.2 Matching

The intention of matching is to enhance the predictive quality of the parton shower with hard matrix elements
computed at a higher fixed order in such a way that NLO accuracy is achieved for inclusive observables
while at the same time maintaining the leading logarithmic accuracy of the parton-shower approach.

Just as different LO matrix elements may describe processes with different numbers of radiated particles,
higher-order real matrix elements also feature additional radiated real emissions. For this reason, the basic
problem that matching has to solve is the same as before: the goal is to avoid double counting contributions
describing the same number of radiated particles. Similar to fig. 3.1, the case of matching is depicted in
fig. 3.2.
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Fig. 3.2: Illustration of double counting when matching parton showers with higher-order matrix-element calculations.
The Born contribution is depicted in black. Virtual diagrams contribute in the first row, although they are

not shown explicitly. Radiations generated by the parton shower are shown in red, while the real radiation
is depicted in blue.

More precisely, we follow ref. [108] and understand as double counting during matching if the resulting
prediction for any observable at the first order beyond the Born approximation in the expansion of the
coupling constant does not coincide with the NLO prediction. In the soft and collinear regions of phase
space, it is sufficient to prefer the parton-shower description using the Born cross section times a splitting
kernel to describe the radiations as, in this case, both predictions agree up to the first emission in the leading
terms. In the hard regions of the phase space, the NLO prediction for the first emission is more accurate, so
it is possible to avoid double counting by preferring the NLO description of the radiation.

Especially the soft regions of phase space are crucial for the proper cancellation of divergences between the
different NLO contributions. The main challenge for any matching algorithm is to solve the problem of

double counting without spoiling the NLO subtraction.

The matching of NLO computations with parton showers has been pioneered by Frixione and Webber with
MC@NLO matching [108]. It relies on a modified subtraction method adapted to the parton shower. Due to the
nature of being based on a subtraction method, the MC@NLO matching scheme produces negatively weighted
events across the entire phase space. This can become a significant performance problem for the subsequent
processing of the events we will come back to in sec. 3.6.9 at the end of this section. Although the MC@NLO
method is still in active use today, mostly via its implementation in MG5_aMC [45], the explicit dependence
on the parton shower and the amount of generated negative weights render this method unfavorable for the
projects pursued in this project.

The most famous matching scheme solving this problem of negatively weighted events in such a way that
they are suppressed in all perturbatively stable regions of the phase space is POWHEG matching. The basic
idea has been proposed [46], implemented [56] and explained in great detail [47] by P. Nason. It is dubbed
POWHEG for Positive Weighted Hardest Emission Generator underlining this fact.

The lower rate of negative weights is achieved by relying on slicing instead of a subtraction method for
the matching. The original approach uses the emission’s transverse momentum pr as a slicing parameter
to divide the phase space in a domain governed by the SMC and a domain where the NLO description is
governing the first emission. As long as the applied shower algorithm respects the hardest emission generated
by the matching algorithm, the matching itself is independent of the subsequent shower. Furthermore, we
will see that POWHEG matching fits neatly to the structure of the FKS subtraction mechanism making it the
ideal matching algorithm to be implemented in WHIZARD. For these reasons, it is the POWHEG matching that
we chose to focus on in this thesis.

Besides MC@NLO and POWHEG matching, there is also the possibility to enhance a SMC with NLO matrix
elements based on a dedicated MC factorization scheme and a redefinition of the PDFs. This approach has
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been suggested by a Polish group and is dubbed KrkNLO [109].
It is also possible to combine matching and merging, i.e., to merge matched NLO samples. In this way, NLO
calculations for different Born processes can be combined, further improving the accuracy although formally
staying accurate to the NLO. Some of the well-established NLO merging methods are FxFx merging [110],
UNLOPS and NL3 merging [111] as well as MINLO merging [112].

3.3 POWHEG matching — the concept

The general idea behind the POWHEG matching is to generate the hardest emission for each event with full
NLO accuracy and making sure that each subsequently generated emission is softer than the previous one,
guaranteeing that the showering does not spoil the NLO accuracy of infrared finite observables, affecting
them at most at the NNLO. This criterion allows to strictly separate the generation of the hardest emission
from the shower, making it possible to split the matching into two disjunct stages.

The first stage will generate the hard kinematics describing the hard process and up to one single emission.
We will call the generated collection of particle momenta associated with a weight a POWHEG event. These
POWHEG events can be written to disk in standard event formats like HepMC [113, 114] and LHEF [55] and
can even be analyzed and histogrammed. We want to stress, however, that this is just useful for technical
comparisons as their kinematic distributions will not be an accurate description of measured data as long
as they lack showering.

Only in the second stage the generated POWHEG events will undergo the parton showering, enhancing the
logarithmic accuracy in the soft and collinear regions of phase space and generating the desired distribution
of events with NLO accuracy in the hard and logarithmic accuracy in the soft and collinear regions of phase
space. This separation of both stages allows us to focus on the first stage throughout this section, leaving
the details of the parton shower to the SMC.

In order to preserve the total cross section during this procedure, we should respect the full NLO integrand,
gathered from eq. (2.123), (2.167) and (2.172) for the Born, the virtual and the DGLAP remnant contribu-
tion, respectively, absorbing the jet measurement functions and explicit symmetry factors present in these
equations as well as eq. (2.124) for the real contribution including the subtraction terms derived in that
section. It is given by

B(®,) = B(®,)+V(®n)+ / [R(®r, Praq) —S(Pp, Prad)] dPraa+ / (G (@, 2)+G59) (@, 2)] dzi (3.8)

denoted as B similar to eq. (3.2) of ref. [47]. It is this function that we integrate to compute the NLO cross
section using MC sampling.

In the first step, we generate n-particle events with weights according to eq. (3.8). In the next step, we add
the real emission to this Born-like seed kinematic. The crucial point is that we resum this emission to LL

order in pr using a modified Sudakov form factor

A(q)n,pT) = exp |:— / % G(kT(@nH) — pT) d(I)rad s (39)

where k7 (®,1) is of the order of the transverse momentum of the radiated parton relative to the emitter
before the emission in the CM system of the colliding partons. We see that the fraction ®/5 takes the place
of the splitting function in this Sudakov form factor. In this way, the splitting function is process-specific as

opposed to the traditional universal splitting functions (c.f. app. A) and not only accurate in the soft and
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collinear regions. Additionally, this matrix-element-based splitting function will include interference effects,
e.g., due to color dipoles that are usually beyond the description with 1 — 2 splitting functions.
Based on this Sudakov form factor, we apply the shower algorithm discussed in sec. 3.1 to generate the first

emission only. We already showed in eq. (3.5) that this conserves the total cross section, i.e.

R((I)n-H)

donLo = E(q)n) <A(pT,min) + A(kT((I)"-‘rl)) B(‘I)n)

d(bmd> dd,. (3.10)
Here, the term A(prmin) hints at the fact that there is a possibility that no radiation occurs down to prmin,
which is typically chosen at O (1 GeV) to avoid reaching unphysical regions of the PDFs or non-perturbative
regions of ag. In this case, no first emission is generated by the matrix elements, and a Born-like event will
be given to the SMC. All subsequent emissions will then be generated at a lower scale by the traditional
parton shower.

Cross sections and differential distributions computed based on this construction will have the following

properties:

1. At large pr predictions coincide with the NLO predictions up to NNLO terms.

2. Infrared safe observables will be accurate to NLO, and this behavior is not spoiled by subsequent
showering.

3. The behavior at small py will be no worse than that of the standard SMC.

The second property is probably the least obvious. A detailed proof can be found in sec. 4.3 in the detailed
description of the POWHEG method given in ref. [47]. Based on these properties, the POWHEG matching fulfills
all the requirements to solve the problem of double counting described in the previous subsection 3.2.

For the shower to conserve properties 1 and 2, it is important that the parton shower does not generate
any radiation harder than the first emission. If the applied parton shower is ordered in pr, it is sufficient
to require that the shower starts at an upper scale equal to the pr of the POWHEG event. This should be
possible for all SMCs that are compatible with the LHIUP [54, 55].

If the SMC uses a different, e.g., angular ordering, we need to suppress emissions with larger pr from the
shower. This is possible using vetoed truncated showers [46] compensating the fact that the hardest emission
of an angular-ordered shower may not always be the first. For simplicity, we will assume pp-ordered radiation
generation in the following.

The POWHEG-matching scheme has first been implemented in the semi-automated MC event generator named
thereafter as the POWHEG-BOX [48]. The POWHEG-BOX framework made matched NLO predictions for numerous
processes publicly available [115], in many cases pioneering the utilization of NLO predictions in experimental
studies. Its approach, however, is process-specific. The main part containing the implementation of FKS
subtraction and the POWHEG matching is automated. However, the matrix elements and the phase-space
construction are performed on a process-by-process basis requiring substantial theoretical effort for each
NeW Process.

The MC generators Sherpa [116] and HERWIG [117] also feature their own implementation of POWHEG matching
in an automated way, both showing that POWHEG matching is also compatible with CS dipole subtraction.
A preliminary proof-of-concept implementation of POWHEG matching has also become available in the MC
event generator WHIZARD 2.2.7 and was applied to ¢ production at a future lepton collider [118]. Tt was
substantially generalized to arbitrary processes at hadron- and lepton colliders throughout this thesis and is
available for public use from WHIZARD 3.1.0 on.
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3 The POWHEG matching scheme 3.4 Prerequisites

3.4 Prerequisites

The prerequisites to generate POWHEG events are similar to the requirements we discussed in sec. 2.5 for FKS.
We require a Born phase space well-defined by radiation-proof cuts and a separation of the real phase space
in singular regions as explained in sec. 2.3.

For a consistent matching, the generated additional radiation must be softer than the transverse momenta
of the underlying Born kinematics [47]. This is achieved by separating R into singular regions only with an
appropriate choice of S-functions such as the one we chose in sec. 2.3.3.

In general, the requirement on radiation-proof cuts for the Born configuration can be lifted by introducing
a separation of the real contribution similar to the real partition (c.f. sec. 2.6.3). Alternatively, a weight
can be added to the Born term suppressing the singular Born configurations as described in ref. [47]. Given

that we require radiation-proof cuts already for the FKS subtraction, we will not follow these approaches.

3.4.1 Generation of the underlying Born configuration and event weights

The generation of radiation and the matching both act on Born-like events'*. For each PSP we require a
given Born configuration, i.e., a PSP in ®,,, associated with a weight w and a flavor structure fz. This flavor
structure should be chosen in such a way that the sum of weights for each flavor structure is proportional to
Efs(q)n) d®,,, where similar to eq. (3.8) but this time itemized per Born flavor structure, B'® (®,) is given
by

B (@,) = B5(,) + VI5(a,) + > Ra, (Pn; Prad) — Sa, (Pn; Prad) dPraq
Qo E{arlfB}

in, d in, d
Y /Q§®§n )?Z+ 3 /gaegn )ZZ (3.11)

ag€{ag|fs} ag€f{asgl|fs}

where the sums run over all ALRs sharing the same Born flavor structure fz and featuring ISR in the case
of ag.

There are two ways to achieve this. Just as for ordinary LO events, it is possible to implement the probability
of each flavor structure via the weight’s value in weighted events or via the probability density of each flavor
structure in unweighted events. In the first case, we directly use eq. (3.11) evaluated at a specific PSP @,
multiplied by the appropriate phase space factors as weight w for each event generating weighted events.
The POWHEG procedure to generate radiation described in the following will only alter the event kinematics
keeping the event weights unchanged. This means that in this case, we will also generate weighted POWHEG
events, which will still be weighted after showering. These are perfectly fine for technical comparisons and
quick plotting as they will reproduce the correct differential distributions when histogrammed and can be
generated much faster. However, one needs to make sure that the weights are not lost during subsequent
event processing. Some programs, e.g., PYTHIA  assume a weight of unity by default.

One more technical downside is that weighted events generated using an adaptive phase-space mapping
(c.f. sec. 4) tend to bear rare kinematic configurations more often, albeit with a small weight. These overly
abundant rare configurations increase the probability of errors and warnings when showered.

The same is true for events with a weight identical to zero. These are events that failed the phase-space
cuts but are kept nevertheless to allow a consistent counting of events. Keeping the events which failed
the phase-space cuts has the advantage that the events carry the information of how many events have

passed and failed the cuts, making, e.g., the normalization of histograms easier. However, the downside is

14 Eyent in the sense described at the beginning of sec. 2.8.
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3 The POWHEG matching scheme 3.5 The generation of radiation — the veto procedure

that computational effort is wasted on events with zero weight, and they also may have rare or even invalid
kinematic configurations increasing the number of warnings and errors in subsequent processing.
In the second case, we perform an unweighting step on the weighted events such that each event survives

only with a probability proportional to its weight

where  wWpax = max(|w;|) . (3.12)

After this selection, we assign a weight equal to sgn(w;) to each event producing a sample of unweighted
events.

A weight determined by eq. (3.11) does not need to be positive. NLO PDFs can take negative values in
phase-space regions outside the perturbative region, and also, the subtracted real and virtual components
may take negative values. This means that the procedure described above will generate a sample of indefinite
unweighted events, i.e., a sample of events where each event carries a weight w € {—1,1}.

We note that eq. (3.11) contains the only terms influenced by the virtual and the DGLAP NLO contribution
in the POWHEG matching. Thus, they influence solely the event weights and flavor abundances of the generated
events but not the kinematics.

3.5 The generation of radiation — the veto procedure

Given the Born configuration (®,,, w, fg), the next step is to generate the hardest radiation from the Sudakov
form factor in eq. (3.9). For the efficient generation of the hardest radiation from the Sudakov form factor,
we apply the POWHEG veto procedure, an iterative algorithm to efficiently find a valid kinematic configuration
for the radiated momentum. For illustrative purposes, we will discuss the veto procedure in general before

discussing its application to POWHEG matching in sec. 3.5.2.

3.5.1 The veto procedure in general

Inspired by Nason and Ridolfi (ref. [56], app. C), this section discusses the general technique of how to
generate kinematic variables from random numbers with a veto procedure using an upper bounding function

(UBF). We will also include a proof of the veto procedure in this section.

Generating a kinematic variable from the Sudakov form factor
The basic problem we are facing when generating POWHEG events is that we want to generate positive definite
variables p(z) > 0 from a set of (not necessarily uniform) random numbers z describing an event based on a

probability distribution
Pp(z) = R(z) exp |:—/R(l'/) 0(p(z') — p(z)) dia’| (3.13)

where we assume R(z) to be positive semi-definite!® and the full integral over R(x) to be divergent. To
get some more intuition, let us mention that in the application of this procedure later on, the three FKS
variables (,y, ¢) will substitute z while R(z) will be proportional to the ratio of matrix elements Ra./B;,.

Using P,(x), we can infer the probability for a given variable p by integrating and notice that it is an exact

15We have already mentioned that this will not always be the case. We will come back to this issue in sec. 3.5.4.

o8
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differential
Plpla) =) = [ Pola) So(o) ~ p) ' = [ R)3(p(a) ) exp [— [ Rl - p) dta'| '
:d—pA(p) , (3.14)

where

A(p) = exp [—/R(x') 9(p(a") — p) ddx’} (3.15)

is the corresponding potential form, which happens to be the Sudakov form factor. As R(x) is assumed to
be non-negative, it is 0 < A(p) < 1. From this we can also see that the probability distribution P,(z) is
correctly normalized to 1:

/Pp(x) dz = / /Pp(x)é(p(x) —p)dizdp = A(oo)—A(0) = 1—exp {—/R(x')dda:’} =l-e>*=1

’ (3.16)
The exponent vanishes as p — 400 due to the 6 function and diverges as p — 0, based on our assumptions
for R(x).
In principle, this makes the generation of events based on p(x) according to a probability distribution P,(x)
straightforward using inverse transform sampling (ITS) (c.f. app. B.2 for details):

1. Take a uniform random number r between 0 and 1.
2. Solve A(p) = r for p.
3. Generate the event x with a distribution proportional to R(x) d(p(x) — p) such that p(z) =p

So knowledge of the Sudakov form factor immediately allows us to generate kinematic variables like radiation

momenta. This is the basic procedure applied when generating a parton shower.

The veto procedure

So in principle, our problem is solved, and we can assign momenta to our events based on generated uniform
random numbers. However, the problem is the performance of step 2: solving A(p) = r for p. This relation
has to be solved numerically,which can quickly become very time-consuming. To overcome this issue, we
apply the following veto procedure inspired by the rejection sampling method!®, c.f. app. B.3.

We assume that there is an UBF U(z) such that U(x) > R(z) Va and such that

AY(p) = exp [/ddx/U(a:’)G(p(x') —p) (3.17)

is "simple' in the sense that the equation AY(p) = r can easily be solved for p. In practice, we apply a
numerical bisection root-finding method to solve eq. (3.17). We then use U(z) for the generation of p, and

in the end, veto some events to correct for the overestimation. In detail, the steps performed are:
1. We initially set ppax = 0.
2. We take a uniform random number 0 < r; < 1 to determine p

3. We solve AY(p) = 7; AY (pmax) for p. A solution 0 < p < puax always exists for 0 < r; < 1.

16ignoring the normalization condition
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3 The POWHEG matching scheme 3.5 The generation of radiation — the veto procedure

4. We generate z according to U(z)d(p(z) — p)
5. We take a new uniform random number r’ for the veto.

6. Then, if v’ < R(®)/U(z), we keep the configuration, successfully generating an event. Otherwise, we set
Pmax = p and repeat the process starting with step 3.

In the first attempt, it is AY (pmax) = 1. For an event vetoed in the first attempt, we find r; = AY(p). So
that after setting pmax = p, we have to solve log (AU(p)) = log(r1) + log(rs) for p in the second attempt.
For the Nth attempt, we have to solve log (AU(p)) = vazl log(r;) for p. The resulting events will then be
distributed according to eq. (3.13).

Proof of the veto procedure
We now want to prove the previous statement and thus, the validity of the veto procedure. When all
events have been generated according to the veto procedure, all their distributions will be the sum of the
distributions filled with events that got accepted without any veto, that got accepted after the first veto,
after the second veto and so on.

We want to investigate this series, starting with the first term given by

Pmax U z
PO = [ 5o V@) 1) G don = RE@AY (o) (3.18)
step 3 step 4 step 6

Here, the first fraction in the integrand comes from step 3 and, when integrated over all possible values for
p1, accounts for all the possible corresponding random numbers r;. The second factor arises from step 4 and
connects the generated kinematic values p(x) with the kinematic seed z. Lastly, the fraction % accounts
for the survival probability in step 6. For simplification, we used the fact that AY (puax) = AY(c0) = 1 and
evaluated the integral using the § distribution.

The events which fail the first but survive the second veto will be distributed according to

P = [ 2L [0 st - ) (1- )

AU(pmax
P1 AU o R(x
; AUE]I;; U(z)d(p(x) — p2) UE{E; dpy dzy dpy
= R@A @) [ dp (3.19)

where we have introduced the short-hand notation

utr) = [ U0 - p) (1 - ﬁgg) o (3.20)

R(z1)
U(z1)

distribution in the second factor, the result will only be non-zero for p; > p(z), so we can use p(z) as the

This time, we have inserted a factor of (1 — ) to account for the rejection probability. Due to the §

lower limit of the remaining integral. We also replaced ppax with its initial value co.
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3 The POWHEG matching scheme 3.5 The generation of radiation — the veto procedure

To continue one more step, for the events that only survive the third veto step, we find

Pmax U p1 AU
P = [ ) [" 25
(

P2 AU(p: R(x
[ S U@B0a) ~ pa) g Ao dy

~

S

Pmax
:/ u(p1) / u(p2 / AY(p3)d(p(z) — ps) R(z) dps dps dpy

()

Pmax Pmax
w(py) dpy / u(ps) dps AU (p(x)) R(x)
p(x) P

_ / / N u(pa) dpa dpy AU (p()) R(x)
1
2

(z)

:R(@Av(p(@)ll Oodpu@)] , (3.21)

p(z)

canceling the fractions of AV terms, using the § distributions to raise the lower integration limit, and making
use of the fact that integrating over ps from p(x) to p; for every value of p; is equivalent to always integrating
t0 Pmax and dividing by 2

We can now infer the generic term by induction and get

o0

7’(")(%)=AU(17($))R($)7;V U(p)dp] , (3.22)

()
which, if summed over, yields the desired exponential
(oo} o0

Z pn) (x) = R(m)AU(p(x)) exp [/ u(p) dp

n=0 (z)

= R(z)A"(p(z)) exp {/[U(xl) — R(2")] 0(p(2") — p(x)) dd?ﬂ/]
z) exp [— / R(@")0(p(a’) — p(x)) ddx’] , (3.23)

concluding the proof by putting in the definitions of u(p) and AU (p(x)). We see that the dependence on
the UBF entirely vanishes provided it fulfills the assumed criteria, i.e., that it always is an upper bound for

R(z) even though R(x) may be divergent in some regions.

3.5.2 Dividing and conquering the Sudakov form factor

Now that we have understood the veto procedure in general, we can take a look at how it is applied during
the POWHEG matching to generate the real radiation kinematics. This is also explained in detail in sec. 7.1
of ref. [48] and sec. 4.3 of ref. [47] intertwined with technical descriptions of the routines inside the POWHEG
code.

At this point, one may wonder why it is necessary to discuss the generation of the real kinematics here
again, considering we already thoroughly discussed how to generate the FKS variables and from them the
real momenta in sec. 2.4. The reason is that for the POWHEG matching, we want to generate only real events
featuring radiation with a transverse momentum above a given threshold prmin. Radiation with a lower

transverse momentum should better be generated by the parton shower to avoid unphysical regions of the
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PDFs or non-perturbative regions of ag. We achieve this by generating a Born-like event in the case that the
radiation’s transverse momentum would be smaller than pr min. By default, this parameter is prmin = 1 GeV,
but the value can be changed with the parameter powheg_pt_min in WHIZARD. In order to speed up the
event generation, we want to abort generating the radiation of an event below this threshold as early as
possible. For this reason, we generate the event’s transverse momentum first, then decide whether to keep
or dismiss it, and, if we keep it, generate the rest of the event kinematics based on the generated pp.

We start this discussion after having generated an underlying Born configuration as described in sec. 3.4.1
so that the Born kinematics and also the Born flavor structure fz are known.

When generating the radiation, we make use of the phase-space segmentation already established in the
framework of FKS, i.e., we decompose the Sudakov form factor into a product over ALRs

AJs ((I)nva) = H A(J;? ((I)napT) ) (324)
are{ar‘fB}

where fp denotes a specific Born flavor structure and «, a specific ALR so that the product takes into
account all ALRs that share the same underlying Born flavor structure. The Sudakov form factor for a
single ALR is then given by

R (q) 1) DT=0,,
o sin n—+
A5 (pr) = AL (@, pr) = exp |:_/d¢)rad8f5 @) 0(kr(®n+1) — pr) N . (3.25)

The lower label, ., of the square bracket indicates that the quantities inside the bracket should be evaluated
for a specific ALR, while the upper label 6:7' = ®,, denotes that the real radiation phase space ®, 1 is
given by the underlying Born phase space 5? at the point ®,, and the radiation variables ®,,q. We will
drop the explicit dependence of the Sudakov form factor on the Born phase space ®,, in our notation from
here on.

As we see in eq. (3.25), we only take into account the singular part of the real contribution for the generation
of radiation. We can include the finite part of the real contribution in our events by generating events and
treating it as an ordinary finite tree-level contribution (c.f. sec. 2.6.3). By doing so, we remedy the problem
of Born zeroes we will elaborate on in sec. 3.6.3, which could otherwise become problematic. If no real
partition is used, the total real matrix element R takes the place of Ry, in eq. (3.25).

Eq. (3.25) also makes it clear why POWHEG matching works especially well in conjunction with FKS subtrac-
tion. The generation of radiation builds on a Born configuration and the Sudakov splits into a product of
Sudakovs over ALR. To achieve something similar based on CS subtraction requires an additional projection
similar to FKS itself [119].

At this point, we have assigned one Sudakov form factor to each ALR. We follow app. B of ref. [47] and use
a version of the highest-bid algorithm, to choose the ALR and thereby the real configuration including the
flavor structure of the generated event, For each ALR, we generate a transverse momentum value pr with a
probability distribution given by

0
PLE(pr) = %Aéf(PT) ; (3.26)

which we will discuss in more detail in sec. 3.5.3. We then keep only the highest generated pr value and the
corresponding ALR.
To see why this is a valid approach, suppose that k labels the chosen ALR. The probability that the ALR k&
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has the largest pr is given by the product of its probability to be generated

9 REC (@01 (pr)
PLE (pr) = %Ais (pr) = BJEB (<I>+1) ) AJE (pr) (3.27)

and the probability that all pr in other ALRs are smaller than the chosen pr. We remember from sec. 3.1
that the Sudakov form factor A(pr) can be interpreted as the non-splitting probability with transverse
momenta larger than pr to see that this probability is given by

[Tar@n . (3.28)
i#k

so that the product of both reproduces the full Sudakov given in eq. (3.24).

3.5.3 The upper bounding function

As discussed in sec. 3.5.1, to generate the transverse momentum according to eq. (3.26), we need to solve
AY(pr) = r for pr using a smart choice for the UBF.

We need to find an UBF that overestimates the integrand of the modified Sudakov form factor given by
eq. (3.9). We first make the dependence on the phase space explicit to find a suitable overestimation. We

parametrize the radiation phase space using the three radiation variables £,y and ¢ as
dq)rad = jar dé- dy d¢ ’ (329)

where J % is the Jacobian of the real phase space whose explicit form depends on the emitter of the ALR.
This is equivalent to eq. (2.16). The different Jacobians are discussed in sec. 2.4.
To simplify the Sudakov form factor, we choose an upper bounding function N U (§,y) where U (€, y)
determines its functional form and N is a normalization factor we will specify further in sec. 3.5.4, chosen
in such a way that the UBF satisfies

TR (Busr)

Sin

Bfs (®,,)

SNU(E,y) (3.30)

across the entire phase space, thus earning its name. For this to hold, the explicit form of U (&, y) has
to be adjusted to the ALR’s singularities and thus its splitting type. We will discuss four different of such
types in sec. 3.5.5ff.

We then generate a py value according to the probability distribution

Pa (pr) = ap%ﬁgr (pr) (3.31)
with
AU (pr) = exp [— / N U (,4) (kr (nsr) — pr) dé dy d (3.32)

by solving r = Agr (pr) numerically.
Finally, we perform a veto step to correct for the overestimation of eq. (3.30), i.e., we accept each event
generated with a survival probability

1 ja7~Rfﬁ7ar ((I)n+1)

Sin

Psurv - N Uar (g, y) BfB(fl)n) )

(3.33)

63



3 The POWHEG matching scheme 3.5 The generation of radiation — the veto procedure

and else generate a new p/. smaller than before and repeat the process.

Fig. 3.3 is a flow chart depicting the highest-bid algorithm for a process with 3 ALRs. For each ALR, we
generate a value pr € [Prmin, 00) using the procedure described in this section. When all values have been
generated, we generate an event based on the largest pr and the corresponding ALR. This approach has the
benefit of being parallelizable over the ALRs as all ALRs are treated independently.

For a single core, however, this leaves room for optimization. Fig. 3.4 shows an optimized version of the
highest-bid algorithm. Here, we sacrificed the ALRs’ independence for performance, based on the idea that
if we want to keep only the largest pr value in the end, we can stop the veto procedure to generate pr in
an ALR as soon as the current value is smaller than the largest previously generated pr value. In this way,
i No+1

the performance of the highest-bid procedure scales like E?i“l ~ = —%— even with a single core, assuming

that the pr distributions of all ALRs are the same, so the second approach is roughly a factor of 2 faster.

ALR 1 ALR 2 ALR 3
PTmax = OQ PTmax = 00 PTmax = 00
re(0,1) re(0,1) re(0,1)
re(0,1) . Bl re(0,1) v sl re(0,1) - Bl
—> AY(pr,1) = 7+ AY(prmax) AY(pr2) = r - AY(prmax) AY(pr3) =1 - AY(pmax)
for pr1 for ppo for pr 3
pra pr2 pr3
no no
PTmax = PT,1 PT,1 > Primin? p==>| PT1 = PTmin ‘ PTmax = PT,2 Pr2 > PTmin? P72 = PTymin ‘ PTmax = PT.,3 PT,3 > PTmin?
pra pr2 pr3
Generate the kinematics Generate the kinematics Generate the kinematics
(€, 0) from pr,y (§y.9) from pr, (&, 0) from pr 5
z=(&y,¢) z=(&y,0) z= (&Y, )
PT,| b 7 < fgz;’? PT.2 e 7 < 522;7 PT,3 b 17 < %?
Pr2
Select max(pr,1,pr,2,P1,3)
Pra and corresponding ALR pr3

Fig. 3.3: Flow chart depicting the parallelizable highest-bid algorithm with 3 ALRs. A transverse momentum value
pr is generated in each ALR and the ALR with maximum pr determines the event. If in all ALRs,
PT = PTmin, @ Born event is generated instead. Each r in this figure denotes a newly generated uniform
random number r € (0, 1) from the sequence.
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ALR 1
PImax = 00
Prmin = 1GeV
re(0,1)
ALR 2
re (0,1 Solve -
oD AY(pr1) =7+ AV (Prmax) | PImax =
for pra
Pra re(0,1)
ALR 3
re(0,1) Solve B
—> AU(pr2) = - AV (prmax) PImax = 00
for pro
no
Prmax = P11 pra > PT,min7 N
pr2 re(0,1)

re(0,1) Solve
P AY(prg) =7 - AY(prmax)
for prs
no
PTmax = PT,2 PT2 > PTimin? e

‘ Generate the kinematics ‘

(&9, ¢) from pr, pr3

= (§y,9) T2
= : 9\,
Generate the kinematics PTmax B PT,3 > PTimin? e
(&9, ¢) from pr,»
pT1 r < 522;7

z=(£y,0) prs

pr

‘ Generate the kinematics

(&,y, ¢) from pr3

P2 r < 3%7
Set prmin = P11
and alr = 1 = (§y,9)

Pr2

R(z)
PT,3 I— r < K
T
Set prmin = P12 €
and alr = 2

pPr3

and ALR

Fig. 3.4: Flow chart depicting the optimized highest-bid algorithm with 3 ALRs. Previously generated pr are stored
by increasing prmin in subsequent ALRs. If the chosen value for pr is still equivalent to the initial prmin, a
Born event is generated instead. Each r in this figure denotes a newly generated uniform random number
r € (0,1) from the sequence.

Multiple UBFs — the stepwise POWHEG veto procedure
Let there be an intermediate upper bounding function U(®,,q) such that

jOCTRf.B No ((I)n+1)

Sin

BIs(,)

< U(Praq) S NU(€,y) . (3.34)
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We can then split the veto we previously performed in a single step into two steps by first accepting the

generated events with a probability

U(®Praa) . o 1 JoRIE (®,44)
—— 4 and then with bability Paury = sin
N Uor (57 y) an en with a probability s U((I)rad) Bfﬁ’((I)n)

Psurv = (3.35)
which is equivalent to accepting them with the probability given in eq. (3.33). The benefit, however, is
that we do not need to evaluate the Born and real matrix elements for all the events that already fail the
first veto step. As these computations are the bottleneck of this procedure’s performance, we can achieve a
significant speedup by performing the veto procedure stepwise. We will take this even further and perform
a series of overestimations and veto steps ordered by increasing performance cost to do computations less
often the more costly they are.

We summarize all possible veto steps performed in sec. 3.5.9 after we discussed the possible UBF choices.
These choices differ in the functional form of the UBF, which depends on the nature of the real emission.

We will discuss four different classes:

. FSR emissions off a massless emitter
. FSR emissions with a massless recoil system

. ISR emissions off a massless emitter

W N

. FSR emissions off a massive emitter.

Before discussing these classes, we will elaborate on a veto step all UBF choices have in common.

3.5.4 Normalizing the upper bounding function — the POWHEG grid

Inspired by sec. 7.1 of ref. [48], one of the veto steps is used to optimize the normalization of the UBF. For
this, we introduce the POWHEG grid Ny (§,y), which is a stepwise function in § and y, i.e., a 2D histogram
with bins ([&, &it1l, vy, yj+1}), where &; and y; are monotonous functions of £ and y respectively, in such a

way that it always overestimates the minimal required normalization N~ (¢, y):

T RE (®oi1) _ o,
Bfs (®,,) B

&)U (Ey) S NG (Ey) U (Ey) < Nan UM (Ey) (3.36)

Here, Jr implicitly depends on the phase-space point and we have defined N27_ to be the global maximum
of the POWHEG grid

Nor = No-(€,y)) . 3.37
max I(Ig’a;){( +H+ (5 y)) ( )

This second overestimation has the benefit that the normalization factor N3z, does not depend on the specific
phase-space point anymore, which allows us to take the normalization out of the integral in eq. (3.32), so
that we only have to solve the integral once for each type of UBF.

The veto step to correct for the overestimation performed in eq. (3.36) will be more efficient the smaller
the grid values N (§,y) are. We thus determine Ng"(€,y) as the maximum of what it is supposed to

overestimate in each bin,

ja%R‘fA&ar((I)nle)
Ng(&,y) = max N (€, =  max =2 . 3.38
2 €16, <E<bin ( (6 y)) €16, <E<Ein <Bf8(<1>n)Uar(§,y) (3.38)
Ylyi <y<yj+1 ylyi <y<yj+1
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There are two overestimations performed in eq. (3.36). We correct for the first one in the so-called norm-veto
step by accepting events with a probability

Paure = N €0)/Ner, (3.39)

max

followed by a second veto accepting events with probability
Psurv = Nm'(g’y)/Ni! &y) - (340)

This step requires the computation of the squared matrix elements Ry, and B, so it is dubbed matriz-
element-veto step. In this veto step, the dependence on the grid cancels almost entirely.
The only exception to this statement are grid excess events: events for which the computed N (£, y) is
larger than the maximal value encountered when creating the grid. The survival probabilities for these
events are formally larger than 100%. We keep these events, but if this happens too often, this indicates
that the grid is not an accurate overestimate, so that the generated event sample may be invalid. The issue
here is similar to excess events in event unweighting (c.f. eq. (3.12)). We roughly tolerate an excess event
fraction of less than 1%. If too many excess events occur, more calls should be spend when filling the grid
to improve its estimate. Alternatively, a safety factor larger than 1 can be applied to each bin in the grid to
minimize the probability of excess events.
In WHIZARD, the integration and the simulation of events are performed in two separate steps. We can benefit
from this approach here by determining the grid values for each bin already when sampling the phase space
for the integration. Thus when integrating, we keep track of the maximal encountered values N;T (&,y) for
each ALR and write them to a file to be read in again when generating events. In this way, the POWHEG grid
file can be reused to generate events from a previous integration run similar to the VAMP grids (c.f. app. D.1).
There is some freedom in the technical details of the grid. So far, we did not specify the monotonous
functions mapping (£, y) to the grid bins. WHIZARD uses a generic grid implementation so that each axis of
the grid ranges from 0 to 1. Therefore we have to map the values (£,y) to the unit square [0,1]? to target
the bins.
We experimented with different functional forms of the mappings. For y, we compared a simple linear
mapping y — %, taking the absolute value y — |y| and the inverse of what we use to sample y from the
initial set of random numbers during the integration step with the intent to profit from the importance
sampling in eq. (2.40).
As ¢ is already within [0, 1], the simplest possible mapping for & is the identity. We compared this approach
to the rescaled version £ — &/¢m.. and also included logarithmic, exponential as well as hyperbolic mappings
in our comparisons.
The different mappings showed different fractions of events being vetoed in the norm veto step, but we
did not observe any significant influence on the overall performance. The more events this step vetoes, the
more event kinematics we have to generate. The fewer events are vetoed in this step, the more events will
fail the subsequent veto steps. Both effects seem to compensate each other. This means that there is no
significant correlation between the grid mappings and the structure of the matrix-element ratio divided by
the functional form of the UBF %
In the end, we decided to keep the mappings

log (1 - ¢)

IOg (1 - gmax)

remaining to be exploited for optimizations.

and y—=lyl . (3.41)
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3 The POWHEG matching scheme 3.5 The generation of radiation — the veto procedure

We capped Emax and € at a value slightly smaller than 1 to ensure the numerical validity of the expression.
Of course, it is important to apply the same mappings during integration when writing the grids and during
event generation when retrieving the values to ensure that we access the same bin of the grid for the same
values (£, y) in both cases.

Also regarding the bin density, there is a certain choice left for the user. Some processes require a finer
grid, while a coarse grid is sufficient for others. The grid dimensions can be set using the integer variables
powheg_grid_size_xi and powheg_grid_size_y. Ideally, they are chosen in such a way that the perfor-
mance for the current process and setup is optimal while keeping the fraction of grid excess events small. A
high performance is characterized by a large ratio of the grid’s average value over its maximum. If this ratio
is too small, lots of events will be vetoed in the first norm veto step, eq. (3.39). In practice, the number of
bins in each dimension should be between 1 and 100, and in most cases, a 10 x 10 grid is a good balance
between performance and accuracy. More complicated processes and setups might require a finer-grained
grid.

To illustrate how such a grid looks like, fig. 3.5 shows the POWHEG grids for the three ALRs of the partonic
process dd — e*e~ with 10 bins for each axis. The axes are scaled according to the mappings of eq. (3.41).
The bin heights correspond to the values of Ny (§,y) in each bin, which are additionally color-coded.

We see that the grid’s overall structure is the same in ALR 2 and ALR 3. The peak values of the grid are
reached at low values of £. This is a remainder of the real matrix elements’ divergence in this region that
survived the cancellation with U% (¢, y). However, in ALR 1, this behavior seems to be entirely canceled
with the UBF. Overall, ALR 2 has the highest bin values, followed by ALR 3. This can be estimated
from the ratio of PDFs involved in the Born and the real matrix element. In ALR 2, this ratio is given by
9(z%)/d(zs), while in ALR 3 it is 9(z=)/d(z5) so the real enhancement from the gluon PDF seems to explain
the larger grid entries here. Thanks to the non-linear mapping of £, the bin heights are much more evenly
distributed compared to a linear mapping. This improves the ratios of the mean value over the maximum
for each grid which in this case are between 0.40 for ALR 3 and 0.44 for ALR 2.

0.35
030
z 025
= 0.20
S 015
0.10
0.05
0.00

(a) ALR 1,dd — eTe g (b) ALR 2,dg —»eTe d (¢) ALR 3, gd — ete™d

Fig. 3.5: POWHEG grids for the three ALRs of the process dd — e"e™. The figure design was inspired by fig. B.2 of
ref. [71].

More technical details when generating the POWHEG grid

There are a few more technical issues regarding the generation of the POWHEG grid. Most of them come from
far
the fact that when determining the bin values by eq. (3.38) we have to compute the fraction RS‘ET?)“)

In an NLO computation, none of the squared matrix elements Ry, and B has to be positive definite as
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3 The POWHEG matching scheme 3.5 The generation of radiation — the veto procedure

Rsin contains potentially large subtraction terms and both include PDF factors that may also take negative
values in non-perturbative regions beyond LO. If just one of both values is negative, they will not contribute
to the maximum computed in eq. (3.38). If both are simultaneously negative, however, they could. We skip
the PSP in both cases when filling the grid to avoid contributions from unphysical regions.
We do the same if at least one of both equals zero. This may happen either for physical reasons such as
helicity arguments, which we will discuss in more detail in sec. 3.6.3 or if any of both phase-space points
®,, or &, failed the kinematic cuts. Doing so should not pose a problem as we apply the same kinematic
cuts when generating the events, so we should not have to probe the grid at these phase-space points.
Finally, we ?lso skip phase-space points where the PDF values are exceedingly small. In this case, computing
RIE T (Pnt1)

the ratio —ur @)

any of the conditions

may become numerically instable. Based on ref. [47] we skip a phase-space point if

1. s <2GeV?

2. max(zg,g,r8,0) > 0.9

3. x5 (1 —xp) g(xp) > 30q(xp) for any initial-state quark

4. a2 (1 —x8) Yo jeqqq f(xB) > 30g(zp) for any initial-state gluon

is met. We choose a criterion independent of the actual emitter to not artificially favor specific ALRs.
Skipping some PSPs here increases the numerical stability of the grid and also greatly increases the veto
performance by excluding those points that would lead to peaks in the grid much higher than the average
value. This is, however, an approximation, possibly increasing the fraction of occurring excess events later
in the procedure. It is for this reason that we monitor the fraction of excess events, making sure that they
have no significant impact.

One more remark: the POWHEG grid here is used as an overestimator for the probed function. One could get
rid of binning and possibly also peak effects by replacing the grid with an analytic function fitted to the
probed grid values using machine learning techniques. This could be a well-defined interesting and concise

future project.
3.5.5 The POWHEG veto procedure — the massless FSR case
In this section, we will focus on probably the most common case of final-state radiation off massless emitters

first discussed in sec. 7.1.3 of ref. [48]. The other cases will be discussed in subsequent sections.

In order to satisfy the upper bounding condition eq. (3.30), it is essential that the UBF catches all the
divergences of the real matrix element. For final-state radiation off massless emitters, these divergent phase-

space regions are reached if £ — 0 as well as y — 1. Therefore, the simplest possible choice is an UBF of

the form
Ofrad(PT)
Ngr U (& y) = Nop —2——= 3.42

exhibiting the same behavior. Other choices with a more complicated functional dependence are possible

but do not seem to provide a significant efficiency gain.

The ag veto

All upper bounding functions except the one for massive emitters are explicitly proportional to the strong

fe.ar
coupling constant ag just as the matrix-element ratio R (@ns1)

BT (3,.) in the Sudakov exponent. In the
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generation of the transverse momentum from the Sudakov, we will first use an overestimated value o224 and

correct this overestimation in another veto step later. It is defined by

as(p) < agd(p) = W . (3.43)

inspired by the LO running of ag, where we choose to further overestimate ag using the LO coefficient of

the QCD B-function
33—2- ny

127

Although, in general, when evolving aig, ny will be equal to the number of active quark flavors with masses

brad = with np=5 . (3.44)

below the scale of ag. The exact choice for A,.q4 is to some extent arbitrary as it cancels out in the ag veto

step. We determine A;.q such that the overestimated g agrees with the actual one at the scale ug, i.e.,
as(po) = a§ (o), to be
1
A2, =12 exp [] . (3.45)
red 0 b das (o)
In this way, eq. (3.43) holds for all u > pg. & can be set by the user via the parameter powheg_lambda

in WHIZARD. By default, we determine this parameter via the QCD Landau pole as & = A;Tfszs. Another

sensible choice is pio = prmin such that eq. (3.43) holds for all pr > prmin

We then use the UBF given by eq. (3.42) for the generation of the transverse momentum pr by solving
Al (pr)=r (3.46)

for pr. To do this numerically, we need to solve the integral in the Sudakov exponent. Thanks to the overes-

timations, this is efficiently possible. The solution is given by eq. (3.51), which we will derive in the following.

In the first actual veto step thereafter, the aug veto, we correct for the overestimation of ag in eq. (3.43) by

accepting events with a probability
as(pr)

Psurv = arsad(pT)

(3.47)

Generation of the radiation kinematics

For all subsequent steps, we need to know the explicit event kinematics, i.e., pr and the FKS variables.
Following app. C of ref. [48], we proceed to compute £ and y (and also ¢) from the generated pr. We
derived the allowed ranges of the three FKS variables in sec. 2.3.2. They are given by

2
s — M,

0<£<§ma,(::T , —l<y<l |, 0<o¢p<2m (3.48)

where M, is the mass of the recoil system determined by summing all four-momenta excluding the emitter

and the radiated final-state particle
n—1 2
M2, = (Zpi> : (3.49)
i=1

For FSR, we define the transverse momentum as the orthogonal component of I_c; or equivalently Ej w.r.t.
their sum k; + Ej. From the definitions of ¢, and y (c.f. egs. (2.18) and (2.20)), we can thus choose a
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parametrization for pr given by
s
pr=580-y) & y=1-"7 . (3.50)

In this context, pr has to be understood as a hardness scale, which does not necessarily coincide with
the physical transverse momentum, so it does not represent the physical relation between the transverse
momentum and y. We can choose any form for this hardness scale as long as it is of the order of the
transverse momentum in the collinear limit and that it coincides with the physical transverse momentum in
the soft-collinear limit [47].

With these definitions, we can transform the Sudakov form factor of eq. (3.32) according to

bmax g €70 dk2
o (88, () =20 [ [ st G
0 H T

_ﬂ.NggX /gﬁ)axdgz/ 8/Afad dr
owpd & Jpz a2 wloglz]

TNgr /max d¢? [log( s/A2 4 ]
— max 76 max 10 max ra
bt Jo o € (S = 75/s) log log(p7/Afua)

2
s [ €800 0/02,

a 2
_ ”Z,Y:;ax 1og[ApQT }/ webi bl (€~ 5i5) oglul du
rad 1

TNr 2 <8 log(€2,..5/A%4) 2 8
—_ max g r2nax _ p% s {10 |: max :| lo |: max rad —lo max . (351
b{)ad (§ / ) & A?ad & log(pT/Arad) o8 pT ( )

In the first step, we overestimated ag using eq. (3.43) and changed the integrations from ¢ to &2 and from
k% to z := *7/a2 .. The theta function we introduced in the third line makes sure that the range of the last
integral in the second line is counted just once. In this case, it is prmax = s€2. Larger values are forbidden
by eq. ([3 50) arid the range of y. In the fourth step, we changed integration variables again from &2 to
_log|€%s/AZ,4

tog[%./A2,,]
We infer from the £ integral in the first line that we have to generate £ uniformly in log(£) between pr//s

to solve the remaining integral.

and &nax. Explicitly, this means

€ = exp [(1 1) log (f) +re 1og(§mx)} - (pT)Hg . (3.52)

with a uniform random number ¢ € (0,1).

Once we have solved eq. (3.46) numerically for py and generated ¢ according to eq. (3.52) we can compute y
from the RHS of eq. (3.50). Finally, ¢ is generated uniformly in its allowed range. To check the consistency
of the kinematic construction, we can close the circle afterwards by computing the full four-momenta of
the real PSP and making sure that the transverse momentum of the radiated parton w.r.t. the emitter
before the radiation indeed matches the py we initially generated. This finalizes the generation of the FKS
kinematics.

We note that the procedure to generate (£,y, ¢) here is different from the one described in sec. 2.4.1 for the
integration as here we required to have pr as one of the primary degrees of freedom.

The Norm veto
Now knowing & and y, the second veto we perform is the norm veto already mentioned in sec. 3.5.4. We

71



3 The POWHEG matching scheme 3.5 The generation of radiation — the veto procedure

correct for the overestimation of the normalization by keeping events with a probability

Ng (& y)

(03
Nmax

Psurv = (353)

At the end of this step, we have generated £ and y according to a probability distribution

U

dp;’" =21 Ny (§,y) U (€, y) exp {/Nfﬁ"(i’yy’)U”‘"(S',y’)(?(kT(f/,y’) —pr)d€' dy' dp| dédy (3.54)

The matrix-element veto

Finally, we accept events with a probability

T (& y) Ren (Pnt1)
BIs(0,) Ny (&, ) U (€, y)

Psurv = (355)

to correct for not using the actual matrix elements in the first place. This step is equivalent to eq. (3.40).
Computing the matrix element values is the most time-consuming step, especially for more complicated
processes. By postponing it to the very end, we make sure to only spend this time on events that are most
likely to survive the whole veto procedure, thus speeding up the entire event generation.

All events surviving this last veto step will have a valid real kinematic and a pr distribution according to

the non-overestimated Sudakov form factor.

3.5.6 The POWHEG veto procedure — massless recoil systems

We can use the procedure described in the previous section for all processes with FSR. off massless emitters
with one exception. This exception are processes in which the recoil system is massless, i.e., M. = 0 as,
in this case, it is possible for the radiation to take the maximal energy, i.e., £ = 1 (c.f. eq. (3.48)). We will
illuminate this problem as well as its solution on the example of 2-jet production at a lepton collider in
this section. In this case, the recoil system is just a single massless quark. The same holds for FSR in e.g.
pp — jj-

The 3-body Jacobian
Tab. 2 shows the FKS table for the process ete™ — ¢q restricted to just one quark flavor and NLO QCD

corrections. In this case, there are two potential emitters and thus two ALRs in total.

oy IR iR | em Pris 1B i
1 | [IL, 11,1, 1,211 | T | 3 [{(3,5),&5)] | AL, 11,1, 1] | 1
2 |[1,-11,1,-1,21] | 1 | 4 | {(3,5), (45} | 11, -11,1,-1] | 1

Tab. 2: FKS table for the process e"e~ — dd. The index c.. labels the ALRs as described in sec. 2.3.1, fs and fr
are the Born and the real flavor structure labeled by iz and iz, respectively. Prks denotes the ALRs set of
FKS pairs and the index em refers to the real flavor structure defining the emitter relevant in this ALR.

The real correction to eTe™ — ¢q is a 3-body process. Its phase space is constructed from the 2-body-phase
space plus a gluon emission. The two phase-space elements for ALR 1, in which the FKS pair consists of a
quark and the radiated gluon, are given by [47]

1
39,2 d cos(61) doy. (3.56)

d®3 = JrdédydpdP, and ddy =
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The analog equations hold for the other FKS region. In this case, as derived in sec. 2.4.1, eq. (2.77), the

Jacobian is given by
¢ §¢1-9)
(4m)* [1 - §(1 —y)]?

From this, we can see that the Jacobian has a divergence for (£,y) — (1,—1). Such a limit corresponds to

T = (3.57)

the configuration in which the emitted gluon takes all the available energy F..q = ¢°/2. In this scenario,
the emitting quark is soft and can thus be collinear to the second quark. Such a configuration is artificial
and so the corresponding divergence is integrable, however, not by naive MC techniques. This integrable

singularity is only hit because of the simple kinematic construction we chose in the POWHEG matching.

The UBF for the case of massless recoil systems

To improve the numerical behavior, we can adjust the UBF for ete™ — ¢g in order to fulfill the UBF
condition eq. (3.30) for all regions of the phase space. Specifically, we add a factor of ﬁly to the UBF for
FSR off massless emitters given in eq. (3.42) to find

Nea U (6,9) = N 25-07) | (3.59)
£ —y?)
which is also singular for y — —1.
Using this UBF, we first want to generate the transverse momentum pr according to
AL (pr) = exp [ Niax U (€, 9) 0(kr (&, y) — pr) dpdEdy| (3.59)
where we choose the scale kr to be given by
¢°
kr = 55 1—9y2 . (3.60)

For the integral in the exponent, we find [47]

1+m dir

N rad k bz max
/ M (kT(§7 y) - pT) d¢ d§ dy = 27rNr?1£x/ rad(kT) lOg

5(1 - y2) pPT 1 - (kT/kT,nlax)Q kT
(3.61)
with
¢ 3.62
kT max = k ) =5 .
Tma Héi;x( (&) 5 (3.62)

as the maximum allowed transverse momentum of the radiated gluon in the case of a massless recoil system.

To further break this integral down, we again use the veto method by overestimating

14+ /1 — (b7 [k max 1+ /1 — (F7 /b max k2 o
IOg + T/kT ] 71 ( + T/kT ) ‘| < logl T, ) (363)

1 - 1 - (kT/kT n]'lX) (kT/kTvma")2
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This is effectively another overestimation of the UBF. We rename the UBF to U from here on to remember
this fact. We finally generate pr according to

7 kT,max 4k2 dk
AL, (o) = exp | ~2nNg [ ) tog | =g | 9T
' pT kT kT

_ WNI%QX 4k%,max log(k%,max/A?ad)
=exp |— log log

bBad Afad 1Og (p%/A?ad)

fi)] s

We see that for these logarithms to be well defined, it has to be prmin > Araq, which indeed holds for the
recommended choice pg = prmin according to eq. (3.45). Using this UBF we can solve ACU;T (pr) = r with
uniform r € (0,1) to generate pr .

Similar to the massless FSR case, we first perform the veto steps independent of the rest of the kinematics.
In addition to the veto step for overestimating «g, which is the same as described in sec. 3.5.5, we have to
insert a veto step for the overestimation in eq. (3.63). We call this veto step simply the UBF wveto step. This
veto step is survived with a probability

I+ /1= (*T/k g max)?
1= /1= (*T /g 1max)?

4k2
o []

o
Psurv = (365)

Technically, these two vetos are performed in the same step. We keep them separate in the discussion for

pedagogical reasons.

Generating the radiation kinematics

Now knowing pr and thus a@4(pr), we can infer from the LHS of eq. (3.61) that the radiation variables

should be sampled (c.f. app. B.2) according to

ﬁ o(kr(&,y) — pr) dopdsdy . (3.66)

We use eq. (3.60) to find
2pr

€_qo 1—y?

(3.67)

from integrating in £ over the § distribution. In order to fulfill £ < 1 we need to have /1 — y2 > kTpiT. 10)
is unconstrained and will thus be distributed uniformly between 0 and 27. Absorbing the integral over y in

the differential, we see that y will be distributed with a probability proportional to

0(/T=g?— LT ) diog |[21Y| (3.68)
(VI s [ ]

T, max 1 -y

So to generate y, we take a random number uniform in the range allowed by the 6 function

1 1-— kT max)? 1 1-— KT max )
" log + /1= (pr/kTmax) <1, <log + /1 — (p7/kTmax) (3.69)
1- \/1 - (pT/kT,max)2 1-— \/1 — (pT/kT,max)Z
and solve r, = log [}*_‘—ﬂ for y to get
e’ —1
= . 3.70
Y=o (3.70)
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Finally, we generate £(y, pr) according to eq. (3.67) from the now known y and pr.

We note here that the sequence of computing y and ¢ is different in this case compared to the simple and
the massive FSR case. Here, we first compute y(ry, pr) and then &(y, pr) while in the other cases, we first
compute {(r¢, pr) and from this y(&, pr).

Once the event kinematic is determined, we proceed with the norm veto and the matrix-element veto as
described before for the massless FSR UBF in sec. 3.5.4 to generate a valid pr value for the highest-bid

algorithm.

3.5.7 The POWHEG veto procedure — the massless ISR case

In the case of radiation off the initial state, the real matrix element diverges as z — 1 or y — £1. We thus
need to use another upper bounding function for ISR than we used for FSR to catch all the divergent regions.
In fact, we can use the same UBF that we used for massless recoil systems, as the divergence structures are
equivalent. In our notation, however, we change £ — 1 —  and the definitions of kr and k7max have to be
adjusted to be clear also in the case when the Born and the real center-of-mass energy differ. This case has
first been discussed by Nason and Ridolfi [56] but is also mentioned in later publications by Nason et al. [47,
48]. A simple possible choice is

ap Qg _ fo 7 ag'ad(kT)
NmaxU (.’E, y) - Nmax (1 . x)(l . yg) (371)
with
2= 2B (1 —2)2(1—4?) . (3.72)

T 4z
Both are equivalent to the case of massless recoil systems in the previous subsection with £ — 1 — x and
¢ = /s = \/5r = \/8/z (c.f. eq. (3.58) and eq. (3.60)). We defined kr as the transverse momentum w.r.t.
to the beam axis here.
The ranges of x and k2 are chosen so that U (x,y) covers the relevant range of radiation variables:
SB

2 2
1>x>p:= g = TBoTBe and k7 < kT oy =SB

(1- xé@)(l - x%,e)

(rB,0 + T8,0)2

(3.73)

where /S is the hadronic center-of-mass energy. If we retranslate 2 — 1 — £, we see that 1 — p serves as an
upper limit for £. Intuitively, this is the case because the energy available for the ISR is limited by the differ-
ence between the real and the Born center-of-mass energies \/sg — /55, where the former has the hadronic
center-of-mass energy as the upper limit. This is a crude overestimation of the kinematically correct &pax
we computed in eq. (2.118). We cannot use the actual &,.x at this point already as it depends on y, which
we can only generate after we have a value for £. We solve this problem by first using this extended £ to

generate £ and y and later veto those values of { > {nax to not generate values of ¢ which lead to zp g > 1.

We call this veto step the &4, veto step and execute it right after completing the generation of the kinematics.

In order to generate pr uniformly in

_ Voo (br)
Agr (pr) = exp {— / W(Sl—zﬁ) H(k;T(gv y) — pT) do d€ dy (3.74)
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we change integration variables from y to kr inverting eq. (3.72) to find

ly| = 1—47‘%—% and thus ————
(1-12)2sp (1—x)(1 —y2) di2.

1 dy 1 1 dkT
dky = —3 =

(3.75)
(1—2x)? 4:c

At this point, we supply an additional factor of 2 to account for the fact that each value of k% corresponds
to two possible values of y. We also switch the integration limits to absorb the prefactor and use 0 < ¢ < 27w

to arrive at

Naaxo§(kr) Cgnyer [ [T aRir)  dk
/(17 D) 0(kr(&y) — pT)d¢d§dy—27erax/p /pT N Caars s R dz , (3.76)

where we have defined the zeroes of the denominator to be

k2
Ty o= 1+ —T k—T . (3.77)

We can perform the z integration using the identities

d 1 -
e sinh™"(z) = o) and sinh™* log<\/ 1+a22+ x) (3.78)

for the hyperbolic sine to continue to

Fimax = =51 dk?
_ 27TN1?12)(/ rad(kT) log |:\/17+ p+ \/I_ P:| TT ) (379)
2 Vi p i =) B

In order to simplify this integral, we overestimate the integrand similar to what we did to solve the integral
of the UBF for massless recoil systems in eq. (3.63) using

(3.80)

— — VT VT 2 k2 +s
log |:\/.’,U+ P+ \/CC_ p:l |: + :| llog |:th5[3:| < 11 og T,max2 B
Vi —p—T_—p VIE — /T k7, k7,

2 2

This again necessitates an UBF veto step after generating pr. Now using the additionally overestimated

UBF U, we can finally generate p2 using the Sudakov factor

IOg( Tmax/AZ) k%,max
log [ log(2/A?) ] — log [ =) ]1) . (3.81)

As an alternative variant [48], it is possible to continue the overestimation in eq. (3.80) dividing it into cases

2
leJnax + 85

A2

7 TN R
AY (pr) = exp (— oo llog
0

as
1 |lo [ } for k2. < s
<1 )8R TR (3.82)

lo o
2 | 10g(2) for k2. > sp

k7
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Using this overestimation, we arrive at the more complicated form of the Sudakov form factor

2 2 2
log igs log Iog(SB/Arad):| —log |:;§ +10g(2) log[IOg(kT,max/ZArad)] for p% < sp < k%,max

rad log(p%//\fad) log(ss/Amd
0 TN 2 108(k3: s /A2ua) K 5 2
log (AM (pT)) =— bf);ndax log Aﬁi log 1og(7;>2T i Afad)d —log 7;72T for p7 < k7 max < 5B

log(k2 AZ
log(2)log[W} for pZ > sg

(3.83)
Both variants are implemented and can be used in WHIZARD. This one here is used by default. We have
validated that both lead to statistically equivalent results.

We still need to generate the rest of the event kinematics, starting by generating x(pr, ;). There are two
possible ways to achieve this: inverse transform sampling (ITS) (c.f. app. B.2) and rejection sampling (RS)
(c.f. app. B.3).

Generating the radiation kinematics via inverse transform sampling

According to eq. (3.76), we want to generate x with unnormalized probability density function

flz) = ! with p<a<a_ . (3.84)

Y/ Crer ey
Using eq. (3.78) again, we find for the distribution function
P = [ s@ar= [ ! o =2sinn ™ (52 0) —veont ((/220),
Viey —2)(@- —2) T~ - Ty -

(3.85)

where in the last step we also used sinh ™' (z) = sgn(z) cosh ™ (v/z2 + 1). Inverting this we find that in order

to generate = uniform in F'(z), we need to generate

r=12_— (x4 —x_)sinh®(ref2) =2 — (v, —x_) [; (e””/2 - erz/zﬂ : , (3.86)

T4 —T—

with 7, € Unif[F(z_), F(p)] = Unif {0, 2sinh ™ ( L= )] and Unif[a, b] denotes the set of uniform ran-

dom numbers between a and b.

Generating the radiation kinematics via rejection sampling

Alternatively, it is possible to avoid solving the integral explicitly by using rejection sampling. To see this,

Xi=vr_ —zor=z_—%x* and dx=-2\/r_ —xdy (3.87)

we substitute

to find

2

P | ey S Vi —a(0)

We could now straightforwardly solve this integral, but instead, we crudely overestimate the integrand with

(3.88)

a constant:
1 1
<

=< (3.89)
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to get

2

/ \/mdx 200 = —,

In this case, the probability density function is constant, so the Cumulative Distribution Function (CDF) is

dy . (3.90)

an identity
SO =1=FXx)=xeF'(x)=x (3.91)

We thus generate x € Unif[0, \/x— — p], from which we infer
r=x_—(x_—p)-r: (3.92)

with r, € Unif]0,1]. Having generated x we correct for the overestimation of eq. (3.89) by keeping values

only with a probability
1

Psurv — 7M — M i (393)

Both variants are implemented in WHIZARD. Fig. 3.6 exemplary shows the probability densities of the sampled
x distributions in both cases for the Drell-Yan process. These values are sampled in an intermediate step
of the veto procedure. Thus, they do not represent a physically interpretable distribution yet. Also, the
functional form does not exactly follow eq. (3.84), as . and x_ depend on the pr value sampled in the step
before. Nevertheless, we can see that both ways of sampling x yield the same distributions. Additionally,
we checked that computational effort of both methods shows no significant difference. The solution using
ITS is used by default.

Il inverse transform sampling
102 5 rejection sampling

101 g

100 4

f(x)

10—1 4

10—2_
H””“I.

000 002 004 006 008 010 012 014 0.16
X

Fig. 3.6: Probability density of z values sampled using I'TS (blue) and RS (orange). 12M z values have been sampled
with each of both methods, while generating POWHEG events for the Drell-Yan process, pp —> eTe™.

Having generated pp and z, we can compute y(pr,z) according to eq. (3.75). We then determine the sign

randomly with equal probability as there is no preferred direction for ISR.

To complete the corresponding kinematics, we generate ¢ as always such that it is uniform in (0, 27).
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3.5.8 The POWHEG veto procedure — the massive FSR case

We also need to reconsider our choice of UBF in the case of real emissions off massive partons in the final
state as the divergence structure of R/s is different from the case of emissions off massless partons. As was
first explained in app. A.3 of ref. [77], we can best see this by using an eikonal approximation to the real

amplitude Ax.

3 W
A%:ABQ}? —r+> (3.94)

To simplify the notation in this context, we use p < k12 and k < k, 13 for the momenta of the emitting
and the radiated parton, respectively. r denotes another massive momentum, e.g., the anti-top in pp — tt.

For the squared amplitude, we thus get

2 2 -
A%:A%(— ULERENVIN A +> (3.95)

(p-k)2  (p-k)(r-k)

by squaring eq. (3.94) and taking into account a —g,, from the spin projection.We know that the total
squared amplitude must be positive, so the first negative term quadratic in m cannot dominate. We

approximate the second term in the case of p collinear to k by

: 1 p° 1 1
pr P - 4 _ > (3.96)
(p-k)(k-7)  p-kE  p-k2K0 2¢*(1-2)
where z is defined as the slope of the Dalitz plot, c.f. eq. (2.81) in sec. 2.4.2. We do not need to care
about constant factors as the UBF will be normalized later anyways. In the last step, we used the energy

conservation, eq. (2.44), and the Dalitz parametrization, eq. (2.81), to find

2
= = = q
pk =4q (krec*krec) = qO(Erec*Erec) == qo((qofEn—&-Q)*(qofEn+2*En+3)) = qOEn+3(1fz) = 67(172)
(3.97)
To take the phase space into account, we remember the real Jacobian for massive final-state emitter from
eq. (2.70)

2 0
q k
JR, massive = = 3.98
" (2 17| 9%
Furthermore we observe that by definition of £ (c.f. eq. (2.18))
KO = %q <&q . (3.99)

So we can substitute k¥ — £q in the UBF and we still contain the whole relevant phase-space region.
Putting this together with eq. (3.96) and eq. (3.98), we find a suitable UBF in the case of a massive emitter
to be

1
Ner Uer(g,z) =Nor L~ | (3.100)

max max |ﬁB| é—(l _ Z)

To proceed with the generation of radiation from this UBF, we need an appropriate scale choice for the

massive case. As stated in ref. [77], an appropriate choice is

2 _ 52(13(1 - 2)

k2 = 3.101
T2l — 28 (3.101)

In contrast to all the other UBFs, the UBF for massive emitters is not proportional to the strong coupling
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constant cg. This is not necessary because with the scale choice of eq. (3.101) ag only diverges for £ — 0,
which the UBF of eq. (3.100) already accounts for. Further divergent regions for, e.g., z — 1 are excluded
by non-zero masses in the scale choice.

When integrating this UBF for the Sudakov according to eq. (3.32), we have to solve the integral

ext

1 27 max
— NI%QX log pT / / / 1 — Z) e(kT((I)n—i-l) — pT) dz dg d¢ . (3102)
Tts solution is given by [77]
1 gm(P%‘)
q .
o (A%, o) = 277 [log< )1og |(1- 20)% | + J108%(6) + G-, ~ G2l ~4.6)
max T Emin (pg'v)
q ext frf;x :| |:1 — 22:|
+ prennd max lo , 3.103
(6 ) o | s s | (3:103)
where &y is the minimal value of £ at given kp
k2. (k2 8 1-— —k?
(k) 1= YALEL2F B0 (= 2)) —Kp 2 (3104)

2(] (1 — 22)

It is derived by solving eq. (3.101) for &, finding that it is a monotonous function of z and thus using the
lower value of z, zo, which we derived in eq. (2.88). Similarly, we define

() i= min (€15, €5 ) (3.105)

where

VE2 (k222 4+ 8p% q (1 — 1)) — k321
2¢%(1 — 1)

as the potential maximum value for £ we get from this consideration. Similar to the case of ISR, the actual

&1 (kT) :

(3.106)

Emax explicitly depends on z (c.f. eq. (2.87)) so we cannot determine it prior to generating the kinematics.

Instead, we use an extended version

(mem + ]\4rec)2

ext
=1
q2

max °

(3.107)

in the Sudakov factor and add an additional veto step vetoing events with £ > £,.x to compensate this.

The function G denotes the primitive of a logarithm defined as

¢ log(a + b€) log (1 “+b£> + Liy (‘”‘bf) for a<0

d
Glab€) 1= [ loata+b9) = g % tog(a) — Lz (~15) + for a»g 0108

From the initial integral, eq. (3.102), and the definition of k7, we can see that £ and 2 will be distributed

according to

E¢P(1—2) o\ dedz ¢
5 ( e pT> - de (3.109)

§1-2)  pr(&e® —ph)
where we performed the integration over z.
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So we first generate & uniformly in log(£¢g® — p%) between &nmin and &,

1 *&m(P7) — D7 5
£ = =< exp]| log [qZSmm 1% —pQ} + rlog { +p 3.110
7 wr) = pr @2Emin (P%) — P2 T (8.110)
and then solve the ¢ distribution for 2z to find
990 12 _ £203
” = M (3.111)

- Eqpk - &2

Afterwards, we generate ¢ as usual, concluding the generation of the radiation kinematics.

3.5.9 The POWHEG veto steps — summary

When generating POWHEG events, we frequently use the veto technique to speed up the event generation. In
the previous subsections, we discussed several different cases of UBFs, each requiring potentially different
veto steps. For the highest-bid algorithm, we need to generate the radiation kinematics for all possible
emitters. Therefore, all cases need to be implemented to be able to deal with different kinds of emitters,
possibly even in the same elementary process.

We summarize all the veto steps we perform during the event generation in this section. Veto steps that do

not apply to a certain UBF choice will just always be passed.

1. The UBF wveto corrects for an overestimation of the integrand when computing — = log(Agr (pr))-

ar
Nmax

It is necessary only in the case of ISR or a massless recoil system.

2. The ag veto corrects for an overestimation of ag with ozg?d so the survival probability of this step is
given by
as(pr)
Pawry = —pte (3.112)
surv Oérsad (pT)

It is executed for all kinds of UBFs except for the one for massive emitters. More details have been

given in sec. 3.5.5.

ext
max?

3. The &4z veto corrects for using an extended region for &pax, & when generating the transverse
momentum from the Sudakov form factor to be able to do this prior to having generated y or z. This
veto step is not probability based. We veto if the generated value of £ exceeds the allowed range, i.e.,

if £ > &nax. It is only non-trivial in the case of an ISR emitter or a massive FSR emitter.

4. The Norm veto corrects for using just the global maximum of the POWHEG grid when first generating

pr from the Sudakov. So the survival probability associated with this veto step is

Psurv = gtr (§,y)/Nar . (3113)

max

This is discussed in detail in sec. 3.5.4.

5. The matriz-element veto is the most time-consuming veto step as it requires computing both the Born
and the real matrix element. This is intentionally the last veto step and thus the least often executed
one. It corrects for using the POWHEG grid values instead of the matrix element values in the Sudakov

when first generating pr. Thus, the survival probability is given by

Poury = B /NG 60) - (3.114)

81



3 The POWHEG matching scheme 3.5 The generation of radiation — the veto procedure

If any of these veto steps fails, we set prmax = pr, generate a new value pr, which now has to be smaller
than before and repeat the veto procedure.

The flow chart in fig. 3.7 diagrammatically depicts this sequential veto procedure. It includes all potential
veto steps; the optional ones are drawn dashed. In comparison to fig. 3.4, it shows more detail on the veto
steps but is reduced to a single ALR.

Additional figures and tables illustrating the veto procedure with an emphasis on the technical point of view
are gathered in app. C.
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Fig. 3.7: Flow chart of the POWHEG veto procedure showing all potential veto steps. Adapted from ref. [72], fig. E.1.

Decisions are depicted in red rhombi, settings and calculations in blue blocks and results in green ellipses.
Optional steps are drawn dashed.
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3.6 Refinements and optimizations

In this section, we will discuss a list of refinements and optimizations to improve both the accuracy of the
results as well as their performance. Some general improvements are already implemented in WHIZARD; other
suggestions should be investigated in the future.

3.6.1 Performance optimizations in the Sudakov factorization

In sec. 3.5.2, we stated that the Sudakov form factor factorizes into a product over ALRs. We used this fact
to perform the veto procedure only once for each ALR and employed the highest-bid algorithm to pick the
ALR with the highest generated transverse momentum. As already mentioned in ref. [48], it may be more
efficient to group ALRs sharing the same radiation kinematics to reduce the number of transverse momenta
to be generated. So instead of splitting the Sudakov form factor into a product over ALRs, we can split
it into a product over kinematically different radiation regions. Each radiation region, labeled by rr, then
combines all ALRs that share the same kinematics!”. E.g., the kinematics for initial-state radiation is the
same for Emitters 0, 1 and 2 as the emission angle does not depend on the emitter in the case of ISR. So to

reduce the number of Sudakov form factors we can as well write

Alspry = I A (3.115)
rre{rr|fs}
with
fB — Sln n+1) an —q>n
AR (pr) = exp q — AP —prrr Blo (@) 0(kr(®ni1) — pr) : (3.116)

ar E{ar |fs,rr} ar

where the sum runs over all ALRs that share the same Born flavor structure fp and radiation region rr. In
the summands in the exponent, only the real matrix element depends on the ALR. We can thus simplify the
expression by summing up all real matrix elements that share the same Born flavor structure and radiation
region in the definition

RIS (@) = Y. R&(@asr) (3.117)

are{an|rr,fz}

We then find as the expression for the Sudakov form factors we need to compute per radiation region

RI (@) K
/dﬂbradi 0(kr(®nt1) — pr) : (3.118)

a

To solve the ambiguity we created when grouping ALRs, we can then select one ALR of all ALRs sharing
the same radiation region and Born flavor structure with a probability proportional to the corresponding

matrix element value RS". This effectively determines the real flavor structure.

sin-
While this optimization is promising for processes where a large fraction of the ALRs share the same
kinematics, i.e., processes in which ALRs featuring ISR dominate, we have already seen in our discussion of
the POWHEG grids in sec. 3.5.4 that even though all ALRs in the example process dd — ete™ share the same
ISR kinematic, the POWHEG grids are different. Grouping them, we would have to fill a single POWHEG grid
for the sum of the three ALRs. The adaption of the generated grid to the actual matrix-element behavior

would thus be less efficient, decreasing the performance again. Additionally, the optimized version of the

17In WHIZARD, they are labeled by i_phs, an index for different phase spaces.
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highest-bid algorithm we depicted in fig. 3.4 already increases the performance of the highest-bid algorithm
employed. For these reasons, we refrained from implementing the alternative version of the highest-bid

algorithm factorized over radiation regions explained in this section. It is a potential future project.

3.6.2 Optimizations of the Sudakov competition in the highest-bid algorithm

In sec. 3.5.3, we presented the highest-bid algorithm in its traditional, parallelizable form and in addition,
we showed a slightly optimized version. The task of sampling emission scales from a given Sudakov form
factor using the veto procedure is very common in the context of parton showers. Often, the veto procedure
is performed in multiple competing emission channels, in our case, the ALRs. In the end, only one channel
will be selected, winning the competition.

The traditional algorithm is referred to as the competition algorithm in the literature [98, 120], due to
its common application or as Veto-Maz algorithm, emphasizing that in this version, the veto procedures
are performed first for each competing channel, selecting the maximum afterwards. It often includes the
optimization we depicted in fig. 3.4.

As investigated in ref. [121], more efficient algorithms can be designed, still generating the same distributions.
More specifically, the authors suggest to use an algorithm they call the Generate-Select algorithm or a
slightly modified variant, the Select-Generate algorithm. These algorithms first use universal, overestimated
scales, selecting the channel using roulette-wheel selection [122] afterwards. In the former, the actual scales
are generated before the channel selection, while the latter eliminates the scale dependence of the channel-
selection probabilities to be able to generate the scales only after the channel selection.

It would be interesting to study the application of these improved algorithms in the POWHEG-matching
procedure in a future project.

3.6.3 Born zeroes

In this subsection, we want to elaborate on a problem we have ignored so far. It is also discussed in, e.g.,
sec. 3.3 of ref. [86]. In the exponent of the Sudakov form factor, e.g., eq. (3.9), we compute the ratio of
matrix elements R/B. For many processes, there are phase-space regions in which the Born contribution
becomes very small. If this happens, very large ratios occur in the Sudakov exponent. This makes it very
hard to determine a reasonable upper bound and moreover, large upper bounding functions render the veto
procedure inefficient.

One practical illustrative example is the case of W™ production depicted diagrammatically in fig. 3.8,
including the spin orientations of the particles. Its angular distribution follows |M|? ~(1 — cos(9l))2. The
configuration in which the antilepton becomes parallel to the incoming quark, i.e., §; — 0, is helicity
suppressed as the fully parallel configuration would require a spin-flip. The real correction, even to this

underlying Born configuration, can very well be non-zero as a hard initial-state emission changes this picture.

6-1—
w7
=7 = >
N
Ve

Fig. 3.8: Diagram of the spin configuration in ud — W* — e*v.. Particle directions are depicted with black arrows
and their spin orientation with blue arrows.
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The solution to this problem has already been mentioned in sec. 2.6.3. We can overcome this problem by
separating the finite part of the real cross section R, from the singular part Ry, and only use the singular
part for the ratio in the Sudakov factor. The phase-space configurations in which the real cross section
becomes singular are exactly the ones in which the real momenta become Born-like. It follows that the
singular real contribution vanishes just as the Born contribution in the problematic PSPs, keeping the ratio
of both finite.

Which part of the real cross section enters the POWHEG-matching algorithm in the form of R, does not affect
the cross section of fNLO events but will have an impact on the matched events. The freedom associated
with the scale choice dividing both real contributions can be seen as a theoretical uncertainty of the matching

scheme.

3.6.4 The POWHEG damping factor

In the previous sec. 3.6.3, we solved the problem of the fraction R/ in the Sudakov exponent becoming
large. The opposite behavior can be problematic as well. Suppose that in some region of the phase space,
the Born matrix element becomes very large, e.g., due to some resonance. According to the requirements we
set on the phase-space restrictions in sec. 2.5, it may not diverge, however. Due to the large denominator in
the fraction of matrix elements, real radiation would be suppressed in these regions. Although this effect is
formerly of higher order, it may still have sizeable effects and is thus worth treating.

The POWHEG-BOX introduces an additional real-partition function to remedy this problem. It is given by

h?
damp (3.119)

Fq (q) +1) =73 .32
amp\ *'n hﬁamp+p%

and is applied to split the real matrix element according to eq. (2.157f). This introduces another parameter,
hdamp, which can be used to control the strength of the partition. In total, the real-partition function,

F(®,,41), is then given by the product of two functions,

F(q)n-i-l) - Fdamp((bn-‘rl) : Fbornzero(¢'n+1) . (3120)

Here, we relabeled the real-partition function we previously referred to as just F(®,11) as Fhornzero(Pnt1),
following the notation of ref. [123] and stressing the fact that it was introduced to remedy the problem of
Born zeroes discussed in sec. 3.6.3. In the POWHEG-BOX, Fhornzero(Pnt1) is given by eq. (2.163).

In this way, Faamp(®n+1) becomes small for hard emissions, enhancing the finite real contribution. As events
resembling the finite real contribution are simulated separately from the POWHEG matching, it is guaranteed
that hard emissions can still be generated, even in phase-space regions where B takes large values.

In WHIZARD, the implementation of F(®,1) according to eq. (2.161) performs similar to Fyamp(Ppnt1) in
the sense that F(®,1) = 1 for soft or collinear emissions, i.e., emissions with low transverse momentum.
The additional real-partition function Fyamp(®pn41) thus did not need to be implemented so far. It could,
however, be added to ease technical comparisons with the POWHEG-BOX. In the current state, the parameters
hp in WHIZARD and hgamp in the POWHEG-BOX are not directly comparable.

3.6.5 Scale choice for the events

During the integration step, the user can set a single scale to be used for ag and the PDFs in the input
file steering the computation. Alternatively, the factorization_scale and the renormalization_scale

can be set separately to any value determined on an event-by-event basis.
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When generating events, this scale choice can be optimized. To compute the event weights, we use the
same scale definition as in the integration step to not alter the total cross section. In the Sudakov exponent,
however, we can improve the accuracy by choosing a different scale. As shown in refs. [47, 56], we can even
improve the accuracy of the first emission up to next-to-leading logarithmic (NLL) accuracy by choosing
all scales in the Sudakov exponent such that they are at the order of pr in the soft or the collinear limit
and equal to pr in the soft-collinear limit. This scale can but does not have to coincide with the physical
transverse momentum itself. In the sections discussing the different UBF types, we have typically denoted

this scale as kr.

There is one more scale to be determined for the POWHEG events. It is the SCALUP variable of the LHIUP [54,
55], the event format typically used to communicate the event properties to the SMC. For the SMC, this
scale determines the scale of the hardest emissions generated by the parton shower. As discussed in the
beginning of this section, in sec. 3.3, this scale should be the transverse momentum pr of the generated
emission for ppr-ordered parton showers in order to avoid double counting.

While it is straightforward to set the SCALUP variable to the pr of the generated emission for the events
generated with the POWHEG veto procedure, the definition of the scale is not so clear for the events generated
for the finite real contribution (c.f. sec. 3.5.2), as there is no notion of the "emitting" or the "radiated" parton
here. In this case, we set the SCALUP variable to the lowest transverse momentum of any of the jets w.r.t.
the beam axis. It may be possible to improve the behavior of the parton shower by further optimizing this
scale choice, e.g., by letting the user choose a process-specific scale definition to be used for the SCALUP

variable in this case.

3.6.6 Improving the NLL accuracy of ag

As initially stated in sec. 3.3, the accuracy we aimed to achieve with the POWHEG method is to reach NLO
accuracy for hard and IR safe observables and LL accuracy for the behavior at small py. These requirements
are accomplished with the POWHEG method discussed so far, but we can do even better.

In the hard regime, we are limited to NLO accuracy due to the matrix elements in the Sudakov exponent.
In the soft regime, we are eventually limited by the properties of the applied SMC. However, we have control
over the first emission. As explained in sec. 4.4 of ref. [47] building on Sudakov resummation techniques,
specifically ref. [124], it is possible to increase the logarithmic accuracy of the first emission to NLL with a

few minor adjustments. In fact, by replacing the strong coupling constant

ag 67 w2 5
1+ — — = — — = . 121
ag —)( +27r |:(18 G)CA gnf]> as (3 )

everywhere in the Sudakov exponent using the MS 1-loop expression for aig, we can achieve NLL accuracy
for the first emission in all processes that do not have more than 3 colored Born legs, provided that the
scale argument of ag as well as the PDFs are chosen as discussed in the previous sec. 3.6.5. This especially
improves the accuracy of events featuring a soft first emission at a scale close to prmin Which can be of the
order of 1 GeV.

For processes involving more than 3 colored partons, this procedure is not sufficient. However, by using
color-exclusive Born and real matrix elements in the Sudakov exponent, it is possible to recover the NLL

accuracy for these processes, at least for the dominant terms in the large-N, limit [47].

The factor applied to ag in eq. (3.121) is positive for typical values of N, and ny so this procedure increases

87



3 The POWHEG matching scheme 3.6 Refinements and optimizations

as. For very small scales it may happen that ag surpasses a2¢ in this way, violating eq. (3.43).

We take a few precautions to diminish the effects of this circumstance. One measure is the overestimation
of agad via bf]ad in eq. 4.45 using ny = 5. Additionally, we group the ag veto step together with the UBF
veto step if both are non-trivial. In this way, in the now joined veto step, probabilities larger than 1 are
even less likely, further reducing this effect. If this turns out to be a significant problem at some point, one

rad

could also apply the correction factor of eq. (3.121) to a2 too.

3.6.7 Color flow of POWHEG events

So far, we have generated the event kinematics using the POWHEG procedure. For an SMC to determine the
correct shower pattern, we need to fill the LHIUP with colors for all colored particles. It is thus necessary to
determine the color of each final-state particle when generating POWHEG events, although this is not directly
part of the POWHEG procedure itself.

The most general way to determine the color structure of the event is to compute the corresponding (squared)
matrix elements exclusive in color and choose a color structure randomly with probability proportional to
the color structure’s contribution to the total squared matrix element of the given flavor structure. This
works for all Born-like and all real-like events, but it requires access to all color-exclusive matrix elements.
For events with less than four colored partons, there is a simpler possibility to determine the event color
without the need to compute all color-exclusive real matrix elements, which is still valid in the collinear
regions, based on color planarity proposed in sec. 4.5.1 of ref. [47] and sec. 8 of ref. [48]. For each generated
real-like event, the POWHEG-matching procedure has also determined an ALR, specifying the Born and real
flavor structure as well as the emitting parton. Together with the Born color structure, these three pieces
of information fix the real color structure under the assumption that the emitted parton is planar color-
connected to the emitter. So given the Born color structure, we can determine the real color structure
without requiring color-exclusive real matrix elements.

The color flows for the three possible final-state and the four possible initial-state splittings are depicted in
fig. 3.9 and fig. 3.10. To denote the splittings, we use the notation introduced in sec. 2.6, where the "emitted"
particle is mentioned last. For this reason, there is one more type of initial-state splittings than there are
final-state splittings, depicted in fig. 3.10b. The one minor exception to the uniqueness of the real color
structure is the three-gluon vertex (fig. 3.9c and 3.10d). In these cases, two color assignments are possible.
As one is just as probable as the other, we randomly pick one of the two color structures.

In the case of gluon emission from the initial state, there is one more thing to consider. As discussed in
sec. 2.3.3, we assign emitter 0 to an ALR combining two regions in which a gluon has been radiated off
either initial-state parton. So in this region, we lost the information about the actual emitting parton. To
properly determine the real color structure, we need to dissect this region and assign either emitter 1 or
emitter 2 to it. As this color assignment procedure is most valid for collinear splittings, we prefer the more
collinear option, i.e., we assign emitter 1 if y > 0 and emitter 2 otherwise to determine the splitting that

has taken place.
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Fig. 3.9: Color flows for all possible final-state splittings.
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Fig. 3.10: Color flows for all possible initial-state splittings.

3.6.8 Resonance history insertion

So far, our entire discussion on the generation of the POWHEG event kinematics focussed on the partonic
initial and final-state momenta. But the parton shower needs more information about the process. It needs
knowledge about intermediate resonances, whose invariant masses have to be preserved by the parton shower,
to reproduce the correct radiation patterns.

A typical example is the process ete™ — utidd which receives contributions from the two subprocesses
ete™ = WHTW~ — (ud)(ud) and ete™ — ZZ — (uti)(dd). Without any resonance in the event record, the
parton shower would generate a radiation pattern consistent with the continuum production of four quarks.
If resonance information is present, the parton shower can generate radiation by taking the energy scale of
the vector boson mass and also their finite widths into account. This will lead to a more accurate description
involving fewer radiated hadrons after hadronization. The above example also makes it clear that a single
process can have multiple distinct resonance histories on top of a background process; eTe™ — vy — (un)(dd)
in this example.

The effect of resonances on the shower pattern is generally more important at lepton colliders due to the
dominance of emissions from massive resonances and their products compared to events at the LHC, where
ISR dominates the emission pattern. WHIZARD thus puts a lot of effort into accurately describing the involved
resonances.

The resonances are inserted in the event record after the basic event kinematics has been generated. When
generating POWHEG events, this means that the resonances are inserted in the Born particle set. Luckily,
further QCD or QED splittings will not introduce new resonances in the process, so we just need to adjust
the momenta of the Born resonances to determine the resonances of the real particle set.

As described in the WHIZARD manual [91], resonance histories are activated by setting ?resonance_history

= true when generating events. WHIZARD then determines a set of potentially resonant contributions for
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each event and treats the ratio of their respective squared matrix element over the full squared matrix
element as the probability for the resonance insertion.

There are three parameters further adjusting the resonance insertion: The resonance_on_shell_limit is
a real number that determines how far away from the resonance mass in units of the resonance width an
invariant mass may still be part of the set of potentially resonant processes. It is also possible to enable
a Gaussian suppression of the resonance insertion probability by 1/e each resonance_on_shell_turnoff
units of the width away from the resonance mass. Lastly, the parameter resonance_background_factor
allows to reduce the background contribution within the resonance range. Setting this to zero will always
result in a resonance insertion within the allowed resonance range.

Due to the necessity to compute the full squared matrix element as well as all potentially resonant contribu-

tions, the resonance insertion is computationally expensive and thus disabled by default.

3.6.9 Reducing the number of negative weights

We mentioned in sec. 3.2.2 that many matching procedures at NLO and beyond produce event samples
including negatively weighted events. The reason is that, especially in subtraction-based approaches, the
total NLO cross section does not need to be locally positive definite across the phase space. For this reason,
we restricted our efforts to generating indefinite unweighted event samples including weights w € {+1, —1}
in sec. 3.4.1.

While the generation of indefinite weighted samples is not a fundamental problem as they still allow to predict
differential distributions precisely, they lead to inefficiencies in the MC tool chains producing simulated event
samples. Especially for upcoming experimental setups with a huge expected increase in the luminosities like
the High-Luminosity LHC, this poses one of the major computational challenges [37]. Roughly speaking, for
every event contributing with a negative weight, multiple events with positive weights need to be generated
to compensate for the negative weights. More precisely, if a fraction f_ negative events are generated, the
statistical uncertainty of the generated sample increases by a factor of (1 —2f_)~! so the number of events
that are to be generated for the same precision increases by a factor of (1 —2f_)~2 [125]. For example, this
implies that for f_ = 25% (40%), a factor of 4 (25) more events need to be generated and processed in all
subsequent analysis steps.

This problem is most severe for subtraction-based matching procedures like MCONLO matching. There
are ideas, however, to reduce the fraction of generated negative weights also for MC@NLO-type matching
procdures [125, 126]. Furthermore, more general approaches to reducing the fraction of generated negative
weights by modifying the parton-shower algorithm [127] or the phase-space mapping using importance
sampling methods and normalizing flows [128-130] are under investigation. A second category of approaches
is based on resampling, i.e., picking a subset of the events with preferably positive weights without altering
any observables at the cost of introducing correlations between different events [131-134].

The fraction of generated negative weights is typically smaller for matching methods like KrkNLO [109]
and POWHEG matching, as these matching procedures are not based on a subtraction approach. The NLO
computation itself, however, is based on a subtraction scheme, so that also these methods are not completely
free of negative weights and it is still worthwhile to investigate how to reduce the fraction of negative weights
also in the matching procdure we focussed on in this thesis.

The weights of the generated POWHEG events are determined from B, given by eq. (3.8). In this expression,
we sum up all NLO contributions locally in the phase space so that potential negative terms are often
compensated by the inherently positive Born and the unsubtracted real contribution. This picture changes

if we use the real partition. Using a strong real partition, given by small values of the real-partition scale
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hp, we separate the positive contribution of Rg, to B into a separate event sample leading to an increased
fraction of negative weights in the sample of events generated using the POWHEG procedure.

This is quantified in fig. 3.11. It shows the fraction of negative weights in event samples generated for
the Drell-Yan process, pp — e*e ™, at v/Shaq = 1 TeV and top-pair production in association with a jet at
a future lepton collider, ete™ — #j, at +/Shaqa = 500 GeV. Both setups are described more precisely in

sec. 6.1.1 and sec. 6.3.1, respectively, but are of no further concern at this point.

® pp-ete-
ete” o tfj

0 2I0 4I0 6I0 8I0 1(IJO
hr [GeV]
Fig. 3.11: Fractions of negative weights generated for the processes pp — eTe™ and e*e™ — tfj with varying real-
partition scale hr. The data points, depicted as dots, have been overlayed by a Laurent polynomial with
powers 0, —1, —2 and fitted coefficients. Negative weights of Born-like, as well as real-like events, have
been taken into account. The events for the processes pp — e"e™ and eTe™ — tfj have been generated in

the setup described in sec. 6.1.1 and sec. 6.3.1, respectively.

We can clearly see that the fraction of negative weights drastically increases in both cases for small values
of the real-partition scale hp. At the same time, it is roughly constant in the region above about half its
maximum value A%**, determined from the condition that Re, =0 V hp > h%E**. In the cases shown here,
we find 7B ~ 100 GeV for pp — eTe™ and hP** = 50 GeV for e"e™ —» ttj. This observation suggests to
avoid values hp < %h?ax in larger applications involving parton showering, detector simulations and more

elaborate analysis procedures to make efficient use of the available computational capabilities.
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4 The Monte Carlo event generator WHIZARD

WHIZARD [51] is a general-purpose Monte Carlo event generator to simulate hadron and lepton-collider physics.
Using WHIZARD, it is possible to compute all parts of a particle-physics simulation; from determining a physics
model to computing total cross sections and generating unweighted event samples.

Historically, WHIZARD 1 was developed as a tool to simulate heavy-boson processes to aid the technical
design of TESLA [135, 136], a proposed lepton collider at a CM energy of 800 GeV. This purpose coined
its original name, "WHiZarD", for "W, Higgs, Z and respective Decays". The program was rereleased in
2010 as WHIZARD 2, uniting the previously only loosely connected internal packages into a single, monolithic
framework, driven by the physics demands of the LHC.

One of these packages is 0°Mega [137-139], the in-house tree-level matrix-element generator, whose name
stands for Optimized Monte Carlo event generation amplitudes. 0’Mega is written in 0°Caml and generates
Fortran code or byte-code instructions [140] for the matrix elements by recursively computing helicity
amplitudes.

To integrate said matrix elements, WHIZARD employs an amplified version of the VEGAS algorithm [141,
142] called VAMP [143] (VEGAS amplified). The original package VAMP, written in Fortran95, was recently
superseded by VAMP2, a complete re-implementation of the random-number sampling and adaptive multi-
channel-integration algorithm, written in Fortran2008, using a thread-safe random number generator
(RNG) [144] and the message passing interface (MPI). This allows for an efficient parallelization of the
integration and event generation on up to O (100) CPU cores [145, 146]. For this reason, all results
presented in this thesis have been computed using VAMP2.

True to its origin, WHIZARD is predominantly used for physics simulations at lepton colliders [32, 35, 147-149].
For this purpose, it is able to take into account lepton-collider beam spectra using the CIRCE1 [150] and
CIRCE2 [151, 152] subpackages. Both packages fit the beam-energy spectrum obtained from GuineaPig [153—
155], generating collider-specific files, which contain the fitted spectrum. For a large number of frequently
studied collider setups, these beam-spectrum files are available on the WHIZARD HepForge webpage [156].
In its core parts, WHIZARD glues together the different internal and external packages and takes over the
bookkeeping of flavor structures and matrix elements as well as the phase-space generation.

To describe the proton content in hadron collisions, WHIZARD ships with a number of built-in PDFs. A larger
variety of PDFs is provided via an interface to LHAPDF [157].

WHIZARD and all its subpackages are steered using the command language SINDARIN, a Scripting language
for INtegration, Data Analysis, Results display and INterfaces. All settings are typically written into
a single steering file called the SINDARIN file. Using SINDARIN, the physics model can be selected from a
variety of built-in models or any model available via FeynRules [158] in the Universal FeynRules Output
(UFO) format [159]. Also, the SINDARIN language allows to declare physics processes, including the process
definition, phase-space cuts, analysis routines and all accompanying technical settings with huge flexibility.
This flexibility allows to specify arbitrary phase-space cuts without having to interact with or recompile the
code. This includes available features like jet clustering using an interface to FastJet [80], jet-flavor tagging
and Frixione photon isolation [160].

As a result of a typical application, WHIZARD allows to generate weighted and unweighted events in many
different formats, including HepMC2 [113] and HepMC3 [114] as well as LHE [55].

4.1 The Monte Carlo event generator WHIZARD at NLO QCD

The evolution of NLO corrections in WHIZARD
With the release of WHIZARD 3.0.0 in 2021, WHIZARD officially supports the computation of cross sections and
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differential distributions at the next-to-leading order in QCD in full generality. The advancement towards
NLO corrections in WHIZARD started more than a decade ago with hand-tailored NLO EW corrections to
chargino production at the ILC [161, 162] and NLO QCD corrections to the production of bottom-quark
pairs at the LHC [163, 164].

The work on process-independent NLO QCD corrections began with ref. [72]. In the course of that thesis,
general NLO QCD corrections for processes at lepton colliders with up to two final-state jets could be
incorporated in WHIZARD 2.4.0. The limitations regarding the jet multiplicities and the initial state could
be lifted in the course of ref. [73] and this thesis, extending the availability of NLO QCD corrections in
WHIZARD to jet multiplicities of up to 6 jets as presented in refs. [3, 73] and also to hadronic initial states.
To cement this achievement, we extended WHIZARD’s extensive functional-test suite with a large number of
tests making sure that no future change to the program introduces any regression.

Beyond fixed-order cross sections, we completed the feature to simulate fixed-order NLO event groups
according to the procedure described in sec. 2.8. They are required to generate differential distributions
with fNLO accuracy.

The NLO QCD corrections in WHIZARD have been implemented in a modular and generally applicable way.
Especially, the implementation of QCD corrections for hadronic initial states, including the construction of
kinematics for real emissions from the initial state and the infrastructure for the initial state subtraction
terms, could be used in the same way in the computation of NLO EW corrections, which greatly facilitated
their development in the course of ref. [76].

Loop matrix elements

NLO computations of any kind include virtual corrections and thus require loop-matrix elements. Moreover,
the construction of subtraction terms for some processes requires explicit spin- or color-correlation-matrix
elements (c.f. sec. 2.6.1). In the near future, the internal matrix-element generator 0°Mega will be able
to provide these correlated matrix elements. In the current state, however, the correlated matrix elements
and the loop-matrix elements are provided via interfaces to external matrix-element generators, so-called
one-loop providers. For all NLO calculations presented in this thesis, we relied on OpenLoops 2 [165, 166]
for this purpose. OpenLoops is an automated generator for tree-level and one-loop amplitudes based on
open-loop recursion. From the user perspective, however, it works as a library that provides pre-generated
matrix elements for a set number of processes.

Another approach is followed by Recola [167, 168]. Recola provides methods for recursive computations of

one-loop amplitudes, allowing to generate the requested matrix elements on-the-fly.

The FKS subtraction scheme in WHIZARD

The divergences in the loop-matrix elements cancel with divergent regions in the real matrix elements,
allowing to construct subtraction terms. WHIZARD handles this subtraction within the FKS subtraction
scheme [62-64, 88] which we reviewed in sec. 2. We will not go into the technical details of its implemen-
tation in WHIZARD here. Just like any scientific software framework, WHIZARD is in constant development to
adjust to the advances and needs of the experimental side. For this reason, any detailed technical documen-
tation here would sooner or later be outdated.

The WHIZARD source code'®, on the other hand, is documented using the literate programming tool
noweb [170], allowing to disentangle source code and documentation, compiling the documentation into

a typeset file in portable document format. The documentation is written in ETEX and contains the

18The source code of the latest release is available via the public GitLab [169] or via HepForge [156] as a tarball and also in
a single typeset file.
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corresponding typeset formulae. Especially the documentation of the FKS phase-space construction, the
construction of the subtraction terms and the routines for the event generation of fixed-order as well as
POWHEG events, has greatly been extended in the course of this thesis. After studying sec. 2 and the main
references mentioned therein, it should be possible to relate the mathematical documentation here and the

technical documentation in the source code, should the reader wish to gain a deeper understanding.

Steering WHIZARD at NLO

How to run and use the NLO capabilities of WHIZARD is documented in the manual [91]. Nevertheless, we
will mention the parts specifically relevant for NLO computations here, leaving the general parts like the
model and parameter choice as well as the technical settings for later. The syntax stated here refers to
WHIZARD version 3.1.0.

For NLO calculations, a matrix-element provider different from the default, 0°Mega, has to be set for at
least the $loop_me_method and the $correlation_me_method. Alternatively, all matrix elements can be
taken from the same matrix-element-provider, in our case OpenLoops, by setting

$method = "openloops"

By default, the $nlo_correction_type is already set to "QCD", so we do not need to adjust it in this case.
Finally, we simply set nlo_calculation = full to tell WHIZARD that we want to compute the total NLO
QCD cross section. This can be set process-specific, as in

process eejj_lo = el, El = jet, jet

process eejj_nlo el, El => jet, jet { nlo_calculation = full }

In this case, WHIZARD computes the Born, the real, the virtual and for hadron-collisions also the DGLAP
remnant component one after another, using their sum to determine the total NLO cross section in the end.
This approach has the benefit that the number of generated PSPs and matrix-element calls can be adjusted
individually to the complexity of each component. Evaluating the virtual matrix elements is often the most
time-consuming task, while the real component has the most complex phase space. For this reason, we often
set multiplicative factors for the number of calls to the matrix elements for each of both components with

2
0.5

mult_call_ real

mult_call_virt

Increasing the number of matrix-element calls for just the real component is thus a useful tool to optimize
the precision without significantly increasing the time required for the total computation. The same principle
holds for the simulation of events, where we can vary the number of generated events for each component.
This behavior can be changed by additionally setting

?combined_nlo_integration = true

In this case, the sum of all components will be integrated simultaneously, using identical PSPs for the
underlying Born phase space in each component. This is useful for simple processes as it provides a cleaner
output and is also mandatory for, e.g., POWHEG matching. However, it comes at the cost of losing the freedom
to generate more PSPs for a specific component.

If everything is set, the integration can be invoked by adding the line

integrate (eejj_nlo) { iterations = 5:100000:"gw", 4:100000 }

, which will lead WHIZARD to integrate the total NLO cross section for the process defined as eejj_nlo with
5 stages of 100000 calls each to adapt the integration grids and associated weights, mapping the phase space,
followed by 4 stages with 100000 calls each to compute the total cross section.
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4.2 Parton shower, merging and matching in WHIZARD

As a multi-purpose MC event generator, WHIZARD offers several possibilities to process the generated partonic
events further, enhancing them with a parton shower and hadronization. As the most basic approach,
WHIZARD implements the Les Houches event accord interface [54, 55|, allowing to process the generated
events with external parton-shower tools such as PYTHIA [52, 101] or HERWIG [53, 171]. Moreover, WHIZARD
ships including the final version of PYTHIA6 [101] and an internal interface to it and also offers a dedicated
interface to PYTHIAS8 [52]. Additionally, an internal analytic parton shower [172] is available as well as the
infrastructure for the MLM matching merging procedure (c.f. sec. 3.2.1).

Concerning the matching of NLO events to a parton shower, WHIZARD relies on the POWHEG matching. An
experimental implementation of the POWHEG-matching algorithm was developed to describe ¢t production
at a lepton collider, with and without an associated Higgs boson [118], in the course of ref. [71]. This first
version included most of the relevant infrastructure for the matching required to generate POWHEG events.
However, the generated events lacked information essential for the parton shower, such as the correct scales,
information about the resonance structure and the correct flavor- as well as color distributions. It also
lacked the flexibility to be applicable to other processes featuring multiple Born or real flavor structures,
real emissions from the initial state or requiring any phase-space cuts.

All these limitations could be overcome only in the present work. We extended the flexibility of the
implementation towards arbitrary processes at lepton and hadron colliders, including processes with flavor
sums, multiple flavor structures and phase-space restrictions. We generalized the real partition (c.f. sec. 2.6.3)
such that it can also be used for pp processes and in conjunction with the POWHEG matching and ensured that
all parts of the MC integration and event generation correctly handle samples including negative weights.
Furthermore, we optimized the implemented matching algorithm in terms of accuracy, by implementing
the scale choices and NLL corrections described in sec. 3.6.5 and 3.6.6, respectively. The performance
optimizations included the use of the optimized veto procedure described in sec. 3.5.3 and using the
possibility to fill the POWHEG grid already during the integration step, before generating POWHEG events,
instead of in an additional, independent step.

We will postpone the technical discussion of how to use and steer the POWHEG matching in WHIZARD to app. D,
where we will go through the specific example of generating POWHEG events for the Drell-Yan process in
detail.
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5 Validation of fixed-order NLO cross sections

Part T of this thesis explains the mathematical and technical background of NLO cross-section calculation
and event simulation. In the second part, we will focus on a selection of applications instead.

Before discussing actual predictions, however, it is a crucial task to ensure the validity of the calculations
and their implementation. In this section, we will mention a few relations and connections that we can
use for self-consistency checks to confirm our confidence in the calculations. After that, we move from
self-consistency checks to cross-checks with other MC generators and perform a thorough comparison of a
multitude of fNLO QCD total cross sections with the MC generator MG5_aMC.

5.1 Consistency checks

Validation of the S functions
In sec. 2.3.3, we have discussed the subdivision of the real phase space by S functions. Specifically, we have

stated in eq. (2.23) that they have to be a partition of unity, i.e.

Yooosg=1 . (5.1)

(1,9)€EPpgs

We can use this fact to test the implementation of the S functions and ALRs, including, to some extent,
also the kinematic constructions.

As obvious as eq. (5.1) seems, it is not straightforwardly validated. Suppose we sum all S functions for a
specific set of (&,y, ¢), determining a PSP, as they are used in the calculation over all ALRs. In that case,
they will not sum up to unity for the reason that different emitters may be associated with the considered
ALRs, influencing the meaning of especially y, such that the actual phase-space points q)sﬁl) do not coincide.
We can see this in the example of the process ete™ — jj. We have already seen the FKS table describing
the two ALRs in the case of a single jet flavor in tab. 2. Let us consider the case of a collinear emission,
y =~ 1. In this case, eq. (2.26) dictates Si; ~ 1 ~ S%;, so they clearly do not sum up to unity. This is not a
problem as the radiated gluon moves in the exact opposite direction in both cases. Instead, we need to check
that Siz + Sk ~ 1 ~ S2, + S2- where S}y and S35 are two S functions that would normally not contribute
to the rest of the computation.

In WHIZARD, this self-check has been implemented as a debug routine in the course of this thesis to be able

to perform this self-test automatically.

We explicitly chose the functional form of the S functions in sec. 2.3.3. There is some freedom related to
this choice. For example, instead of choosing the phase-space weights d;; according to eq. (2.31) for FSR

and eq. (2.33) for ISR, we can use this opportunity to introduce two free parameters, ag and bg, and choose

EiE; \*
.. 9as ) _ a)as
dij =2 (Ei+Ej> (1-9) for FSR and (5.2)
dij = 25 E2S (14 (~1)'y;)"® for ie{1,2} for ISR (5.3)

instead, similar to what is suggested in ref. [47]. This choice still fulfills all requirements for the S functions
we imposed in sec. 2.3.3 for all positive real values of ag and bg. We can use the associated freedom to vary
both parameters in a sensible range. This will shift contributions between the ALRs, keeping the total cross
section constant. In WHIZARD, both parameters are referred to fks_dij_expl and fks_dij_exp2 and can
be varied from the SINDARIN file steering WHIZARD.
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Variation of slicing parameters

There are some more free parameters in the FKS subtraction scheme. To find the subtraction terms for
the real contribution, we used modified plus distributions in eq. (2.129f). With these, we introduced three
free parameters, £.us, 0o and d;. They act as phase-space-slicing parameters, shifting contributions between
the subtracted real contribution and the integrated subtraction terms. While &..¢ does so for the soft
contributions, dp and d; affect the collinear contributions for FSR and ISR, respectively. Varying these
parameters within their ranges, 0 < &eyy < 1 and 0 < do;r < 2, will affect the partial cross section of the real
component as well as the virtual and the DGLAP remnant component but their sum, i.e., the total cross
section should be independent of the individual values.

While the explicit dependence on .4 was implemented in the course of ref. [73], the implementation of do
and d; and the automated validation of the total cross section’s independence on these parameters have
been achieved in the course of this thesis. Furthermore, it has become part of the regularly executed test
suite of WHIZARD.

In tab. 3 and tab. 4, we list the partial cross sections of the real component and the virtual or the DGLAP
remnant component as well as their sum for different values of .., and 4y, respectively. As exemplary

processes, we choose eT™e™ — jjj in the first and pp — eTe™ in the latter case. We can clearly observe that
the sum of both affected components is constant for all parameter variations, although the individual cross
sections vary significantly. We want to stress again that the independence of the total cross section on the

three slicing parameters has been validated for many other processes as well. A similar cross section table

[ | oRIM] | oV [] [oR+0V ]|
0.25 || —54.65(73) | 32.42(16) | —22.22(74)
0.50 || — 2.02(69) | —19.17(20) | —21.18(72)
0.75 27.75(68) | —49.33(30) | —21.58(74)
1.00 49.26(84) | —70.37(36) | —21.10(92)

Tab. 3: Partial cross sections for the real and the virtual component of the process ete™ — jjj at NLO QCD for
different values of &yt In this setup, we chose v/ Shaa = 1 TeV, a scale u = %HT and required pr > 30 GeV
and |n| < 4 for at least 3 jets clustered with the anti-kr algorithm with R = 0.5.

| or || o®pb] | o9 [pb] | o®+09 [ph] |
0.50 || 23.60(31) | 168.77(117) | 192.46(121)
1.00 || 38.92(27) | 153.25(105) | 192.17(108)
1.50 || 48.01(23) | 144.10( 98) | 192.11(101)
2.00 || 54.50(21) | 137.62( 93) | 192.12( 95)

Tab. 4: Partial cross sections for the real and the DGLAP remnant component of the process pp — ete™ at NLO
QCD for different values of d;. In this setup, we chose v/Shaa = 8 TeV, a scale u = mz and required an
invariant mass of at least m.+.- > 50 GeV for the lepton pair.

Limit checks

Besides exploiting free parameters in the implementation, we can also explicitly verify that the FKS subtrac-
tion terms are constructed so that they cancel the divergences of the unsubtracted real squared amplitude. To
do this, we can explicitly evaluate the unsubtracted real squared amplitude, R, , as well as the subtraction

terms, S,,, in the soft, collinear or soft-collinear limit and compare them numerically. If the subtraction
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terms are implemented correctly, both terms should coincide up to the sign in these regions. This limit
check is particularly helpful should the integration of the subtracted real component for some process have
problems to converge on a finite result, as it helps to figure out precisely which terms in which limits are
misaligned.

Of course, in our attempt to investigate the behavior of the subtraction terms in the soft or collinear limit,
it is numerically impossible just to set £ = 0 and y = 1. Instead, we choose values close to the limit and
introduce a tolerance for the agreement between the unsubtracted real and the subtraction terms. To probe
the cancellation for NLO QCD corrections, we set & = 107> to test the soft limit and y = :I:(l — 10_7) to
test the (anti) collinear limit. We set both cases’ second, yet unconstrained, parameter to the value 0.5. To
test the soft-collinear limit, we choose the same extremal values for both £ and y.

Empirically, it turns out that requiring

R, (& y) = Sa, (&, 9)]
max([Ra, (& 9)|,[Sa, (€ v)l)

!
< 0.01 (5.4)

for a successful limit check yields 90% — 100% of the PSPs successfully passing the limit checks for a large
number of processes. This rate drops to minimally 80% for some ALRs of more complicated processes at
NLO QCD, so this seems to be a reasonable choice.

For more complicated processes and especially to apply these limit checks to NLO EW corrections, the
choice of y = j:(l — 10_7) seems to be not collinear enough for the real and the subtraction term to fulfill
eq. (5.4) considerably likely. In this case, the values can be manually adjusted so that £ takes values closer
to 0 or y takes values closer to 1. Choosing y = :t(l — 10_8) is an appropriate tradeoff between having a
larger ratio of successful limit checks and numerical stability.

In WHIZARD, this specific choice of PSPs close to the soft or collinear limit can be activated by setting either
7test_soft_limit and/or 7test_coll_limit or ?test_anti_coll_limit to true. To perform the actual
self-check and print the output, WHIZARD has to have been configured with the flag -—enable-fc-debug and
the command-line flag ——debug subtraction has to be given additionally to whizard when calling the pro-
gram. Furthermore, these settings should be used in conjunction with the setting $select_alpha_regions
to probe one ALR at a time.

While the general idea of the limit checks has already been partially implemented in the course of ref. [72], it
has been generalized and automatized in the course of this thesis. Among the discussed self-tests, this check
facilitated the implementation and validation of the NLO EW subtraction terms WHIZARD in the course of

ref. [76] most, as it allows to validate the subtraction terms individually.

Closure tests

The limit check allows us to specifically probe the FKS subtraction terms and the phase space in the singular
limits. As these checks are performed for a constrained set of PSPs, they do not probe the real phase space
outside the divergent limits. To some extent, the closure tests constitute the complementary approach,
allowing to test the construction of the real phase space and S functions outside the extreme regions.

The closure test is based on the idea that the unsubtracted real correction to a process with n jets in the final
state should coincide with the Born cross section of the process with n+ 1 jets. In order to perform this test,
we have to disable the subtraction terms for the real component by setting ?disable_subtraction = true
in the SINDARIN file steering WHIZARD and most importantly, we have to require (n 4 1) well-separated jets
in both calculations, also for the real contribution to the n body process. In this way, we explicitly cut
away the singular regions from the real phase space. In a standard NLO computation, this would lead to a
divergent integration as we tried to integrate the subtraction terms solely without the real counterparts in
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the divergent regions.

The closure test was a valuable tool in the final validation of the implementation of the FKS subtraction
scheme at NLO QCD in WHIZARD in the course of ref. [73] and the present work. We applied the closure test
to a multitude of processes, validating the FKS phase-space construction, the S functions and especially the
set of FKS pairs, Prks, associated with each ALR.

Ref. [73] includes results for the closure test of the processes ete™ — jjj and pp — Z j. We shall perform
the closure test on the example of the process ete™ — t#j at v/Shaqa = 500 GeV, exemplary. More details of
the setup will be given in sec. 6.3.1 but are of no further concern at this point. In this setup, we find for
the unsubtracted real cross section of the process ete™ — ttj as well as for the Born cross section of the

process ete™ — ttjj requiring four well-separated top-jets in both cases

R
oF L, = (3.156+0.006) b -
B B :
08 g, = (3.153%0.004) fb

5.2 Comparison of fixed-order cross sections at NLO QCD

Self-consistency checks are one way to gain confidence in the implementation of the FKS subtraction scheme
in the MC generator WHIZARD. Direct comparisons of computed cross sections with existing multi-purpose
MC event generators, developed by other groups, is another approach. MADGRAPH [173] and its NLO
extension dubbed MG5_aMC [45] is one such multi-purpose MC event generator. Just as WHIZARD, it has been
developed by multiple scientists over several decades. It is in active use by experimental collaborations,
especially at the LHC and can thus be considered to be well validated. Ref. [45] includes an extensive list
of total cross sections for hadron as well as lepton-collider processes computed at NLO QCD in a uniform
setup, marking the beginning of fully automated multi-purpose calculations at NLO QCD. We will use
this available collection of cross sections for a thorough comparison of our results with those computed in
ref. [45].

The endeavor of this comparison started with ref. [72], in which the validation of many processes with top
quarks, vector bosons and up to two jets in the final state could be achieved. This limitation could be
lifted in a collaborative effort, which led to ref. [73] and the present work. In ref. [3], we published a larger
selection of processes, including the production of up to 3 jets at a hadron collider and up to 6 jets at an
ete™ collider. Finally, ref. [73] contains the comparison of almost all processes shown in ref. [45], which we

will also discuss in the following.

5.2.1 Process setup

We choose to perform this large-scale comparison of fixed-order cross sections in a uniform setup for all
processes with slight modifications for hadron- and lepton-collision processes. The setup described here is
equivalent to the one described in ref. [45], complemented with settings included in the run- and parameter
cards, employed by MG5_aMC, which can be found in ref. [174]. All settings therein have been translated to
SINDARIN for the purpose of this comparison.

We choose typical CM energies of v/Shaq = 1 TeV for the lepton-collider processes and v/Shaq = 13 TeV for
the hadron-collider processes. All quarks and leptons except the heaviest, the top quark and the tau lepton,

are considered massless by default. For the exceptions, the masses are set to

my =1732GeV and m, = 1.777GeV . (5.6)
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Furthermore, we assume a diagonal CKM matrix for the quarks. We consider the heavy bosons to take the

mass values

my = 80.419002 GeV, mz =91.188GeV and mpy = 125GeV (5.7)

and set their width to zero. In the present comparison, they are considered to be stable. As EW scheme,

we employ in the Ggp—my —myz input scheme with
G, = 1.16639 - 107° GeV 2

Both renormalization and factorization scales are set to

1 :
,u:,ur:,upziHT with  Hyp ::Z,/p%7i+m? , (5.8)

where we sum over all partons in the final state!?. For the lepton-collision processes, we set a strong coupling
constant of
Oés(mz) =0.118 5 (59)

taking into account the running of ag at NNLO. For hadron-collision processes we take the value for ag
from the MSTW2008n1068cl [175] PDF which we employ. In processes with at least two W bosons in the
final state, we choose the four-flavor scheme to avoid resonant top contributions. For all other processes, we
use the five-flavor scheme.

In processes containing jets, we employ the anti-kr jet-clustering algorithm [176] with R = 0.5 on all massless
QCD partons in the final state. From the resulting objects, we define as jets those fulfilling the selection
criteria

pr; >30GeV and |n;| <4 . (5.10)

We require at least as many jets as present in the Born process for each process. The requirement on the
transverse jet momentum is tightened for hadron-collider processes with only jets in the final state, where
we require pr; > 80 GeV from all jets present at the Born level and at least one jet with pr ; > 100 GeV.

We should spend some words on the matrix elements present in the calculation. This entire comparison
of cross sections focusses on pure NLO QCD corrections. For each process, we thus always refer to the
highest, non-zero order in the strong coupling, ag, such that in terms of fig. 2.1, the Born process is of
the order O (ag am) and the corresponding NLO correction is at the order O (o/s\”rl o/”). In WHIZARD, we
employ OpenLoops 2 [166] as matrix-element generator for all matrix elements, while MG5_aMC always uses

its in-house matrix-element provider MadLoop [177].

5.2.2 Results for the cross sections

In this section, we will present the results. We compared the vast majority of cross sections given in ref. [45],
with a few minor exceptions. We excluded processes with explicit b jets or photons in the final state. They
require b-jet tagging or photon isolation, respectively. Although both features are available in WHIZARD, it is
the FKS implementation we aim to validate here and from this point of view, testing the implementation of
b-jet tagging and photon isolation would unnecessarily complicate the comparison. Moreover, we excluded
the processes pp — WIW-"WHW~, pp — ZZZZ and pp — tt W*Z from the comparison as there were no

matrix-element libraries available from OpenLoops. This limitation could be overcome by using Recola as

19Tn most cases, defining a scale from partonic objects that did not undergo a clustering into jets, from which we can construct
IR finite observables, is dangerous. In the definition of Hp, however, we sum over all final-state partons so that soft and
collinear emissions are automatically included.
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a matrix-element provider for these processes, but we preferred to stick to a clean setup. We do not show
the cross sections for all processes with Higgs bosons contained in ref. [45]. There is nothing special about
processes with Higgs bosons regarding the NLO subtraction scheme or phase space, so we include solely the
process pp — HZ representatively in this comparison.

Unfortunately, the version of MG5_aMC used to compute the cross sections contained in ref. [45] contained
a bug affecting all processes with identical QCD particles in the Born final state, which was present up to
version 2.6.2. For this reason, only some of the LO cross sections could directly be taken from ref. [45] and
all of the NLO cross sections had to be recomputed using MG5_aMC 2.7. 3.

For WHIZARD, the two consecutive versions 2.8.3 and 3.0.07 shortly before the release of WHIZARD 3.0.0 have
been employed to compute most of the cross sections. The only exceptions are the processes pp — ZZW=*j
and pp — WTW~ZZ, which have been recomputed with WHIZARD 3.0.3 and increased precision, as they

showed the largest hints on deviations between both programs initially.

MG5_aMC and WHIZARD are both MC generators relying on random numbers for their computations. Even
if the implementations of the calculations in both programs were identical, their results would not agree

numerically. To quantify the significance of the deviation between both results, we list 058, determined by

’Gwz _ O.MG|

oS8 =

(5.11)

\/(Azt%tZ)Q + (AstL )2

for the NLO cross sections in the last column, where oW?% and Ait&,tz are the total cross section and the

respective statistical uncertainty computed with WHIZARD; oMS and Afftﬁtc are the analog for MG5_alMC. In
general, values 058 < 3 can be regarded as an agreement, values 3 < ¢%'® < 5 may hint on a deviation while
values 0% > 5 are a clear sign of a significant difference.

In the tables presented below, we also show the total K factor defined by

ONLO
OLO

K =

(5.12)
to quantify the importance of the NLO corrections for each program separately.

In tab. 5, we show all total cross sections for processes at lepton colliders with pure QCD final state. This
includes multi-jet and top-quark production. For all cross sections, we can observe a very good agreement
between MG5_aMC and WHIZARD with 0% < 2. Especially processes like eTe™ — jjjjj and ete™ — tijjj
require flavor combinatorics, color correlations and the correct treatment of all FKS pairs in full complexity,
so this constitutes a thorough test of the NLO subtraction mechanism for massless and massive final-state
emitters.

Cross sections for processes involving the production of top quarks and heavy bosons at a lepton collider are
listed in tab. 6. The excellent agreement across all processes in this category further increases our confidence
in the subtraction mechanism for FSR as well as the phase-space construction for massive emitters and with
massive recoil systems.

We will discuss processes at a hadron collider next to test the phase-space construction and the subtraction
mechanism for ISR. In tab. 7, we show three different types of processes at a hadron collider. We list the
cross sections for the production of up to three jets, the production of a top-quark pair in association with
up to two light jets or a second tt pair and the production of a top-quark pair together with heavy bosons
and up to a single light jet. Lastly, we include the process pp — HZ as representative of processes involving

the production of Higgs bosons at a hadron collider.

102



5 Validation of fNLO cross sections 5.2  Comparison of FO cross sections

In many cases, we also noticed a change in the LO cross sections between those given in ref. [45] and the
ones computed with MG5_aMC 2.7.3. In these cases, we listed the recomputed values and marked them with
an asterisk. All the recomputed LO cross sections are in excellent agreement with the values computed
using WHIZARD.

Tab. 8 includes all processes at a hadron collider involving one or two weak bosons. All NLO cross sections
of processes with a single weak boson on the LHS have been computed with MG5_aMC 2.7.3, except for
the process pp — W= jjj. Here, we noticed technical difficulties, so instead, we computed the given cross
section with MG5_aMC 2.9.12. All these cross sections agree better than o < 2.

Of all processes featuring two weak bosons, pp — WTW ™ jj and pp — WTWT jj show the largest deviations
of 0% > 2. The cross sections for all other processes, including the very similar process pp — W~W~ jj,
however, agree very well with %€ < 2.

In the following table, tab. 9, we list the cross sections for processes with three or four weak bosons in the
final state. The most significant deviations among these processes can be observed for pp — ZZW* with
0% = 2.33 and pp — WHW = ZZ with 0% = 3.45. The cause for the large discrepancy, especially for the
latter process, could not be determined so far. We recomputed both values several times, also with newer
versions of MG5_aMC up to 2.9.12, to exclude bad seeds causing statistical fluctuations. The differences
remain, however. Possible reasons could be differences in the phase-space mappings of both programs
affecting unrestricted phase spaces with > 3 massive particles in the final state or potential discrepancies
in the employed OLPs for this process. On the other hand, considering the scale uncertainties, the cross
section computed with MG5_aMC is given by 0.7100 & 0.0013 (stat)*5-93%7 (scale), while for WHIZARD we find
0.7151 = 0.0007 (stat) =) 050+ (scale). So even for the process pp — WHW~ ZZ both results agree with
af\;io = 0.08 within the scale uncertainties. implying that the difference is of no relevance for any application.

For this reason, we do not consider these individual differences to invalidate the comparison as a whole.

MG5_aMC WHIZARD

Process | ovolb] oxLolfb] K | orolf] oxtolfb) K | ot
ete™ = jj 622.70(5) 639.30(12) 1.03 | 622.737(8) 639.39(5) 1.03 | 0.69
ete™ — jjj 340.4(7) 317.3(8) 0.93 | 340.6(5) 317.8(5) 0.93 | 0.53
ete™ — jjjj | 104.09(20) 103.67(26) 1.00 | 105.0(3) 104.2(4) 0.99 | 1.11
ete™ — jjjjj | 22.35(5) 24.65(4) 1.10 | 22.33(5) 24.57(7) 1.10 | 0.99
ete” = tt 166.32(11) 174.5(3) 1.05 | 166.37(12) 174.55(20) 1.05 | 0.14
ete™ = ttj 47.95(9) 53.336(10) 1.11 | 48.12(5) 53.41(7) 1.11 | 1.05
ete™ — ttjj | 8.608(18) 10.515(19) 1.22 | 8.592(19) 10.526(21) 1.23 | 0.39
ete™ — ttjjj | 1.0371(21) 1.415(4) 1.36 | 1.035(4) 1.405(5) 1.36 | 1.56
ete™ — tttt | 0.6385(12) - 1073  1.1941(20)-10~3 1.87 | 0.6388(8) - 1073 1.1922(11)-10~% 1.87 | 0.83
ete™ — ttttj | 2.662(4) - 107° 5.264(9) - 1075 1.98 | 2.673(7)-107°  5.251(11)-10=°>  1.96 | 0.91

Tab. 5: Comparison of total fixed-order cross sections at LO and NLO QCD for light-jet production and top-quark
production in association with light jets between MG5_aMC and WHIZARD. Results are shown for a 1 TeV ete™

collider, with settings and cuts as explained in sec. 5.2.1.
individual K-factor for each program are shown. For better comparison, we provide the significance o

sig
NLO

Statistical errors of the integration and the

of

the deviation between the NLO results in the last column. Both LO and NLO MG5_aMC results have been
recalculated.
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MG5_aMC WHIZARD
Process ‘ orolfb] onLo[fb] K ‘ orolfb] oxvLolfb] K o,
tem > ttH 2.021(4) 1.909(3) 0.94 | 2.020(3) 1.912(3) 0.95 | 0.71
ete” — ttHj 2.545(5) - 1071 2.665(6) - 1071 1.05 | 2.536(4) - 1071 2.657(4) - 1071 1.05 | 1.11
ete™ — ttHjj 2.665(5) - 1072 3.141(9) - 1072 1.18 | 2.646(8) - 1072 3.123(9) - 1072 1.18 | 1.41
tem =tz 4.630(8) 4.942(11) 1.07 | 4.638(3) 4.937(3) 1.06 | 0.44
ete” = ttZj 6.043(10) - 107*  6.917(24)-10~Y  1.14 | 6.027(9) - 107! 6.921(11)-10"*  1.15 | 0.15
tem - ttZjj 6.426(16) - 1072 8.181(21)-1072  1.27 | 6.436(21) - 1072  8.241(29)-1072  1.28 | 1.68
ete™ — ttW*j5 | 2.372(5)-10~* 3.714(8) - 1074 1.57 | 2.387(8)-10~* 3.716(10) - 10=*  1.56 | 0.16
tem »ttHZ 3.611(7) - 1072 3.592(7) - 1072 0.99 | 3.623(19)-1072  3.584(19)-1072  0.99 | 0.40
ete” = ttZ7Z 3.774(7) - 1072 4.027(8) - 1072 1.07 | 3.788(6) - 102 4.032(7) - 1072 1.06 | 0.47
ete” - ttHH 1.3635(25) - 1072 1.2140(24) - 102 0.89 | 1.3650(15) - 1072 1.2168(16)-10"2 0.89 | 0.97
ete™ - t#WHTW~ | 1.3632(22) - 1071 1.5350(25) - 10~ 1.13 | 1.3672(21)- 10~ 1.5385(22) - 1071 1.13 | 1.05

Tab. 6: Comparison of total fixed-order cross sections at LO and NLO QCD for top-quark production in association
with heavy bosons between MG5_aMC and WHIZARD. Results are shown for a 1 TeV eTe™ collider, with settings
and cuts as explained in sec. 5.2.1. Statistical errors of the integration and the individual K-factor for each
program are shown. For better comparison, we provide the significance O';;EO of the deviation between the
NLO results in the last column. Both LO and NLO MG5_aMC results have been recalculated. All processes

have been computed in the 5-flavor scheme.

MG5_aMC WHIZARD
Process ‘ JLO [fb] ONLO [fb] K ‘ JL0O [fb] ONLO [fb] K O';}%O
pp — jj * 1.1593(23) - 107 1.6040(29) - 10° 1.38 | 1.162(4) - 10°  1.601(5)-10°  1.38 | 0.10
pp — jij 8.940(21) - 10" 7.619(19) - 107  0.85 | 9.01(4) - 107 7.46(9) - 107 0.83 | 1.73
pp — tt 4.584(3) - 10° 6.746(14) - 10°  1.47 | 4.589(9) - 10°  6.740(10) - 10° 1.47 | 0.35
pp — ttj * 3.133(5) - 10° 4.095(8) - 10° 1.31 | 3.123(6) - 10°  4.087(9)-10°  1.31 | 0.66
pp — ttjj * 1.363(3) - 10° 1.784(3) - 10° 1.31 | 1.360(4) -10°  1.775(7)-10°  1.31 | 1.18
pp — tttt 4.505(5) 9.076(13) 2.01 | 4.485(6) 9.070(9) 2.02 | 0.38
pp — W= 3.777(3) - 102 5.668(18) - 102 1.50 | 3.775(5)-10%>  5.674(5)-10%>  1.50 | 0.32
pp — ttWE5 * | 2.352(3) - 102 3.434(8) - 10? 1.46 | 2.356(7)-10%  3.427(8)-10%  1.45 | 0.62
pp — ttZ 5.273(4) - 102 7.652(25) - 102 1.45 | 5.260(7)-10%>  7.639(9)-10®>  1.45 | 0.49
pp — ttZj 3.953(4) - 102 5.079(14) - 102 1.28 | 3.943(14) - 10> 5.069(17)-10%> 1.29 | 0.45
pp — HWHTW = | 6.675(6) 9.934(19) 1.49 | 6.679(9) 9.943(11) 1.49 | 0.41
pp — ttZZ 1.349(14) 1.843(4) 1.37 | 1.3590(29) 1.842(3) 1.36 | 0.20
pp — HZ 6.468(8) - 102 7.693(19)-102  1.19 | 6.474(11)-10* 7.679(12)-10%> 1.19 | 0.62

Tab. 7: Comparison of total fixed-order cross sections at LO and NLO QCD for the production of top quarks and/or
light jets in association with heavy gauge bosons between MG5_aMC and WHIZARD. Results are shown for a
13 TeV pp collider, with settings and cuts as explained in sec. 5.2.1. Statistical errors of the integration and
the individual K-factor for each program are shown. For better comparison, we provide the significance
UIS\;EO of the deviation between the NLO results in the last column. LO MG5_aMC results are mostly taken
from ref. [45] An asterisk marks the recalculated LO values. NLO results are always recalculated. For the
processes with pure multi-jet final state, we impose stricter jet cuts requiring at least pr ; > 80 GeV from all
jets present at Born level and at least one jet with pr ; > 100 GeV. Processes with at least two opposite-sign
W bosons are calculated in the four-flavor scheme.
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MG5_aMC WHIZARD
Process ‘ orolfb] oxvLolfb] K ‘ orolfb] onLo[fb] K g
pp — WE* 1.370(3) - 108 1.765(5) - 108 1.29 | 1.3749(8) - 108 1.7696(10) - 10% 1.29 | 0.90
pp — WEj * 2.045(4) - 107 2.839(9) - 107 1.39 | 2.046(3) - 107 2.854(5) - 107 1.39 | 1.46
pp — Wtjj 6.805(15) - 106 7.780(13) - 105  1.14 | 6.856(12) - 105  7.814(27)-10°  1.14 | 1.13
pp — WHjijj 1.821(2) - 108 1.962(4) - 108 1.08 | 1.840(5) - 10° 1.978(7) - 108 1.07 | 1.98
pp— Z 4.248(5) - 107 5.415(16) - 107 1.27 | 4.2541(3) - 10"  5.4086(16) - 107 1.27 | 0.40
pp — Zj 7.209(5) - 10° 9.75(3) - 106 1.35 | 7.215(4) - 10° 9.733(10) - 105 1.35 | 0.54
pp — Zjj 2.348(6) - 10° 2.684(5) - 10° 1.14 | 2.364(5) - 106 2.676(7) - 10° 1.13 | 0.93
pp — Zjjj 6.344(8) - 10° 6.897(22) - 10°  1.09 | 6.381(23)-10°  6.85(3) - 10° 1.07 | 1.26
pp — WHW = 7.355(5) - 10% 10.296(28) - 10*  1.40 | 7.352(10) - 10*  10.268(11)-10* 1.40 | 0.93
pp— WHW—j 2.865(3) - 10* 3.716(10) - 10*  1.30 | 2.853(7) - 10* 3.733(7) - 10* 1.31 | 1.39
pp — WTW =55 * | 1.1480(24) - 10*  1.3866(24) - 10* 1.21 | 1.150(5) - 10* 1.372(6) - 10* 1.19 | 2.26
pp — WTWTj5 * | 1.5011(19) - 102 2.252(4) - 102 1.50 | 1.506(5) - 102 2.235(7) - 102 1.48 | 2.11
pp — W-W~jj 6.752(7) - 10! 9.994(14) - 101 1.48 | 6.772(24) - 10 9.982(28) - 10! 1.47 | 0.38
pp — ZW* 2.777(3) - 10* 4.485(12) - 10*  1.62 | 2.780(5) - 10* 4.488(4) - 10* 1.61 | 0.24
pp — ZWEj 1.605(5) - 104 2.100(5) - 10* 1.31 | 1.609(4) - 10* 2.0940(28) - 10*  1.30 | 1.05
pp — ZWEjj 8.038(9) - 103 9.05(2) - 103 1.13 | 8.06(3) - 10? 9.02(4) - 103 1.12 | 0.67
pp— 27 * 1.0971(20) - 10*  1.4185(25) - 10*  1.29 | 1.0969(10) - 10*  1.4183(11)-10* 1.29 | 0.07
pp— ZZj 3.662(3) - 10° 4.817(16) - 10> 1.32 | 3.667(9) - 103 4.807(8) - 103 1.31 | 0.56
pp — ZZjj5 * 1.3454(24) - 103 1.678(3) - 103 1.25 | 1.356(6) - 103 1.684(8) - 103 1.24 | 0.70

Tab. 8: Comparison of total fixed-order cross sections at LO and NLO QCD for heavy vector boson (pair) production
in association with light jets between MG5_aMC and WHIZARD. Results are shown for a 13 TeV pp collider, with
settings and cuts as explained in sec. 5.2.1. Statistical errors of the integration and the individual K-factor

ig

for each program are shown. For better comparison, we provide the significance oyt of the deviation
between the NLO results in the last column. LO MG5_aMC results are mostly taken from ref. [45]. An asterisk

marks the recalculated LO values.

opposite-sign W bosons are calculated in the four-flavor scheme.
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MG5_aMC WHIZARD
Process ‘ oro|fb] ono [fb] K ‘ aLolfb] onrolfb] K | 0%,
pp — WHW-W+* 1.307(3) - 102 2.111(4) - 102 1.62 | 1.3033(21) - 10> 2.1170(22) - 10> 1.62 | 1.31
pp — WHW-Wj 9.167(10) - 10! 12.00(4) - 10* 1.31 | 9.149(26) - 10'  11.985(29) - 10!  1.31 | 0.30
pp — ZWFTW— 9.658(65) - 101 16.751(27) - 10'  1.73 | 9.742(15) - 10} 16.824(16) - 10* 1.73 | 2.33
pp — ZWTW—j 8.340(10) - 10 10.590(17) - 101  1.27 | 8.325(23) - 10'  10.600(26) - 101  1.27 | 0.32
pp — ZZW* * 3.073(6) - 10! 5.630(12) - 101 1.83 | 3.062(6) - 10! 5.615(6) - 10! 1.83 | 1.12
pp — ZZW*j 2.810(4) - 10! 3.652(7) - 10! 1.30 | 2.816(8) - 10* 3.673(9) - 10! 1.30 | 1.84
pp— 227 * 1.0833(18) - 10! 1.431(5) - 101 1.32 | 1.0842(16) - 101 1.4295(16) - 10!  1.32 | 0.29
pp— 2275 4.823(11) 6.386(23) 1.32 | 4.845(16) 6.391(18) 1.32 | 0.17
pp — WHW-W=Z * | 0.6575(12) 1.233(3) 1.88 | 0.6604(18) 1.2404(20) 1.88 | 2.05
pp—~WIW~-22Z 0.4320(13) 0.7100(13) 1.64 | 0.4316(7) 0.7151(7) 1.66 | 3.45
pp = WtZ22Z 0.05862(10) 0.12446(26) 2.12 | 0.05869(8) 0.12468(13) 2.12 | 0.76

Tab. 9: Comparison of total fixed-order cross sections at LO and NLO QCD for the production of three to four heavy
vector bosons in association with light jets between MG5_aMC and WHIZARD. Results are shown for a 13 TeV
pp collider, with settings and cuts as explained in sec. 5.2.1. Statistical errors of the integration and the
individual K-factor for each program are shown. For better comparison, we provide the significance afjio
of the deviation between the NLO results in the last column. LO MG5_aMC results are mostly taken from
ref. [45]. An asterisk marks the recalculated LO values. NLO results are always recalculated. Processes with
at least two opposite-sign W bosons are calculated in the four-flavor scheme.
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5.3 Validation of the real partition

In sec. 2.6.3, we discussed the possibility of partitioning the real contribution to the NLO cross section into
a finite and a singular part. To validate also this approach, we recompute the total real cross sections of a
selection of processes from each category in the same setup used in the previous section. We compare the
real cross sections computed in the standard approach, without using the real partition, with the sum of
both contributions the real partition yields. In the latter approach, we choose a small real-partition scale of
hr =10 GeV to amplify the potential differences of both approaches.

The results are listed in tab. 10. It contains the real cross sections and the significance measure of their
deviation, 0%, for three different ete~ and three different pp processes. The almost same absolute value
of the three ete™ cross sections is a coincidence. The real cross sections alone barely have any physical
meaning as their value may depend on details of the subtraction scheme (c.f. tab. 3 and 4). For all processes,
we observe a large cancellation between the real finite and the real singular contribution owing to the low
value of hr chosen. For this reason, the uncertainty of the total real cross section is larger when using the
real partition in this case. The real singular contribution takes negative values here since all the subtraction
terms are included in the real singular part, regardless of the chosen real-partition scale. All cross sections
computed using the real partition agree better than o*® < 1 with the corresponding value computed without

the real partition. This makes us confident that the implementation of the real partition is correct.

no partition with partition
process ‘ o ‘ o Rsin o Ran oRein 4 gRein ‘ osi8
ete = jj 37.30(2) fb | —1805.0(4) fb 1841.9(4) b 36.9(5) fb | 0.77
etem = jjj 38.4(3) fb | — 961.6(2) fb  999.56) fb  37.9(6) fb | 0.68
etem 1 239.61(3) fb | — 134.87(13) b 95.27(6) fb  —30.60(14) fb | 0.04
oD — jj 80.2(1.1) nb | —6492.0(1.1) nb  6572.4(3) b 80(3) ub | 0.03
pp—tEj | —117.2(5) pb | — 933.7(5) pb  816.5(4) pb  —117.2(7) pb | 0.03
pp— EWE | 80.32(11) b | — 519.1(2) b 608.5(2) b 89.4(3) fb | 0.39

Tab. 10: Comparison of cross sections computed with and without using the real partition. o™ is the total real
cross section, o™%=in and o™*f» denote the cross section of the real singular and the real finite cross section,
respectively. In the last column, we indicate the agreement of the real cross section and the sum of both
real components when using the real partition as ¢ in analogy to eq. (5.11). All computations have been
performed in the setup described in sec. 5.2.1. We chose a real-partition scale of hr = 10 GeV for the
processes computed using the real partition.
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6 Applications of POWHEG matching

So far, we have focussed on validating and predicting total cross sections. In this section, we will turn our
attention to differential distributions of fNLO events, whose simulation we explained in sec. 2.8 and POWHEG
events as well as events fully matched to a parton shower using the POWHEG-matching procedure we discussed
in detail in sec. 3.

Our discussion in these two sections is fully general and applies to all processes at hadron and lepton colliders.
The same holds for our implementations of both procedures in the MC generator WHIZARD, which was carried
out in the course of this thesis. Nevertheless, we can only discuss a limited number of examples.

Our choice is twofold: On the one hand, we choose one of the simplest yet most thoroughly studied processes
at the LHC, the production of two opposite-sign leptons, pp — e*e™, coined (neutral-current) Drell-Yan
process [178]. It is simple enough to understand and validate the effects of the POWHEG-matching method
while still featuring all the challenges of processes with hadronic initial state and ISR.

At first, we will perform an in-depth comparison of our predictions with calculations from the POWHEG-BOX
in a simplified setup and then proceed to a much more realistic setup in a comparison with actual measured
data from the LHC Run 2 taken in 2016 with the CMS detector.

On the other hand, we pick top-quark pair production in association with a jet, ete™ — t£j, as representative
of processes at lepton colliders. It is an interesting process in top-quark measurements and also the optimal
candidate to probe the real partition in the context of POWHEG matching on a process featuring FSR off

massive and massless emitters without the complication of additional initial-state radiation.

6.1 The Drell-Yan process pp — ¢e~ compared to the POWHEG-BOX

In the first step, we validate our implementation of the POWHEG-matching procedure for the example of the
Drell-Yan process with the POWHEG-BOX. Examples of the contributing Feynman diagrams to this process at
LO and NLO are depicted in fig. 6.1.

v/Z

S]]
@
+

v/Z v/Z

S
o
+
S|
4
+

(b) (c)

Fig. 6.1: Feynman diagrams contributing to the Drell-Yan process pp — ete™ at LO (upper row) and to the NLO
real correction (lower row). Contributing virtual loop diagrams are omitted.
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This process is the optimal candidate for this comparison, as it is simple yet already displays many non-
trivial features, such as the presence of a non-trivial initial state, requiring the involvement of PDFs, the
requirement of phase-space cuts already at Born level, as the process for massless electrons would be IR
singular and multiple Born as well as real flavor structures, due to the rich content of the proton, including
flavor-changing initial-state splittings. Especially the latter require a careful assignment of the PDFs and
also gluon radiation from the initial state for which we grouped together ALRs assigned a single emitter
0. Additionally, it is the cleanest possible validation of the POWHEG matching implementation using the ISR
UBF we discussed in sec. 3.5.7.

6.1.1 Process setup and event selection

We choose a comparatively simple setting in our comparison of calculated cross sections and differential
distributions for pp — eTe™ with the POWHEG-BOX. For this computation, we employ the SM in the G —

mw —myz input scheme with numerical input parameters given by
G, = 1.16639 - 107° GeV 2,

Me =Mg =My =mg=m,=myp =0eV and m; = 173.2GeV,

mwy = 80.419 GeV T'yw =2.049 GeV
my = 91.188 GeV ', =2443GeV
myg = 125.0 GeV 'y =4.143MeV,

where the masses and widths refer to the pole values for the gauge bosons. They are used for the results
at LO and NLO alike for better comparability. The electromagnetic coupling is determined from the above

input parameters to take the fixed value

2 2
o= iGMm%V (1 — "T:LV;) =0.00754677 and  ag(myz) = 0.120179 (6.1)
m z

is the value we use for the strong coupling constant, determined by the MSTW2008nlo68cl PDF [175],
employed by LHAPDF 6.3.0. It is graphically shown in fig. 6.2.

We take the matrix elements for the Born process pp — eTe™ at the order O (aOS a2) from 0’Mega and
all other matrix elements from OpenLoops. We choose a CM energy of v/Shaq = 14 TeV with symmetric

proton-beam setup and fixed factorization and renormalization scale given by
HEp = UR =Mz . (62)

As this process features just two leptons in the final state at the Born level, choosing a lower bound on the

invariant lepton mass of
Meteo— > 10GeV (6.3)

is sufficient to exclude the phase-space divergence at low /s but still leaves the low-energy region in which

the details of the matching scheme are most important.
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MSTW 2008 NLO PDFs (68% C.L.)
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Fig. 6.2: MSTW 2008 NLO PDFs at p% = Q? = 10GeV? and p% = Q? = 10" GeV? including the 10 = 68%
confidence level uncertainty bands [175].

In order to simplify the event simulation, we use the combined integration mode for all NLO components.
The fNLO events are generated weighted according to the procedure described in sec. 2.8. We generate
unweighted events for the POWHEG events and those matched to a parton shower. This avoids the problem
that kinematical edge cases causing technical problems in the shower or the analysis routines are more likely
to occur in weighted events associated with very low weights. For the POWHEG matching, we choose a 10 x 10
POWHEG grid (c.f. sec. 3.5.4) and a low value of prmin = 1 GeV as our focus in this comparison lies on the
matching procedure rather than on the behavior of the employed parton shower. Furthermore, we perform
a resonance insertion (c.f. sec. 3.6.8) for the parton shower to preserve the resonances in such a way that a
resonant Z boson is inserted in every generated event, equivalent to the behavior of the POWHEG-BOX.

6.1.2 Total cross sections

Tab. 11 lists the total cross sections in this setting at LO and NLO computed with WHIZARD as well as the
POWHEG-BOX. It includes the statistical uncertainties determined from the MC integration uncertainty as well
as the scale uncertainties determined by varying the scale choice of eq. (6.2) by a factor of 2 up and down?’.

program order | cross section & stat. unc. T scale unc. o5&
+ 2956 (21.7%)
iz [ 109 £ Le TREEER
+ 7% '
POWHEG 13625.83 + 2.70 T 505 22049%3
308 (3.19%
WHIZARD [ 964946 + 189 i g5
POWHEG 0650.83 + 187 200 (1T

Tab. 11: Table of LO and NLO cross sections in pb for the process pp — eTe™ computed with the POWHEG-BOX and
WHIZARD. Statistical uncertainties, i.e., the MC integration uncertainties and scale uncertainties are shown
separately.

20We refrain from an independent variation of the renormalization and the factorization scale here. We also neglect PDF
uncertainties.
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The last column quantifies the significance of the deviation of both results from WHIZARD and the POWHEG-BOX
in terms of

’ oWz _ O_PG|
VJ(A2)2 + (a2

defined in full analogy to eq. (5.11). With values far below 2, we find excellent agreement between both

oS8 =

(6.4)

programs for the results at LO as well as NLO.

We should also interpret the cross-section values. We see that from LO to NLO, the scale uncertainties
decrease by about 90% thanks to the higher-order perturbative terms taken into account. The total cross
section also decreases significantly at NLO. When discussing the effect of NLO corrections, it is useful to

define the K-factor

ONLO ONLO — 0LO

K = and 5NLO = =K-1 (65)

OL,0 J0LO

as the NLO correction. In this case, we find K = 0.708, which amounts to an NLO correction of dnt,0 ~ —30%.
At first glance, this is unexpected as the Drell-Yan process is known [179-182] to receive large and positive
NLO QCD corrections, mostly due to the fact that only the NLO corrections open up gluonic production
channels not present at LO (fig. 6.1c). These channels are enhanced by typically large gluon PDFs at the
LHC, which we can also see in fig. 6.2. In this case, however, this effect is overcompensated by another
effect. While it is true that the NLO corrections in the high-energy regime are positive, the majority of the
cross section comes from the lower end of the phase-space region allowed by eq. (6.3). We can verify this by
computing the cross section at higher invariant lepton masses. The results are shown in tab. 12. We clearly
see that at higher energies, the total cross section decreases drastically, while the NLO correction increases
by up to roughly +20%.

At lower CM energies, we typically find lower values of  (c.f. eq. (2.10)). In our construction of the FKS
phase space, we learned that we construct the real phase space from the Born phase space in such a way
that the mass of the recoil system, which in our case equals m+.-, stays unaltered. This also holds for ISR
where this implies zg > 25 (c.f. eq. (2.114)). From the RHS of fig. 6.2, we see that the PDFs decrease with

this change, especially at u% = m?% ~ 10* GeV?, explaining our observation.

| Mete- >10GeV  mere- >50GeV  mes,— > 100 GeV

LO 13620.93 £1.92 1892.30 £0.14 72.635 £ 0.005
NLO 9649.46 = 1.89 2151.79 £0.17 85.500 £ 0.007
K 0.71 1.14 1.18

Tab. 12: Table of cross sections for the process pp — eTe™ with increasing selection cut on the invariant lepton mass.

The cross sections have been computed with WHIZARD and are given in pb.

In sec. 2.6.3, we discussed the possibility of splitting the real contribution into a singular and a remaining
finite part. We validated the real partition at the level of cross sections already in sec. 5.3 for a number of
processes. Additionally, we want to study the impact of different real-partition scales on the partial cross
sections of the Drell-Yan process in this section.

Tab. 13 shows the Drell-Yan cross sections computed with the real partition in the setup mentioned in
sec. 6.1.1 for three different values of the real-partition scale, hr. The cross section labeled "finite" refers
to the cross section of the finite real component only, while the cross section labeled "combined" combines
the cross section contributions of all other components, including the singular real component. We clearly
see that also in this case, the sum of both parts is constant and statistically compatible with the total NLO

cross section reported in tab. 11. Although the same amount of iterations and calls have been performed in
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the integrations, the result with the lowest real-partition scale hp is the least precise as, in this case, we are

integrating the unsubtracted real cross section almost separately from the subtraction terms.

hp combined finite sum
WHIZARD 5GeV  1719.25+£2.92 7937.52+2.61 9656.77 + 3.92
WHIZARD | 50GeV  9369.71 +1.66  280.69 +0.23 9650.40 + 1.68
WHIZARD | 100GeV  9595.36 + 1.76 55.34 £ 0.05 9650.70 £ 1.76

Tab. 13: Table of cross sections for the process pp — eTe™ computed with WHIZARD for different real-partition scales,

hr. The "combined" cross section is determined from the sum of the Born, the virtual, the DGLAP remnant
and the singular real NLO component, while the "finite" cross section belongs to just the finite real part.
All cross sections are given in pb. The stated uncertainties are MC integration uncertainties only.

6.1.3 POWHEG events

We will dedicate this section to a detailed comparison of differential distributions generated using POWHEG
events simulated by WHIZARD and the POWHEG-BOX. At this stage, up to a single emission has been generated
using the POWHEG-matching prescription discussed in sec. 3, and no parton shower has been applied yet,
meaning that we are inspecting an intermediate step to the fully showered distributions still at parton level.
The generated events are analyzed and plotted using Rivet 3.1.4 [94]. We show the results in fig. 6.3. The
differential distributions therein set the NLO distributions of the POWHEG-BOX’s and WHIZARD’s generated
POWHEG events labeled "POWHEG NLO" and "WHIZARD NLO", respectively, in comparison with the LO and the
fNLO distribution of events simulated with WHIZARD?!.

Fig. 6.3a shows the differential distribution of the invariant dilepton mass mg+.- := \/m In the
upper part of the plot, we see the absolute value of the observables per bin in pb/GeV. In contrast, the
lower part shows the ratio over the distribution of the POWHEG events, generated with WHIZARD, for which
the scale uncertainty is shown as a light blue band. In the general shape, we can clearly see the Z-pole at
Me+o— = my as well as the photon-propagator divergence at low m,+.-, cut off at 10 GeV.

In the ratio plot, we observe excellent agreement between all NLO distributions over the full range of m+.-
shown. Even the fixed-order distribution agrees well with both distributions of POWHEG events because the
invariant dilepton mass is equal to the radiation recoil mass, which is preserved in the construction of the
NLO phase space. This is also the reason for the comparatively few bins with uncertainty spikes in the
fNLO distribution, as the counterevents end up in the same bin as the corresponding subevents with positive
weights. We can now also graphically understand the negative total NLO corrections we investigated using
total cross sections in the previous section. We can clearly see that the NLO corrections are negative only

in the range of m+,- < mz/2, where the photon propagator dominates.

In the middle row on the LHS in fig. 6.3b, we compare the distributions of the electron transverse momentum
DTe = 4 /pi,e_ =+ pfhe_. We see a pronounced maximum at about pp .- ~ 5 GeV, which is the result of the
huge number of events at a low dilepton mass cutoff at 10 GeV.

We can observe a second, less pronounced peak at pr .- = mz/2. For the LO events, it is followed by a clear
cutoff. This feature is known as the Jacobian peak, which is often used for vector-boson-mass measurements.
It can be explained as the consequence of a variable transformation to pp. If the Z boson would decay at

21The term "POWHEG events" refers to the events generated using the POWHEG-matching prescription. They are partonic events,
not including the effects of parton showering and hadronization.
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rest, we had py .- = “Z sin(f) so that we get

do do dcos(d)  do 2pr.e- (6.6)
de,e* B dcos(ﬁ) de,e* n dcos(a) my (%)2 _p% - ) .

describing the said sharp peak and cutoff. Now the Z boson is typically not produced at rest. It is more
likely to be boosted, especially if it originates from a ¢g pair in which one of the quarks is a valence quark. As
this boost is along the z axis, it does not disturb this picture. With additional ISR, the Z boson momentum
may also have a transverse component so that we can observe electron transverse momenta larger than mz/2
beyond LO.

Comparing the NLO distributions, we again find agreement between both distributions of POWHEG events.
While also the fNLO distribution agrees with both predictions in the range py .- < mz/2, it deviates beyond
that. This is a general feature that goes back to two of the main principles of the matching. The matching
is designed to suppress the soft regions prior to the showering. Requiring a conservation of the total cross
section at the same time implies an enhancement at large radiation energies, which is what we see in fig. 6.3b
beyond pr .- ~ mz/2.

At this critical point, we can also see one of the typical issues of fixed-order NLO events we discovered in
sec. 2.8.1: events with very soft real radiation typically require a large cancellation of positive and negative
weights. The additional radiation, however, tends to cause a slightly larger transverse momentum for the
real subevents than for the Born-like counterevents. This circumstance separates the two contributions in
the neighboring bins in the center of the plot, causing the odd behavior of a very small entry followed by a
drastic increase in the next bin.

The electron rapidity is depicted on the RHS in fig. 6.3c. Here, the agreement between all NLO predictions
is remarkable across the entire range. The LO distribution, however, is much more central as the LO
simulation is missing the intrinsic pp of the Z boson. Our observations concerning the agreement between
fixed-order and POWHEG events as well as misbinning effects of {NLO events also hold in this case as rapidity
differences are invariant under the boost of the recoil system from the Born to real phase space.

Both previously discussed distributions for the positrons are omitted. They are equivalent to the electron
distributions, as there is no preferred charge.

Fig. 6.3d and 6.3e in the lower row show the transverse momentum and rapidity distribution of the radiated
parton, respectively. Both histograms can only be filled by events featuring real radiation. For this reason,
no LO distribution is shown. This also implies that the distributions are not NLO-accurate themselves but
rather resemble the LO description of the process pp — ete™ j.

In these distributions, we see a clear peak of the fNLO distributions in the central rapidity region and
the region of low pr j,. Technically, the leftmost bin in the ps ;, distribution of the fNLO events is not
well-defined as it contains arbitrarily soft radiations. Without any requirements on the jet energy, the
transverse momentum is not an IR safe observable even if we applied a jet-clustering algorithm (which is an
identity operation at parton level, in this case, anyways). We thus exclude all events with pr ;, < 2GeV in
both histograms to only show finite results. The remaining events at low pr ;, lead to an overshoot in the
central region of the rapidity distribution nonetheless. The lower {NLO prediction for larger jet transverse
momenta fits to the {NLO prediction of the lepton transverse momentum at high pp.

Comparing the fNLO distributions with the POWHEG events, we see that the latter generally show a much
less severe behavior, taming the divergence towards low values of pr ;,, which is one of the main goals of
the matching prescription. The LL resummation performed by the parton-shower radiation is curing the

fNLO deficiencies. Between both distributions of POWHEG events, we again see a very good agreement across
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the vast majority of both radiation distributions. This is remarkable as the kinematic description of the
radiation is most sensitive to the details of the matching algorithm. Taking a closer look at the regions of
very low transverse momenta and angles to the beam axis, however, we can spot some deviations of up to
3%. At the low-energy end of the distributions, this can be caused by minor technical differences such as the
choice of &min (c.f. eq. (2.39)) or internal process-independent technical cuts on energies and momenta to
avoid numerically instable regions in the matrix-element calculations. In less technical applications, however,
these different choices do not pose a problem since the low-energy region is typically simulated by the SMC
rather than the fixed-order description by choosing a value for prmin larger than the 1 GeV chosen here.

Furthermore, this very soft region is often cut out of the fiducial phase space in experimental analyses.
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Fig. 6.3: Comparison of LO, fNLO and NLO distributions for pp — e"e™ from WHIZARD and the POWHEG-BOX. The
error bars depict the statistical uncertainty, while the light blue band indicates the scale uncertainty of
the WHIZARD NLO event distribution. We simulated 50M weighted POWHEG events with WHIZARD and 50M
unweighted POWHEG events with the POWHEG-BOX and additionally 10M unweighted LO events and 10M
weighted fNLO event groups with WHIZARD. No real partition was used and no parton shower has been
applied yet. 115
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All distributions discussed so far have been generated without the use of the real partition, although in
sec. 3.6.3, we emphasized the benefits of the real partition in conjunction with the POWHEG-matching scheme.
The neutral Drell-Yan process at tree level is remarkably simple. So simple that the Born matrix element
in the denominator of the Sudakov form factor (c.f. eq. (3.9)) has no zeroes making it possible to find a
suitable UBF also without partitioning the real matrix element as we have seen in fig. 6.3.
We still want to use this opportunity to understand the effects of the real partition. For this purpose, fig. 6.4
shows differential distributions of POWHEG events for the same observables as discussed before generated with
the real partition for both MC generators WHIZARD and the POWHEG-BOX.
WHIZARD employs the real partition criterion given by eq. (2.161), which depends on the real-partition scale
hr. As explained in sec. 2.6.3, this scale determines which portion of the real matrix element is considered to
be part of the finite contribution and can thus be generated separately from the POWHEG-matching procedure.
A large real-partition scale leads to a small finite part such that hr = v/Shaq reproduces the case of no
applied partition at all. The POWHEG-BOX on the other hand, uses eq. (2.163) as real-partition criterion and,
as described in sec. 3.6.4, an additional criterion inspired by eq. (2.164), with a real partition function given
by

h3.. m?%

damp

F

= (6.7)
h?iampm2Z + p%,Z

It has the same edge behavior as WHIZARD’s approach for small pr. This partition function is equivalent to
eq. (3.119) but here, the dimensionful quantity myz has been factored out, so that hqamp is dimensionless in
this context. In this case, we have chosen the recommended value of hgamp = 0.25.

In the distribution of the invariant dilepton mass and the electron rapidity in fig. 6.4a and 6.4c we can barely
spot any significant difference between the displayed distributions. This is no surprise as we noticed before
that both distributions show a general consensus between the fNLO and POWHEG event distributions.

Fig. 6.4b, on the other hand, is more conclusive. It shows the electron transverse momentum. There are only
minor deviations at py .- < mz/2, but beyond that, we can observe a few things. While the agreement be-
tween both distributions without real partition is still visible, we see that they also agree with the distribution
corresponding to the largest real-partition scale hr = 100 GeV up to pr .- ~ 80 GeV. This nicely confirms
the expected behavior described above while at the same time assuring that nothing went wrong during the
general procedure of generating events using the real partition (c.f. app. D for the technical details on that).
Moreover, we also find a good agreement of both predictions applying a strong real-partition criterion for the
events generated with the POWHEG-BOX and WHIZARD, although the chosen real-partition functions are not
identical (c.f. eq. (2.161) vs. eq. (2.164)), confirming that both are valid choices. Regarding the distribution
with the intermediate real-partition scale of hyp = 50 GeV, we see that it interpolates nicely between the dis-
tributions with a strong (hp = 5 GeV) and no real partition at all. This is also true for further real-partition
scale choices, which we do not show explicitly to avoid cluttering the picture. In our discussion of fig. 6.3b,
we noticed that the matching causes an enhancement at high transverse momenta. We can see here that the
real partition can remedy this problem as for small real-partition scales, the fNLO behavior at large pr can

be restored. This property is an advantage of the real partition beyond remedying the problem of Born zeroes.

Most of these observations are equally valid for the remaining two distributions describing the radiated
parton. The effect of the real partition helping to restore the {NLO behavior is even more pronounced in
the transverse-momentum distribution in fig. 6.4d. More precisely, we can see that the distributions with
real partition tend to agree with the fixed-order predictions at about pr ;, ~ hp.

In realistic applications, we recommend not choosing a too low value for hr to use the benefits of the
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real partition while keeping the fNLO accuracy at high pr. Also, based on our findings in sec. 3.6.9, very
small central values for hr should be avoided in order to avoid generating a large fraction of negatively
weighted events. To estimate the associated uncertainty, we recommend varying it by a factor of 2, or more
conservatively, by a factor of 4.

We can also spot one more effect, namely a difference between both strong partitioning predictions of
WHIZARD and the POWHEG-BOX. We can see that WHIZARD predicts up to 20% more events in the region of
very low pr ;. The reason is that with a real-partition scale of hp = 5GeV, events with a similarly low
radiation transverse momentum belong to the finite part of the real partition, which does not include any
subtraction terms. We thus observe a behavior similar to that of the fNLO events we saw in fig. 6.3: an
excess at low pr ;, and central y;,. This is another hint that a too-low choice for the real-partition scale will
not optimally describe low energy emissions, which, on the other hand, are usually better described by the

SMC, anyways.
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Fig. 6.4: Comparison of NLQ distributions for pp — e'e™ events with real-partition scales of hr ¢

{5GeV,50GeV, 100 GeV} for WHIZARD and hdamp = 0.25 for the POWHEG-BOX. The error bars depict the
statistical uncertainty, while the light blue band indicates the scale uncertainty of the WHIZARD NLO event
distribution. We simulated 50M weighted POWHEG events with WHIZARD and 50M unweighted POWHEG events
with the POWHEG-BOX for the distributions without real partition and 10M unweighted events for each
component of the distributions with real partition. No parton shower has been applied yet.
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6.1.4 Effects of the parton shower

In the simulation of the parton level POWHEG events we focussed on so far, we generated just up to a single
emission and explicitly excluded emissions at low transverse momentum from our perturbative description.
This is, of course, only part of the full picture. To describe physics at all scales, we apply a parton shower
to simulate the remaining lower energetic interactions.

The shower setup

In this study, we employed PYTHIA 8.307 [183] to simulate parton shower and hadronization. To steer
PYTHIA, we used a mixture of the examples main31 and main44 shipped together with the main program
of PYTHIA. Additionally, we had to explicitly handle the event weight in order to preserve the weight’s sign
also for negatively weighted events, which are to a reduced but still non-negligible extent still present in the
POWHEG events we hand to PYTHIA.

Regarding the shower settings, we mostly stuck to PYTHIAs default choices in this MC level comparison. As
we aim to compare WHIZARD and the POWHEG-BOX, we give precedence to the information stored in the input
Les Houches Event Files (LHEFs) whenever possible. This includes the settings concerning the beams and
lepton masses. However, we explicitly choose the settings managing PYTHIA’s behavior according to the
POWHEG-matching prescription.

We disable emission vetoing and also vetoing radiations from multi-

particle interactions as we employ a transverse-momentum ordered
L. I POWHEG: nFinal = 2
shower. We set the upper transverse momentum for the emissions ., pownsa: veto = 0

to the SCALUP parameter in the LHEFs, while during event gener- ¢ POWHEG: MPIveto = 0
. . L. 1+ POWHEG: pThard = 0
ation, we set this value to the pr of the emission generated by the . powrpc: pTemt = 0
parton level MC and t0 prmin if no real emission was generated (c.f. © POWHEG: emitted = 0
. .. . 7 POWHEG: pTdef = 1
also sec. 3.6.5). For this, we choose a pr definition with respect . §paceShower:pTmaxMatch = 1

to the emitting parton with PYTHIA’s definition of the emitter and ¢ SpaceShower:QEDshowerByL = off
s . ) SpaceShower : QEDshowerByQ = off
the pr definition of the POWHEG-BOX. Most importantly, we force |, SpaceShower: MEcorrections = off

PYTHIA to always respect this scale choice??. We disable the QED '2 SpaceShower:alphaSvalue = 0.120179
. . 13 SpaceShower:alphaSorder
shower and also matrix element corrections performed by PYTHIA. |, TimeShower: pTmaxMatch =
1

1
5 TimeShower: QEDshowerByL off

. . 16 TimeShower : QEDshowerByQ off
as chosen in the parton level MC generators. The last mentioned |, TimeShower: MEcorrections — off

settings are set twice, once for the space-like ISR and once for !5 TimeShower:alphaSvalue = 0.120179
19 TimeShower:alphaSorder = 1

Finally, we set the options for the running of aig to the same values

=

the time-like FSR shower. In technical terms, these settings are
displayed on the right.

These settings are documented in the PYTHIA8 manual [184], while ref. [185] specifically discusses the effects
of these settings on the POWHEG matching.

With the parton shower applied, the simulated events will contain a large number of final-state particles,
including soft particles and those very collinear to each other. To nevertheless be able to define meaningful
observables, we cluster the colored final-state particles into jets, using the anti-kr algorithm [176] as
implemented in FastJet 3.3.4 [186] with R = 0.4. In the jet definition, we require pr; > 2 GeV to avoid
IR unsafe regions at low transverse momenta. Considering the cuts, we keep eq. (6.3) as before so that
the jet definition only affects the jet observables pr ;, and y;, but does not restrict the radiation for other

observables, as this would violate their IR safety.

22This is achieved by setting pTmaxMatch = 1. What we refer to as PT,min from the perspective of the parton level MC
generator is referred to as pr,max from the perspective of the SMC.
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Although applying the parton shower is a unitary procedure if integrated over the entire phase space, the
additional radiation generated by the parton shower typically softens the present jets making it harder for
the events to pass the jet criteria eventually lowering the fiducial cross section (c.f. sec. 3.1). In our case,
however, the NLO corrections as well as additional emissions will not affect the dilepton mass m.+.- on
which the cuts solely depend. For this reason, the total cross sections, as mentioned in sec. 6.1.2 keep their

value also in this extended setup, including the parton shower.

Differential distributions

The differential distributions for this setup, predicted by WHIZARD and the POWHEG-BOX in conjunction with
PYTHIA, are depicted in fig. 6.5. We compare the predictions from both programs with and without a real
partition (RP) for the same observables as before. While for the POWHEG-BOX, we choose hqamp = 0.25 as
before, we only show the results for hp = 5 GeV from WHIZARD to keep the diagrams tidy. Nevertheless, we
can conclude from the discussion before that the distributions for real-partition scales hp > 5 GeV will lie
between both distributions presented from WHIZARD.

We do not discuss {NLO predictions from here on as, although applying a parton shower to the generated
fNLO events might technically be possible, it will have issues with double counting of emissions, which to

avoid was the main motivation for using the matching procedure.

By comparison of fig. 6.5a-c¢ with the corresponding distributions discussed in the previous subsection, shown
in fig. 6.3, we see that the kinematic distributions of the leptons are as unaffected by the parton shower.
The reason is the same as for the total cross sections: the conservation of the invariant lepton mass.

More insightful are the remaining two jet distributions. Comparing the jet transverse-momentum distribu-
tions of fig. 6.5d with the same pre-shower distribution in fig. 6.3d, we see that the jet has become harder,
most likely by gathering more energy from secondary ISR. Moreover, the sharp increase towards the lower
end has given way to a peak at about pr ;, ~ 10 GeV as in an event with more than one clustered jet, the
hardest one less often has very low energy.

Viewing the different predictions in relation, we see that both distributions from WHIZARD and the POWHEG-BOX
also agree remarkably well in their description of the hardest jet angle and momentum. This holds for both
distributions, even with applied real partition and most remarkably also in the regime of very soft jets,
where we saw a deviation in the prediction with a real-partition scale of hyp = 5GeV in fig. 6.4d.

This is a non-trivial achievement as in opposition to the comparison at parton level, the parton shower
additionally depends on the flavors and colors present in the events, the choice of the parton shower-starting
scale as well as the information about resonant subprocesses all of which have been implemented only in the
course of this thesis. Only with the correct resonances present in the events generated at parton level the
parton shower can take this into account to determine which particle’s invariant mass is to be preserved. In
the absence of resonances, more soft and longitudinal radiations would be simulated, as parton shower and

hadronization are allowed to adjust the momenta of partons.
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Fig. 6.5: Comparison of NLQ distributions for pp — eTe™ events from the POWHEG-BOX and WHIZARD, including

the parton shower simulated by PYTHIA. For the distributions without real partition, we simulated 20M
unweighted events with WHIZARD and 30M unweighted events with the POWHEG-BOX. For the distributions
with real partition, we simulated 10M unweighted events with a real-partition scale of hr = 5GeV for
each component of the real partition with WHIZARD and 10M unweighted events in total with a damping
parameter of hAqamp = 0.25 with the POWHEG-BOX.

121



6 Applications of POWHEG matching 6.2 The Drell-Yan process compared to data

6.2 The Drell-Yan process pp — ¢*e¢~ compared to data

After the successful validation with the well-established implementation of the POWHEG matching in the
POWHEG-BOX, we will attempt a more realistic application next. The Drell-Yan process is regularly studied
with varying foci by the ATLAS and the CMS experimental collaborations. From the available analyses at
V/Shad = 13 TeV [187-189], we pick the most recent analysis performed by the CMS collaboration, ref. [189],
studying Z boson angular and transverse-momentum distributions in the resonance region in data collected
at v/Shaa = 13TeV in 2016 corresponding to an integrated luminosity of 35.9fb™*.

In our comparison, we focus on the electronic decay of the Z boson. However, from the MC perspective,

there is no conceptual difference to the muonic decay.

6.2.1 Process setup and event selection

We shall briefly explain the process setup and the event selection here, focusing on the settings relevant
for the MC simulation. In app. D, we discuss these settings at the technical level in full detail. For the
details concerning the particle detection, reconstruction and background reduction, we refer to the CMS
publication [189].

We choose masses and other input parameters according to the Particle Data Group (PDG) Review of Particle
Physics [190], neglecting lepton and 5 light quark masses. We employ the PDF set NNPDF30_nlo_as_0118 [191]

and choose

pr = =\ (04)" +m2, (6.8)

as the central factorization and renormalization scale. We use Born matrix elements generated by 0’Mega
and NLO matrix elements provided by OpenLoops.
At the generator level, we require an invariant lepton mass of

Mete- > 50GeV | (6.9)

less strict than those we will require in the analysis to avoid discarding PSPs, which would pass the kinematic
requirements only after the parton showering, hadronization and subsequent reconstruction. The exact choice
here should have no influence on the final results, however.

Concerning the resonance insertion in the generated events, we choose a more elaborate simulation as before
by inserting resonant Z bosons in a range of 16"z centered around myz with a Gaussian suppression of 1/e
at 4Tz (c.f. sec. 3.6.8).

Considering the matching settings, we fill a 10 x 10 POWHEG grid and choose prmin = 2.5 GeV as the central
value for the minimum transverse momentum that radiation described by the hard matrix element may have.
We will also consider variations of pymin around the central value.

For the parton shower, hadronization and the underlying-event simulation, we employ PYTHIA 8.307 [183]
with the tune CUETP8MI1 [192, 193] also known as the CMS Tune MonashStar. This determines the QCD
and electromagnetic initial-state as well as final-state shower. Regarding the PYTHIA settings for the POWHEG
matching, we choose the same values for all the "POWHEG" settings as well as pTmaxMatch mentioned in
sec. 6.1.4.

For the analysis of the generated events, we employ Rivet 3.1.4 [94]. By virtue of Rivets analysis
preservation system, we are able to reuse the CMS analysis prepared in the course of ref. [189]. Within
Rivet, it is referred to under the name CMS_2019_I1753680. It performs the Z-boson reconstruction and
histogramming.

At the analysis level, we impose stricter cuts than we used for the integration and the simulation of the
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partonic events. We require two oppositely charged, same-flavor leptons to fulfill
el <24 and pre > 25GeV (6.10)
and a dilepton invariant mass within 15 GeV around mz = 91.1876 GeV,
|mg+e- —myz| < 15GeV . (6.11)

This ensures that the leptons are well within the detector acceptance, optimizes the trigger efficiency and
selects well-identifiable Z-boson candidates. In this setup, the fiducial phase space is much more restricted
than in the technical comparison with the POWHEG-BOX we performed before.

Rivets analysis preservation system also provides access to the differential distributions of the unfolded
background-subtracted data corrected for detector effects and shown in ref. [189], drastically simplifying the

present comparison.

6.2.2 Cross sections

Before we compare differential distributions, we will first look at the measured total cross section compared
to predictions from different MC generators. In tab. 14, we summarize the total cross sections for the
leptonic decay channel, given in ref. [189] and extend them with our own result.

While MG5_aMC 2. 3.3 [45] and WHIZARD employ the NNPDF 3.0 PDF set NNPDF30_nlo_as_0118 [191], FEWZ
instead uses the NNPDF 3.1 [194] NNLO PDF set. The given scale uncertainties are estimated by varying
both scales, ur and pp, independently by a factor of 2 up and down, excluding the extreme variations, with
the scale given in eq. (6.8) as the nominal value. As opposed to the approach followed in ref. [189], we omit

PDF uncertainties in our predictions and choose not to symmetrize the uncertainties.

order o in pb
Data 712 + 10 (sys) £ 18 (lumi)
FEWZ NNLO QCD 719+ 8 (stat+PDF+scale)
MG5_aMC NLO QCD 682 + 55 (stat+PDF+scale)
WHIZARD | NLO QCD 658.5611513 (stat-+scale)
WHIZARD LO QCD  630.3118395 (stat+scale)

Tab. 14: Predicted and measured cross sections for the Drell-Yan process. The measured cross section (data) and
those computed with FEWZ and MG5_aMC are stated as reported in ref. [189]. For the latter two, the given
uncertainties include the statistical MC uncertainties as well as PDF and scale uncertainties. The last two
rows show the results computed with WHIZARD. Here, the given uncertainties reflect the symmetric statistical
and asymmetric scale uncertainties.

Qualitatively, we can see that the highest-order prediction by FEWZ agrees best with the measured cross
section, as both values are within their respective uncertainties. Both NLO QCD computations yield results
about 5 — 8% lower, from which we can conclude the NNLO QCD correction to be positive. The results
computed with MG5_aMC and WHIZARD at NLO QCD roughly agree within their scale uncertainties, although
their central values differ by about 4%. This difference is likely related to different approaches to the
parton-shower matching and merging. While WHIZARD employs the POWHEG-matching method, MG5_aMC relies
on MC@NLO matching and additionally performs NLO merging, taking up to two additional partons at Born
level in the matrix-element calculations into account, using the FxFx merging scheme [110]. Unfortunately,

the total cross section computed with the POWHEG-BOX, which follows an approach more similar to that of
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WHIZARD, is not reported.
Considering the LO cross section, we see that both the NLO QCD as well as the NNLO QCD corrections
are positive. The reason is that each order enables more processes with a gluonic initial state to contribute,

leading to an enhancement of the cross section due to the large gluon PDFs.

6.2.3 Differential distributions

Besides total cross sections, we also want to compare differential distributions of measured data and MC
predictions. Ref. [189] puts a strong focus on the properties of the reconstructed Z boson. Following this
approach, we will discuss differential distributions of the Z-boson transverse momentum, p%, and its rapidity,
lyz|. While |yz| predominantly covers the angular properties of the Z boson, its transverse momentum also
covers the energetic component. It is a property of the Z boson often studied in the Drell-Yan process. In
a naive LO description of the process without any additional radiation, the Z boson would not have any
transverse momentum. Its transverse-momentum distribution is thus the ideal candidate to test the SM
description of the intrinsic pr of the initial partons and ISR effects probing the strong interaction. Moreover,
a precise calibration of the pr measurements of weak bosons is crucial for W-mass measurements at the
Tevatron and the LHC.

We generated several differential distributions using WHIZARD, all with NLO accuracy but with different
parameters of the shower-starting scale, prmin, and the real-partition scale, hp. Both parameters are
determined by the parton-level MC generator. They are thus not part of the parton-shower tune, although
they do have an influence on the shower behavior. We consider variations to estimate their effect. To avoid
confusion, we show variations of pymin in fig. 6.6 separately from the variations of hr in fig. 6.7. We will
discuss both variations simultaneously, nonetheless.

The rapidity distributions are shown in fig. 6.6b and fig. 6.7b. From the plateau at values |yz| < 1, we see
that Z bosons central in the detector are favored. In both figures, varying prmin or hr barely influences
the simulated distributions, as they all agree, most often even within the very small statistical uncertainties.
Similarly, we noticed in the previous subsection that the lepton rapidity is barely influenced by the shower-
starting scale or the real-partition scale. We can clearly see that the |yz| distribution, normalized to the
total cross section, is off by a roughly constant —(6 — 8)%, owing to the slightly lower prediction for the total
cross section compared to the experimentally determined value. This effect can be circumvented by choosing
the same normalization for all distributions. For this reason, we show the same distributions normalized
to unity in fig. 6.6c. Once the distributions are normalized to the same integral, the agreement between
prediction and measurement is almost perfect.

In figs. 6.6a and 6.7a we show the Z-boson transverse momentum. Here, such excellent agreement between
simulation and measurement cannot be observed. In both figures, we notice a strong dependence of the
distribution on both indirect shower parameters we consider variations of. We can see a deviation between
the predictions and the data, especially in two scenarios. For the lowest value of prmin, 1 GeV, we clearly
see that the predicted peak of the distribution exceeds the measurement. Taking into account the scale
uncertainty, which, for clarity, is displayed only for the prmin = 2.5 GeV distribution in blue in fig. 6.6a, we
can see that they almost cover the exceeding. Thus, it is not a severe problem but indicates that a larger
shower-starting scale yields better predictions. In this case, more of the low-pr region is populated by the
parton shower.

The observation and also the conclusion is similar for the variation of the real-partition scale in fig. 6.7a
We see that the prediction of the Z-boson transverse momentum is off for hp = 50 GeV. The behavior is
even similar to the distribution for prmin = 1 GeV shown in fig. 6.6a. In both cases, the variation of the

distributions for different values of prmin and hp is almost covered by the scale uncertainties. To be more
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conservative about the uncertainties, variations of prmin and hp should be included as well.

Overall, the best description is achieved with prmin = 2.5GeV and using the real partition but with a
large real-partition scale of Ap = 100 GeV, splitting off only a minor part of the real cross section into the
real finite component. It is shown in blue in fig. 6.7a. To get a general description of LHC processes, the

optimal choices for ppymin and hp should be determined together with the parton-shower tune, taking data

for multiple processes into account. However, this is a separate project.
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Fig. 6.6: Observable distributions for showered pp — ¢

band for the distribution with

+

Prmin = 2.5 GeV.
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subfig. (a) and (b) are normalized to the total cross section, all distributions in subfig. (¢) are normalized
to unity. The error bars for the data correspond to the total experimental uncertainty, while the error bars
for MC distributions show the statistical uncertainties of 10M unweighted events. The scale uncertainties,
determined by varying pur and pr independently by a factor of 2 up and down, are displayed as a blue
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Fig. 6.7: Observable distributions for showered pp — eTe” events with promin = 2.5 GeV and different real-partition

scales hp € {50GeV, 100 GeV} compared to CMS data reported in ref. [189]. The error bars for the
data correspond to the total experimental uncertainty, while the error bars for MC distributions show the
statistical uncertainties of 10M unweighted events for each component of the real partition. The scale
uncertainties, determined by varying pr and pr independently by a factor of 2 up and down, are displayed
as a blue band for the distribution with hr = 100 GeV.

Ref. [189] also discusses predictions of several MC generators in comparison to the performed measurements.
Specifically, the data shown in fig. 6.6 and fig. 6.7 presented here is included in figs. 5 and 6 therein. For
reference, they are included here as fig. 6.8 and fig. 6.9.

Fig. 6.8 shows a comparison of the measured rapidity distribution with MC predictions computed with
MG5_aMC, POWHEG and FEWZ. The settings chosen for FEWZ are the same as those used to compute the NNLO
cross sections shown in the previous section, including that no parton shower is applied. Just like WHIZARD,
MG5_aMC and POWHEG both employ the NNPDF 3.0 PDF set NNPDF30_nlo_as_0118 [191] and both predic-
tions include parton-shower modeling.

Comparing the Z-boson rapidity distributions computed with WHIZARD with those in fig. 6.8, we see that
overall, the NNLO prediction by FEWZ agrees best with the data, while both NLO predictions by MG5_aMC
and POWHEG show an overall deviation of ~ —5%, similar to our prediction.

Lacking the parton-shower modeling, the prediction computed with FEWZ for the Z-boson transverse momen-
tum is not shown in fig. 6.9. Instead, predictions computed with POWHEG using the MINLQ procedure [112] and
the NNPDF 3.1 NLO PDF set [194] are included. In the region p% < 10 GeV, both predictions from MG5_aMC
and POWHEG tend to slightly lower values than the measured data, while the MINLO prediction agrees with
the data, especially in the lowest bins but still features a large uncertainty. On the contrary, our prediction
tends to overshoot the data in this transverse-momentum range. HEspecially low transverse momenta are
most often governed by the parton shower, so the differences can most likely be accounted to differences
in the parton-shower modeling beyond the parton-shower tune like the POWHEG-matching parameters or the
treatment of resonances (c.f. sec. 3.6.8).

In the central region, 10 GeV < pZ < 100 GeV, the overall behavior of a rise in the ratio of predictions over
the data can be observed for all programs more or less pronounced. For WHIZARD, this is particularly the
case for the distribution using prmin = 5GeV. However, the slightly lower total cross section computed with
WHIZARD, which we saw most clearly in the |yz| distribution, leads to a prediction roughly 10% smaller than
the data in the central region. At the upper end of the transverse-momentum distribution, the predictions
computed with WHIZARD and POWHEG both tend towards lower cross sections compared to the data, while
the ones using MG5_aMC or the MINLO procedure stay in agreement with the data. Comparing the displayed
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uncertainties, we see that the behavior of small uncertainties around pZ = 10 GeV, which increase going
outwards, is most comparable to the uncertainty behavior displayed in ref. [189] for the MINLO procedure.
Summarizing, our predictions using the POWHEG-matching scheme can describe the measured data well at
NLO accuracy for some parameter choices and show a behavior similar to the predictions computed in the
course of ref. [189] using the POWHEG-BOX. An in-depth analysis of the remaining differences would require a
more thorough dive into the technical differences of the employed MC generators.
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Fig. 6.8: The measured absolute cross sections (left) in bins of |yZ| for the dielectron final state. The shaded bands
around the data points (black) correspond to the total experimental uncertainty. The measurement is
compared to the predictions with MG5_aMC (square red markers), POWHEG (green triangles) and FEWZ (blue
circles). The error bars around the predictions correspond to the combined statistical, PDF and scale
uncertainties. This is fig. 5 of ref. [189].
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6.3 Predictions for eTe™ — ttj measurements at a future lepton collider

A multi-purpose MC generator like WHIZARD allows to make predictions for total and differential distributions
about a plethora of different processes. We have implemented the ability to generate fixed-order NLO as
well as POWHEG events with the same standard of generality, yet, we have only discussed matched predictions
for the Drell-Yan process at the LHC so far. In this section, we switch gears to study the production of a
top-quark pair associated with a jet at a future lepton collider.

One of the main prospects of future lepton colliders is to improve the top-mass measurement at the top-
pair threshold. For this reason, a center of mass energy of v/Spaq € [350,380] GeV = 2m; is often among
the proposed energy stages [32, 33, 147, 195] while later stages usually include larger CM energies like
V' Shaa = 500 GeV, to study the production and interaction of Higgs bosons, e.g., in association with top
quarks.

Using the radiative return effect, i.e., additional radiation taking away energy, so that the recoil system
gets closer to a resonance mass, it is also possible to study the top threshold at higher CM energies, e.g.,
by studying the processes ete™ — ttvy [196] for which eTe™ — t#j is a background process. Also from the
technical perspective, ete™ — ttj is ideally suited to complement our previous results. While we previously
discussed the Drell-Yan process, featuring ISR exclusively, eTe™ — tfj at NLO QCD features FSR off
massless as well as massive emitters. This allows to additionally test the POWHEG matching, including the
UBFs derived in sec. 3.5.5 and 3.5.8. Moreover, it is the ideal candidate to apply and study the real partition,

as we have already pointed out in sec. 2.6.3.

6.3.1 Process setup and event selection

Although WHIZARD is capable of computing the NLO QCD corrections to the full 2 — 7 off-shell process,
including the decays of both top quarks, we assume the top quarks to be stable in our setup for several rea-
sons. Most of all, decaying top quarks often require more elaborate reconstruction techniques in the analysis,
which produce less clear results and are not the focus of this thesis. A hadronic top decay overall complicates
the jet combinatorics. This would not be the case for the leptonic decay but this one also would not have
much influence on the NLO QCD corrections or the matching either. Even if we assumed stable W bosons,
we would have to take into account threshold effects leading to large K factors as ete™ — WHbW b
is subject to radiative return towards the top threshold [197]. Also from the technical side, radiation off
top quarks is probably the best opportunity to test the kinematic construction and UBFs in the POWHEG
matching for massive emitters.

With the same considerations, we refrain from employing a parton shower to the generated POWHEG events.
In a subsequent shower, the top quarks would necessarily decay, leading to the abovementioned problems.
At the applied precision level, a full study with a description of the top-quark decay with NLO matrix
elements would be necessary.

In this investigation, we thus study the production of two top quarks in association with an additional jet
at an eTe™ collider with a CM energy of v/Spaq = 500 GeV. We take the default values for the masses and
widths from the 2022 PDG Review of Particle Physics [198]. Differing from that, we obviously have to set
I'y = 0, and we round the top mass to m; = 172.5 GeV while considering all other quarks as well as the light
leptons to be massless. For ag, we thus take the lightest 5 quark flavors into account in the running of ag

described at NNLO. The renormalization scale is set to

ur = Hr/2 with Hp:= Z \/m ) (6.12)
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where the sum runs over all final-state partons.

To avoid divergences from soft or collinear jet radiation and to guarantee a well-defined IR finite Born cross
section, we employ the anti-kp algorithm [176] with R = 0.5 as implemented in FastJet 3.3.4 [186] to
cluster light quarks and top quarks into jets. We also equally include top quarks in the clustering to avoid
artifacts from hard collinear radiation off the top quarks in the differential distributions. In the following,

we require at least 3 of those jets to fulfill the requirements
pr >15GeV  and |y| <4.5 (6.13)

on their transverse momentum and rapidity, respectively.

Regarding the POWHEG event simulation, we again use a 10 x 10 POWHEG grid and pr,min = 1 GeV to be able
to observe the behavior of the matching in the sensitive soft regions.

All tree-level matrix elements in the computation are generated by the in-house matrix-element generator

0’Mega, while OpenLoops provides the loop matrix elements.

6.3.2 Total cross sections

In our first discussion of the real partition in sec. 2.6.3, we already elaborated that the present process,
eTe™ — ttj, greatly benefits from the approach of partitioning the real matrix element in a singular and
a finite part because some of the real subprocesses, i.e., those featuring a ¢ — ¢g splitting, have finite
contributions. Here, we want to use this opportunity to study this claim quantitatively.

To do this, we compute the real cross section with three different real-partition scales, one of them cor-
responding to not using the real partition at all. In tab. 15, we show the integration histories for the
integrations of the singular real component in each case. We also show the cross section computed for the
finite real component to be able to compare the results for the full real cross section, too. We do not show
the integration history for the real finite as it usually integrates very well, requiring no subtraction terms
and thus, no cancellation of contributions. For this reason, it also integrates much faster than the singular
real contribution so that we can as well increase the number of iterations and calls for the real finite without
much cost, if necessary.

First of all, we can see that the summed results in the last row are in statistical agreement, so the total
cross section is unaffected by the real partition as it should be. Comparing the convergence behavior,
assessable from the evolution of the absolute as well as relative uncertainties along the iterations, we can
see an improvement if we turn on the real partition with hp = 50 GeV. As the total results for the integral
of the singular real contribution differ, the relative uncertainty gives the best hint on the convergence of
the integration. We can see that splitting off only a small finite part already improves the integration. The
effect is suppressed, however, as the largest contribution to the cross section comes from ALRs featuring
gluon radiation.

The last column shows the integration history with hr = 5 GeV, splitting off a larger finite real part. By
choosing a too-small value for hp, we are almost integrating the subtraction terms separately from the
singular real contribution. This leads to negative partial values for the real singular cross section and a large
cancellation between both components, which altogether decreases the convergence. So for the integration,
hp is optimally chosen in such a way that the total real cross section is roughly split into equal parts and

that none of them becomes negative.
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hp = 0o GeV hr = 50GeV hr =5GeV

It. Int. Err. FErr.[%] | Int. Err. Err. [%] Int. Err.  Err. [%]

1 2.80 0.25 8.91% 3.34 030 8.85% —15.18 0.35 2.32%

2 3.45 022  6.56% 3.19 0.16 4.86% —15.40 0.21 1.38%

3 295 0.21 7.24% 3.01 0.15 5.02% —15.17 0.19 1.25%

4 3.06 020 6.40% | 296 0.15 5.17% —-15.41 0.16 1.06%

) 3.25 0.16 5.02% 2.92 0.16 5.61% —15.52 0.15 1.00%
Rsin 312 0.09 290% | 3.04 0.07 247% —15.38 0.09 0.56%
Rén 0.09 0.00 0.26% 1840 0.03 0.18%
Rein + Ren | 3.12  0.09  2.90% | 3.13 0.07 2.40% 3.02 0.09 3.03%

Tab. 15: Integration histories of the cross-section computation of the process ete™ — tfj. The cross sections are

given in fb. The results are shown for three different real-partition scales, where hr = co GeV is used
to denote that no real partition was performed. For the processes with real partition, the results of the
different iterations refer to the singular real component only. For the finite real component, we simply state
the total result to account for it in the sum of both components depicted in the last row. In all integrations,
we performed 5 iterations with 100k matrix-element calls each, adapting both grids and weights in each
iteration.

Setting aside the endeavor of optimizing the performance, tab. 16 lists the cross sections, including the
Born and virtual contributions for different real-partition scales at NLO as well as LO. Taking the LO cross
section into account, we can infer a K factor of K = 1.32. For the NLO results, we can see that, while the
finite cross section increases with decreasing hp, the sum of both parts stays in remarkable agreement for all
choices of the real-partition scale. While the real-partition scale has no influence on the total cross sections
or fNLO events, it does influence the differential distributions of POWHEG events to which we will turn our

attention next.

order hr combined finite sum
WHIZARD LO 38.79 £+ 0.02 38.79 +0.02
WHIZARD | NLO o00GeV 51.05+0.05 51.05 £ 0.05

WHIZARD | NLO 50GeV  51.01£0.06 0.0862 4+ 0.0001 51.10 £ 0.06
WHIZARD | NLO 20GeV 48.47+£0.06 2.600 £0.002 51.07 £0.06
WHIZARD | NLO 5GeV  32.64£0.06 18.39 +£0.02 51.03 £ 0.06

Tab. 16: Cross section of the process eTe™ — tj in fb at LO and NLO QCD for different real-partition scales hp.
The second entry for hr = 0o GeV corresponds to no applied real partition. Thus, the real finite cross
section is left blank. The displayed uncertainties refer to the MC integration. The NLO cross section
including scale uncertainties obtained by varying the renormalization scale by a factor or 2 is given by
onpo = 51.05F2:0% b,

6.3.3 Differential distributions

Generating POWHEG events while using the real partition will produce two separate event samples: One
contains the events generated for the real finite component and another for the POWHEG events, which
account for all other components, including the singular real component. Before we discuss the differential
distributions of POWHEG events generated with different real-partition scales, it is interesting to understand
which phase-space regions each event sample populates.

Generally speaking, the employed real-partition function, given by eq. (2.161), ensures that all hard radiations,
i.e., those in which the radiation receives a large momentum, belong to the sample of the real finite
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contribution. At the same time, all lower energetic emissions are incorporated in the POWHEG-event sample,
combining the contributions of the Born, the virtual, the singular real component and the subtraction terms.
This behavior can be seen in fig. 6.10. It shows the differential distributions of both samples and their sum
separately for the invariant mass of the system of both top jets, m,;, as well as the transverse-momentum
distributions of the top jet, pr+, and the fourth hardest jet, pr ;,, if the jets are ordered by decreasing
transverse momentum. In this context, top jets’ refers to clustered objects containing at least one (anti)top
quark. This definition makes use of generator information. Under experimental conditions, a similar
definition would involve the proper reconstruction and tagging of the top quarks. For this example, we
choose a real-partition scale of hp = 5 GeV, so that the real finite sample contributes a significant portion
to the total cross section.

First discussing the invariant ditop-mass, we see that the distribution starts at twice the top mass, 2my,
and goes up almost to the available energy of \/Shaqa = 500 GeV leaving just enough room for the one
jet we require to fulfill its transverse-momentum requirements. Considering the subsamples for both real
partition components, we see that the real finite dominates at low m,;, where the non-top jets take most of
the momentum, while it drops to zero at m,; close to the total available energy, where the radiated jet is
energetically constrained to be very soft.

Fig. 6.10b shows the transverse-momentum distribution?? of the top jet. We see a scarce population of the
region below pr; = 15 GeV, as this region may only be populated if the jet containing the top quark is not
among the three jets we require to fulfill pr > 15 GeV. In this case, both jets not containing a top quark are
required to be high-energetic, so the region pr < 15 GeV is dominated by the real finite contribution. The
upper end of the distribution is reached at pp =~ 175 GeV. Such a top jet has to have an energy of at least
244 GeV leaving just enough energy for the second top jet and the third jet to compensate for its transverse

momentum. The real finite contribution diminishes even earlier as it has to fulfill eq. (2.161), which dictates

\/m?+2p-pj = 17T7.5GeV | (6.14)

where p; and p; are the four-momenta of the top quark and the radiated parton, respectively.

that it drops to zero at

Fig. 6.10c shows the transverse-momentum distribution of the fourth hardest jet, i.e., the jet with the lowest
transverse momentum, if existent. The fact that the fourth hardest jet does not exist in Born-like events
and events in which two of the final-state partons are clustered together implies that the integral of this
distribution does not have to match the total cross section. This is most obvious for the real singular
contribution labeled "com" for "combined" in this figure. If the fourth hardest jet exists, it is always just a
single parton and does not have to fulfill the jet requirements of eq. (6.13). It is therefore arguable to call it
a "jet" at all if we interpret the jet-selection criteria as the jet definition. Nevertheless, we will continue to
do so for the sake of consistency in the nomenclature.

In the distribution, we can see that only the lower end of soft pr j, receives contributions from the real
singular component, while the real finite constitutes 100% of the total distribution in all regions of hard
radiated jets where pr ;, > 10 GeV.

23In our idealized picture of a lepton collider without ISR photon radiation or Beamstrahlung, we could as well consider the
absolute value of the particle’s momenta as in this case also the momentum component along the beam axis is reconstructible.
For comparison with the hadron-collider setup, it is useful to stick to the transverse component only, however.
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Fig. 6.10: Differential distributions for e"e™ — tIj events with a real-partition scale of hr = 5GeV. 1M unweighted
events generated from the real finite (fin) contribution and 1M unweighted POWHEG events from the real
singular contribution combined with the Born and the virtual contribution (com) are shown separately in
relation to the sum (sum) of both parts. No parton shower has been applied.

Moving away from our individual analysis of the real finite and the real singular component, we will compare
the complete differential distributions of fixed-order as well as POWHEG events next. In fig. 6.11, we show
the differential distributions for a multitude of observables based on simulated POWHEG events without real
partition, LO events, POWHEG events generated using the real partition with multiple real-partition scales
hr € {5GeV,20GeV,50 GeV} as well as fixed-order NLO events. To generate the fixed-order NLO events,
we used the real partition with hr = 50 GeV, too. We checked that the events generated in this way fully
agree with the fixed-order NLO events generated without real partition and omitted the latter.

Fig. 6.11a shows the distribution of the invariant mass of both top jets, equivalent to fig. 6.10a. We can observe
full agreement between all NLO distributions within the scale uncertainties in the range m,; > 400 GeV, with
only mild variations below. This is no surprise as all NLO distributions are normalized to the same total
cross section. In the lower half of the distribution, we see that the fNLO distribution predicts slightly larger
differential cross sections, while the {NLO prediction is significantly lower in the rightmost bin. The reason is
that the negative subtraction terms may be separated from the positive true real terms in the fNLO events.
This is not possible for the generated POWHEG events. We see in the distribution of the real finite events, in
fig. 6.10a, that the unsubtracted real contribution populates the LHS of the m,; distribution?*. Thus, we
see a positive excess here. However, the counterevents populate the RHS of the distribution, explaining the
significantly smaller entry in the highest bin. Both effects also affect neighboring bins for the reason that a
single radiated parton is already present at Born level in this process. For ete™ — tf, both effects would
be more pronounced. It is for the same reason that the LO prediction only exceeds the NLO predictions at
large m,;. On average, the LO prediction is much lower compared to the NLO prediction just as the total
cross sections (c.f. tab. 16).

The behavior of the top jet transverse momentum shown in fig. 6.11b is similar. We find full agreement
of all NLO predictions within the scale uncertainties, most often also within the much smaller statistical
uncertainties. We discussed the shape already in the example of fig. 6.10b.

In the next figure, fig. 6.11c, we can see the transverse-momentum distribution of the hardest jet. It is
similar but not equivalent to fig. 6.11b. The hardest jet, i.e., the jet with the largest transverse momentum,

does not always have to include one of the top quarks. Also, opposed to the distribution of pr , the region

24The events generated separately for the real finite component when POWHEG matching are very similar to the real-like

fNLO events as both are always real-like and contain no subtraction terms. Their singular counterparts, however, are treated
differently.
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pr.;; < 15GeV is completely excluded by the applied cuts.

The distribution of the second hardest jet, pr ;,, shown in fig. 6.11d follows a less linear pattern compared to
pr,j, but also in this distribution, we see agreement between all NLO-accurate distributions except at very
low p7j, < 40GeV. In this region, it is noticeable that the fixed-order NLO description tends to predict
softer jets, even if that would be in the log-enhanced parton-shower regime. Looking at the lower edge,
we can also spot that the POWHEG events generated with hp = 5 GeV predict similarly larger cross sections
at low prj,. The real finite contribution to the total cross section increases the lower the real-partition
scale hp gets. The events generated from the real finite component do not undergo the POWHEG-matching
procedure. They are thus treated more like the {NLO events which explains why they tend to deviate from
the remaining NLO predictions in the same direction.

Fig. 6.11e depicts the transverse momentum of the third hardest jet. Often, this is the hardest jet not
including a top quark, explaining the radically different pattern compared to the previous two jet-pr
distributions. In this observable, also the differences between the different NLO descriptions start to show
more clearly. As already mentioned, the fNLO description predicts the least hard jets followed by the POWHEG
events with real-partition scales hp € {5 GeV,20 GeV, 50 GeV}, which interpolate between the fNLO and
the POWHEG prediction without real partition. We have seen the same behavior for the Drell-Yan process in
fig. 6.3d and fig. 6.4d.

This impression is the same if we jump to the transverse momentum of the fourth jet in fig. 6.11i. In
both distributions describing the fourth jet, we excluded all events in the lowest transverse-momentum
bin at pr;, < 2.5GeV as we would otherwise include arbitrarily soft partons. Since there can never be
a fourth clustered jet in the LO picture, we excluded the LO distributions from both observables as well.
Especially for large real-partition scales or no applied real partition, the POWHEG procedure flattens the
transverse-momentum distribution towards the lower edge as this is the region to be populated by the SMC
in a subsequent step.

Fig. 6.11f-6.11h show the rapidity distributions of the three hardest jets. For all three jets, the bulk of the
jets lies within the central region at |y| < 1, featuring a slight broadening of this region for the softer jets.
This behavior is directly implied by the transverse-momentum ordering we imposed to label the jets. For
all these rapidity distributions, we can again observe excellent agreement between all NLO distributions in
the entire region not suffering from statistical limitations.

Finally, in fig. 6.11j we display the rapidity distribution of the fourth hardest jet. Relating it to the
transverse-momentum distribution of said jet, we can directly see that the increased amount of soft jets for
lower real-partition scales of the POWHEG events translates to an increased amount of jets in the rapidity
distribution, too.
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Fig. 6.11: Differential distributions for e™e™ — tfj fixed-order and POWHEG events. We show, in subsequent order,
NLO POWHEG events generated without real partition, LLO events, NLLO POWHEG events with real-partition
scales hp € {5GeV,20GeV, 50 GeV} and INLO events also generated using the real partition, respectively.
The fNLO events generated without real partition are not shown as they fully agree with the {NLO event
distribution already included. The scale uncertainties, indicated by the semi-transparent red band, are
computed for the distributions of the NLLO POWHEG events without real partition, which function as the
baseline, by varying the renormalization scale by a factor of 2 around the central value given by eq. (6.12).
In total, we simulated 1M unweighted NLO POWHEG events, 1M weighted LO events, 1M unweighted events
for each of the real finite contributions to the POWHEG-event distributions in addition to 1M unweighted
POWHEG events for each real-partition scale and 5M weighted events for each component of the fNLO event
distribution. Events in the leftmost pr ;, bin have been excluded from both pr ;, and y;, distributions,
as it does not constitute an IR safe observable. No parton shower has been applied to the events.
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6.4 Corollary

In this section, we discussed several applications of POWHEG matching. In the first application, we successfully
validated the implemented matching procedure in an in-depth comparison of differential distributions of
lepton and jet momenta in the Drell-Yan process with the POWHEG-BOX in a technical setup.

We proceeded to a more realistic setup, in which we compared our simulated predictions for the same
process to data taken with the CMS experiment. Here, we found that our prediction roughly agrees with
the measured data for some parameter choices, showing similar deviations from the data as predictions
computed with other MC generators if we consider the scale uncertainties.

Furthermore, we employed the same matching procedure to an entirely different process, the production of
two top quarks and a jet at a lepton collider. These examples demonstrate that the POWHEG matching we
implemented can now be applied process-independently, facilitating future studies with NLO accuracy and

parton-shower resummation.

On many occasions throughout this thesis, we discussed the dependence of our predictions on the shower-
starting scale, pr,min, and the real-partition scale, hr. The shower-starting scale decides which emissions
are generated by the parton shower in terms of an upper limit for the transverse momentum. On the other
hand, the real-partition scale is a second scale deciding which part of the real matrix element enters the
Sudakov form factor, which is the basis for generating the real emission transverse momentum of the POWHEG
events. Both are, in principle, free parameters not determinable from first principles. They are defined in
the MC program simulating the parton-level events but ultimately affect the parton shower. Variations of
both parameters could be considered to estimate the theoretical uncertainties associated with this freedom.
However, we need some heuristics to determine the recommended central value.

PT.min 18 typically chosen at the order O (1 GeV). For larger values, the parton shower populates more of the
phase-space regions featuring harder emissions, which becomes a less accurate description, and lower values
would use the matrix-element description in soft or collinear regions better described by the parton shower.
In our comparison with measured data, a value of prmin = 2.5 GeV turned out to fit best to the measured
data.

Throughout this thesis, we discussed the effects of the real-partition scale in several contexts. Concerning
the integration performance, we showed for both processes we studied in detail, in tab. 13 and tab. 15, that
a light real partition with a large real-partition scale may improve the convergence, while a real partition
chosen too strong separates the real cross section too much from the subtraction terms and spoils the
cancellation of divergences, thereby worsening the convergence of the integration. The results here suggest
to determine the real-partition scale in such a way that not more than a minor portion of less than 50% of
the real contribution is split off into the real finite component.

In app. C.2, we discuss the veto and survival rates for events in the veto steps of the POWHEG-matching
veto procedure. Here, we notice that using the real partition can improve the performance of the event
generation, provided that the scale hg is not chosen too low.

Furthermore, we studied the effects of the real-partition scale on the number of generated events with
negative weights in sec. 3.6.9. For the same reason that affects the integration, we found that the fraction of
negative weights drastically increases for very small values of hp. In order to generate events with a large
fraction of positive weights, we determined that hr should be chosen at least half the value at which the
partial cross section of the real singular contribution agrees with the total real contribution.

The previous observations are merely technical observations affecting the integration and event processing
performance. Eventually, the parameter choice able to describe the experimental results most accurately
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should be favored, even at the cost of performance. Regarding the effect of the real-partition scale on
differential distributions, we showed in fig. 6.4d that the real-partition scale neatly allows to choose to what
extent the simulated POWHEG events resemble the fixed-order description. More precisely, we found that the
emission transverse momentum agrees with the fixed-order prediction at pr;, 2 hr.

Most importantly, in comparison with CMS data, we noticed that a larger real-partition scale of hp = 100 GeV
also yields the prediction agreeing the most with the measured data, as shown in fig. 6.7a.

Summarizing, our results consistently favor a large real-partition scale, which splits off a small portion of the
real matrix element into its own component. Depending on the available CM energy and the typical scale
of the process, values between hp = 50 GeV and hr = 100 GeV seem to be a good starting point for most
processes. Variations of hp by a factor of 2, or more conservatively, a factor of 4, can be used to estimate
the associated uncertainty. A more general, optimal choice of hgr could be determined by taking multiple
processes, potentially at different colliders, into account, similar to the determination of parton-shower tunes.
The same holds for the shower-starting scale prmin. In this endeavor, also dynamical scale choices such as
hp = %HT could be studied.
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7 Conclusion and outlook

In the present work, we covered the automation of process-independent NLO QCD corrections in the MC
generator WHIZARD. This applies to both cross sections and differential distributions at fixed-order as well as
the matching of NLO computations to parton showers using the POWHEG method.

In Part I, we presented the mathematical and technical background, starting with a detailed description
of the FKS subtraction scheme in sec. 2, which included the construction of the radiation phase space for
all the relevant potential kinds of emitters, the subdivision of the real phase space using S functions and
the construction of the subtraction terms. We concluded this section with a discussion of how to generate
events with fixed-order accuracy and potential traps when using these events to fill histograms, representing
differential distributions.

The basic infrastructure of the FKS subtraction scheme in WHIZARD was already implemented before the
beginning of this thesis. However, it was only applicable to processes with up to two jets in the final state
and not featuring any emissions from the initial state. We lifted these limitations in the course of the work
leading to this thesis and ref. [73]. We fully generalized the implementation to hadron- as well as lepton
colliders and an in principle arbitrary number of jets in the final state. This included the phase-space
construction for emissions from the initial state, dealing with flavor-changing initial-state splittings, which
require to adjust the PDF flavors in addition to rescaling x and upgrading the combined integration mode,
to be able to deal with the additional DGLAP remnant component. The implementation has been applied
for the production of up to 6 jets at a lepton collider as presented in refs. [3] and [73].

We also thoroughly validated the process-independent computation of NLO QCD corrections, presented in
sec. 5. Firstly, we discussed several internal consistency checks that were either implemented or automatized
during this thesis. Among the consistency checks we automated are checking the partition of unity property
of the FKS S functions, the variation of slicing parameters like §;, and explicitly testing the cancellation of
subtraction terms with the real contribution in the soft or collinear limit.

Secondly, we computed a plethora of cross sections at NLO QCD in a standardized setup, comparing them
with cross sections computed with MG5_aMC, presented in ref. [45]. Of all the 21 cross sections with leptonic
initial state we compared, no two results for the same process deviate more than UIS\;%O = 2. Given the
various processes we compared, this is remarkable evidence for the universal validity of the subtraction
mechanism for FSR. We also compared 43 cross sections in an LHC-like setup. Only 5 processes display
minor deviations of Jls\}io > 2; only a single one, pp — WTW ™ ZZ, exceeds O'IS\%%O = 3. As reason for the
remaining minor deviations, we suspect differences in the phase-space setup for massive bosons between the
both programs or differences among the employed OLPs. However, the generally outstanding agreement
between the predictions of both programs for all other processes makes us confident that the minor deviation
we observe here does not invalidate the FKS implementation in general. We included both parts of our
validation efforts into the regularly executed functional test suite of WHIZARD, thus making sure that the
achieved results will still be reproducible with future versions.

As the last point concerning NLO QCD cross sections at fixed order, we generalized the possibility to
partition the real matrix element into a finite and a singular part towards pp collisions, and such that it
became possible to generate events for each part separately. This is a prerequisite for using the real partition
in conjunction with the POWHEG matching.

We dedicated sec. 3 to NLO QCD corrections beyond fixed order. We discussed parton-shower matching of

NLO computations using the POWHEG method. The POWHEG method integrates well with the FKS subtraction

scheme and offers a matching prescription, which can be implemented independently of the applied Shower
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Monte Carlo (SMC) program. We explained the general idea of using the veto procedure to simulate events
based on transverse momenta sampled from a modified Sudakov form factor, taking the NLO real matrix
element as an estimation for an emission probability. Moreover, we demonstrated the veto procedure for
several types of upper bounding functions (UBFs), covering all cases of potential emitters in the final state
as well as massless initial states. This range of UBFs makes our implementation of the POWHEG-matching
procedure as a whole general and process-independent.

Before the beginning of this thesis, the POWHEG-matching implementation was far from general. It was
merely an experimental process-specific implementation valid for the production of a top-quark pair at a
lepton collider. The general applicability to processes at lepton and hadron colliders, processes defined
with flavor sums, such as jets, and those requiring a restriction of the phase space to be well-defined could
only be achieved in the present work. The same holds for the inclusion of correct information beyond the
bare weights and momenta in the generated events. This includes the determination of the color- and the
flavor structure of the generated events as well as the inclusion of intermediate resonant particles. Each of
these is crucial for a proper operation of the subsequent parton shower and hadronization module. Also, a
subsequent detector simulation would otherwise be precluded.

Furthermore, we presented several refinements: with an appropriate choice of scales and «g, it is possible to
achieve NLL accuracy for most processes in the matching procedure. To improve the usability for large-scale
applications, we made a number of performance optimizations by optimizing the highest-bid algorithm and
filling the POWHEG grid already parallel to setting up the integration grids instead of in a separate step. The
performance of subsequent event processing can be improved by reducing the fraction of generated negative
event weights, which we also commented on. The statistically correct treatment of samples of indefinite
weights in all parts of the MC event generation could be ensured as a byproduct of this endeavor, too.

In sec. 6, we exemplified three different applications of the matching. We validated our implementation
by comparing predictions for the Drell-Yan process with the POWHEG-BOX. In this comparison, we achieved
excellent agreement between both programs. This holds for the generated POWHEG events, i.e., partonic
events with maximally one extra radiated parton, and the events including parton shower and hadroniza-
tion. Although the process under consideration is a simple, often studied process, it features ISR, different
initial-state flavors and thus multiple color flows and flavor structures for the real emission processes. It
thus constitutes a non-trivial candidate for validating the POWHEG matching.

Beyond the validation efforts, we applied the POWHEG matching in a fully realistic setup, matching that
of an analysis performed by the CMS collaboration [189]. In this endeavor, we found that our prediction
roughly agrees with the data and predictions from other MC generators employed in the course of ref. [189].
The remaining differences can be explained by minor technical differences between the employed programs
and different choices in the description of the physics regarding the parton shower, e.g., matching and
merging schemes. Although all employed tools used the same SMC, PYTHIA, and the same tune, several
parameters influencing the matching procedure in the MC program simulating the hard process, such as the
shower-starting scale, prmin, and the real-partition scale, hr, as well as the real-partition function itself and
the details regarding the treatment of resonances, cannot be determined from first principles and are not
included in the definition of the parton-shower tune, either. To have consistent settings for a wide range of
applications, these parameters should be determined similar to or in conjunction with the parton-shower
tune itself.

Lastly, we applied the POWHEG matching to an entirely different process, the production of a top-quark
pair in association with a jet at a lepton collider. This application shows the generality of the matching
implementation on the example of a process featuring multiple Born and real flavor structures as well as

massless and massive emitters in the final state.
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All features presented in this thesis, especially the generalization of the POWHEG matching, are publicly

available and ready to be employed in phenomenological studies from WHIZARD version 3.1.0 on.

In the near future, there will be several projects benefiting from the enhanced capabilities at NLO QCD. On
the one hand, there are applications at the LHC such as a continuation of the effort to compare predictions
from different MC generators for measurements of same-sign vector boson scattering (VBS) up to the
technical level in the course of ref. [9]. On the other hand, applications at lepton colliders profit from NLO
QCD corrections, too. Here, their availability in WHIZARD comes in especially handy, as in this way, analyses
not only profit from the higher-order QCD corrections but also from the lepton-collider specific competence
of WHIZARD, including a description of beam spectra and initial-state radiation of photons. Two projects for
the foreseen future in this domain are feasibility studies for b-mass measurements at the ILC [199] as well
as top-mass measurements in ete~ — tf and eTe™ — tth events at the threshold, including a resummation
of soft and collinear radiation via the POWHEG matching.

Besides NLO QCD corrections, the community has put a lot of work in the process-independent computation
of NLO EW and mixed QCD+EW corrections in the past decade [200, 201]. Also in WHIZARD, the process-
independent implementation of fixed-order NLO EW corrections could be completed in an effort parallel to
the present work [76]. The NLO EW and mixed corrections are incorporated in the same FKS framework
as the pure NLO QCD corrections. In this way, they reuse many of the features we implemented and
discussed in this work, including the ability to simulate fixed-order NLO events and the construction of the
ISR phase space and subtraction terms. Moreover, the automated self-consistency checks we discussed in
sec. 5.1 greatly facilitated their debugging.

Implementing these features first in the setting of hadron colliders allowed for their stand-alone validation
prior to their application in NLO EW corrections. The test suite we created from the validated processes
allowed us to work on the NLO EW corrections without having to worry about introducing and regressions.
Considering applications of the implemented EW corrections, we recently computed predictions for multi-
boson processes at a muon collider [1]. Future projects include the short list given at the beginning of this
paragraph. Especially VBS receives large EW corrections [202], predominantly in the high-energy tails of
the differential distributions and also the accuracy of top-threshold measurements [203-208] could further
be improved by taking into account NLO EW corrections.

Another interesting project for the near future is the combination of the two topics we touched, the
generalization of the POWHEG matching to also take into account EW corrections, or at least photon radiation,
a.k.a. QED corrections. As the POWHEG matching, in our case, is built upon the FKS framework, this
generalization is straightforward. The computation of mixed NLO corrections is organized in singular
regions, alpha regions (ALRs) such that some ALRs account for the QCD corrections to the Born process,
while other ALRs account for the QED corrections. In the POWHEG matching approach, the Sudakov form
factor factorizes over the ALRs, so that in the conjunction of both, radiated QCD and QED particles are
treated democratically. This means that the highest-bid algorithm will prefer the QCD or QED radiation
according to the matrix-element ratios, R/5, in the Sudakov exponent. Thus, events featuring radiated
gluons and photons will be generated in the same event sample. The remaining parton shower should then
generate additional QCD and QED radiation, taking the appropriate radiation scales into account. From
our side, all that is left to do to complete this generalization is to switch to using « instead of ag as a
coupling constant and skip the running of the coupling constant as well as the color-flow determination for
QED radiation. As both the mixed NLO corrections and the POWHEG matching are already implemented in

WHIZARD in a process-independent way, we are close to completing this generalization.
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The automation of process-independent NNLO corrections is another active field of research and several
NNLO subtraction schemes are discussed at the time [209-216]. One particular scheme, inspired by FKS
subtraction, is coined STRIPPER [217, 218]. A more recent application of this method to diphoton plus jet
production at the LHC can be found in ref. [219]. For MC generators with FKS-based NLO subtraction
schemes, this might be the most promising approach of automatizing NNLO QCD corrections [71, 72]. The
NNLO computation is then organized as computing the higher-order correction to the NLO correction,
involving real corrections to the NLO real corrections and virtual corrections to the NLO virtual corrections,
dubbed double-real and double-virtual contributions, respectively. In addition, virtual corrections to the
NLO real and real corrections to the NLO virtual contributions have to be accounted for. Organizing these
new types of contributions should be possible by extending the existing component structure in WHIZARD.
However, the computation requires the availability of all relevant NNLO matrix elements. Especially for
the two-loop computations required for the double-virtual contributions, only matrix elements for specific
processes are available so far. Defining an algorithm to compute them process-independently is an ongoing
effort.
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A The Altarelli-Parisi splitting functions

A The Altarelli-Parisi splitting functions

The Altarelli-Parisi splitting functions [81] are the kernels of the QCD evolution equation for parton
distributions in the collinear factorization. They can directly be derived from the QCD vertices and are thus
a universal property of the theory. As such, they find applications on many occasions, also throughout this

thesis. We will list two different forms here for reference.

A.1 The spin-dependent case

We will first discuss the more general but less familiar spin-dependent case. In this case, the splitting
functions do not only depend on the momentum fraction z and the transverse momentum k; defined
according to eq. (2.138) but also on the helicity of the splitting particle. In fermion splittings, we will denote
their spins as s;, s;. For gluon splittings, we will use the Lorentz indices p,v. In sec. 2.6.1, we commonly
denoted both pairs of indices as A. Moreover, we keep the € dependence of the splitting functions in d = 4—2¢
dimensions. To derive the splitting functions in 4 dimensions, it is trivial to take the limit ¢ — 0 later on.

Following ref. [57], we define

HSis; ) — (. ) o . /

Pfgﬁf%f%(z’ kije):= <51‘P%%f%f%(27kb€)‘51> and (A1)
pHY €)= e :

Pféﬂf%f%(z, ki;€) = (u|P éﬁf%f%(z,kheﬂu} . (A.2)

We denoted the splitting function’s splitting type adjusted to their application throughout this thesis, i.e.,
as the splitting connecting the Born and the real flavor structure. For our definition®® of z and %, , we find

for the spin-dependent splitting functions [48]

755i5; ~s;s s.s' 1+(1—-=2 2

Pitha (e huse) = BISE (2 huse) = 65l Cp [() - } (A3)
758:8h ~S; s si8h (1+Z)2

Pygq(z kise) = P2l (2, kuse) == 6%%Cr [1_2 —€(l—2) (A4)
DLV pv kiki

P ez kie) =Tp| — ¢ —42(1 - 2) W2 (A.5)
A z 1-2\ ., K kY

Pl (2 k15€) = C’A[—2<1_Z—|—Z)g“ +4z2(1—¢)(1—2) ) (A.6)

using the symmetry PySi,(z, kise) = Pyl (1 — 2,k ;e).

A.2 The spin-averaged case

After an angular integration over the d = 4 —2e dimensional phase-space element d{2;_», the spin-dependence
will average out, leading to the more familiar form of the splitting functions. While the effect is trivial
for the already diagonal fermion-splitting functions, we have to average the k,-dependent terms in the

gluon-splitting functions. Following ref. [220], we use the relation

K kY 1 K +n'k;
< LL> (_gﬂukarn k) ’ (A7)
@

Ko/, d-2 k-

25This parametrization is different from the one chosen in ref. [57] leading to an inverted sign of the k’iki—dependent terms.
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where k; is the Born momentum of the emitter and 7 is defined as in eq. (2.138).
Inserting eq. (A.7) into eq. (A.5) and (A.6) and dropping the second, longitudinal term proportional to &
of eq. (A.7) anticipating the Ward identity k*M, = 0, we find for the spin-averaged splitting functions

Py ) = (P, 0) = O [P (A8)
Prro) ) = (B0 = O [ B2 — - 2] (19)
(Pyqa)(z,€) == Tr [1 — 2z§1__:’)] (A.10)
(Pysge)(2,€) = 204 [1 - —+ 1;22 +2(1 - z)] . (A.11)
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B Basic random number sampling methods

When generating the POWHEG kinematics, we need to generate them according to a given distribution based
on uniformly distributed random numbers. Such a problem is very common when applying Monte Carlo
strategies. Especially in MC event generators, also the integration and the event simulation rely on the
sampling of random numbers in arbitrary distributions generated from a set of initially uniformly distributed
random numbers. The numerous ways to deal with this problem are treated in many textbooks, e.g.,
refs. [221, 222]. For completeness, we will discuss a few basic strategies we applied in the main part of the

present work in this appendix.

B.1 Basic definitions

Probability density function (PDF)

A PDF?Y is a continuous function resembling the relative likelihood of a random variable. In such a
continuous distribution, the likelihood of any specific value is zero as there is an infinite pool of possibilities
to draw from. Rather, we interpret the PDF’s integral as the probability of a given random variable X

falling in a certain range,
b
P(X|X € [a,b]) :/ fx(x)dr with a,beR and a<b . (B.1)
Mathematically, a PDF fx (z) thus has to fulfill

fx(@x)>0Vz and /fX(x) =1 (B.2)

for all probabilities to be positive and sum up to unity.

Cumulative Distribution Function (CDF)
A CDF is a continuous function of a real-valued random variable. Evaluated at position x, it is the probability
of random values X smaller than or equal to z, i.e., Fx(x) = P(X < z). For scalar continuous distributions,

it is thus the integral of the corresponding PDF,

- de(IL')
 dx

fx(x) and Fx(x) :/ fx(@)dt . (B.3)
As f and F are canonically used to denote the PDF and the CDF, respectively, we use the label X to

indicate that they refer to the same random variable X.

B.2 Inverse Transform Sampling (ITS)

One of the simplest sampling strategies is the inverse transform sampling. This method allows to generate
random variables X following a given CDF Fx. Its idea is based on the observation that if X is a continuous
random variable with CDF Fx, then the variable Y = Fx(X) is uniformly distributed in the interval [0, 1],
i.e., it is Y € Unif{0,1].

To see this, we define a random variable Y := Fx(X), i.e., Y is generated by evaluating the CDF Fx(x) at
a random value X, which itself has the CDF Fx. We find for the CDF Fy with any y € [0, 1]:

Fyy) =PY <y)=PFx(X)<y)=P(X < F¢'(y) = Fx(Fx'(y)) =y (B.4)

26In this appendix only, "PDF" refers to "probability density function" instead of "parton distribution function".
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and if Fy (y) =y, then fy(y) = 1. If this holds for all y € [0, 1], the variable Y is uniformly distributed in
the interval [0, 1].
The inverse transform sampling is just the inverse of this approach: given a uniformly distributed random

variable Y € Unif[0,1], we can generate a random variable X with CDF Fx using the inverse®7

X =FNY) . (B.5)

Truncated distributions

If we want to generate the random variable X in a specific interval (a,b], this can easily be implemented
in the inverse transform sampling. We can simply take a uniform random number Y from the interval
(F(a), F(b)] and the value X will be distributed according to Fx in the interval (a, b].

A simple example
Suppose we want to generate a random variable X € [0, 1] according to a PDF

fx@®) =2t . (B.6)

We first compute the CDF
Fy(z) = / Fx(t)dt = 2 (B.7)
0

and then form the inverse, F'y;' () = v/z. So given a uniform random variable r € Unif[0, 1], we can generate
X, such that it has a PDF fx, by taking the square root,

X=r . (B.8)
B.3 Rejection Sampling (RS)

The ITS is only sometimes applicable, as for this method, the CDF needs to exist analytically and be
invertible. When dealing with probability distributions, this is rarely the case. To overcome this problem, it
can be combined with rejection sampling.

The general idea of rejection sampling is to overestimate the PDF fx (z) with a function gx(x), which is
integrable and whose primitive function is invertible and to correct this overestimation with a subsequent
veto step.

Given a PDF fx(x), we find an overestimated PDF gx (z) such that

Jk>0eR: fx(z) <k -gx(x) Ve eR . (B.9)

Here, introducing the real factor k is necessary as [ fx(z)dx = [ gx(z)dx = 1, so without k, a gx(z) #
fx (z) would not exist. We then proceed to generate the random variable X according to gx (x) by using,
e.g., the ITS and afterwards keep it only with probability

fx(X)

PsurV(X) = m . (BIO)

The random variables surviving this procedure will be distributed according to the PDF fx (z).

27 In this context, Fgl denotes the quantile function defined by F);l(y) := inf{z € R|Fx(z) > y}, which is equal to the
inverse function of F'x only if Fx is strictly monotonically increasing.
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C Technical supplements to the POWHEG veto procedure

This section contains some technical supplements to the POWHEG veto procedure. They may help to get a
deeper technical understanding of the procedure.

C.1 Evolution of the transverse momentum

In sec. 3.5.9, we summarized the veto steps of the POWHEG veto procedure. In total, we explained 5 veto steps:
the UBF veto, the ag veto, the .5 veto, the norm veto and the matrix-element-veto step. Technically,
we combined the first two veto steps, so that we have up to 4 veto steps left. In this section, we want to
understand how the value of the generated transverse momentum pp evolves while we try to generate a
value that survives all veto steps in order to generate an event.

We generated 10 POWHEG events for the Drell-Yan process, in the setup described in sec. 6.1.1, but without
real partition and restricted to a single ALR. After each successfully passed veto step, we note the pairs of
generated transverse momenta and the value of the Sudakov form factor, (pT, A(pT)). These pairs of values
are displayed in a double-logarithmic scatterplot in fig. C.1.

We can see in total 10 tracks of dots. The evolution begins at large transverse momenta, i.e., on the RHS.
Here, the Sudakov form factor takes large values, so the emission probabilities are small. In this region,
often already the first veto step, the UBF veto, fails. Thus, we see blue entries predominantly on the RHS.
Overall, most of the data points are colored yellow. This indicates a tendency for failing norm veto steps.
Fach track will finally end in a data point colored cyan. These resemble passed matrix-element-veto steps.
After each passed matrix-element-veto step, the veto procedure has determined a valid pr value to enter the
competition with the other ALRs in the highest-bid procedure. In this case, all 10 generated pr values are
below 17 GeV. After the matrix-element-veto step is passed, the evolution stops. However, an event with

the chosen transverse momentum will only be simulated if the generated prp is the largest among all ALRs.
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Fig. C.1: Evolution of the transverse momentum during the POWHEG veto procedure. 10 POWHEG events for the Drell-
Yan process have been generated in the setup described in sec. 6.1.1. Only transverse momenta generated
in ALR 1 are shown. ALR 1 is defined by the Born process dd — e”e™ and gluon radiation. Each passed
step in the veto procedure used to generate these events resemples a single dot at (pT, A(pT)) in this
scatterplot. The last passed veto step for each generated transverse momentum is indicated by color.

146



C Technical supplements to the POWHEG veto procedure C.2 Veto and survival rates

C.2 Veto and survival rates

When generating POWHEG events using the veto procedure, WHIZARD keeps track of how many attempts to
generate a valid POWHEG event failed in which steps of the veto procedure. Studying these rates allows to
understand which veto steps are only unlikely passed and thus have the potential to be optimized.

To study the veto rates, we first turn to the Drell-Yan process in the setup described in sec. 6.1.1. The veto
procedure factorizes over ALRs, and as the Drell-Yan process features only ISR, the UBFs employed in each
ALR are the same, i.e., the one we discussed in sec. 3.5.7. We can thus representatively pick a single ALR.
We pick ALR 1, which features gluon radiation off either initial-state quark. Furthermore, we compare runs
with three different real-partition settings to see how separating the finite part from the real cross section
entering the Sudakov form factor influences the veto rates.

The runtimes to generate 200k events, the percentage of grid excesses and the veto rates in this setup are

loc

oo, 1-€., the fraction of events vetoed in

displayed in tab. 17. For the veto rates, we list the local veto rate,
each step and the total survival rate, Pt | i.e., the fraction of the total attempts to generate an event passing

surv’
the corresponding veto step. For the n-th veto step, they are connected via Pk, = [T, (1 — P, ;).
Comparing the different choices for the real partition, we see that they only mildly influence the UBF veto
and the {nax veto. The reason is that the real partition affects the real matrix element, which only indirectly
affects the pr values sampled from the Sudakov factor in the overestimated form via the maximum of the
POWHEG grid, N07.. The individual bin values of the POWHEG grid are not relevant at this point and the
analytic overestimation necessitating the UBF veto is also not directly influenced by the real matrix element.
Moreover, the veto rates of the first veto steps have a low impact on the total computational cost, as a veto
early in the procedure only discards computationally cheap steps. Nevertheless, we see lower veto rates for a
stronger separation of the real-partition parts because the grid maximum decreases if we exclude a portion
from the real matrix element.
The effect of the real partition becomes most dominantly visible in the norm-veto step. Here, the veto rate
is proportional to the ratio of the grid’s maximum over its mean value. If we confine the real matrix element
to a smaller range, the efficiency of this step improves. At the same time, the real partition alleviates the
effects of phase-space regions with very small Born matrix elements, as we discussed in sec. 3.6.3. Due to
these effects, the veto rate drops from 91.98% to 16.75% if we activate the real partition with hp = 50 GeV.
As a side note, the huge veto rate of the norm-veto step without real partition explains why yellow is the
predominant color in fig. C.1; most often, the &,.x veto is the last survived veto step.
With a smaller variation of the matrix-element ratio in the Sudakov form factor, also the UBF is a better over-
estimate, so that even the veto rate of the matrix-element veto improves. Overall, a factor of approximately
38 fewer event-generation attempts are necessary to generate the same number of events with hp = 50 GeV
compared to not using the real partition. This also explains the decreased runtime.
If the real-partition scale is decreased further to 5 GeV, even more events survive the norm-veto step. How-
ever, most of them fail the subsequent and more expensive matrix-element-veto step, overcompensating the
positive effects and leading to lower total survival rates and a slight increase in the total runtime.
There are some downsides to using the real partition, too. On the one hand, these improvements come at
the cost of increased grid excesses. With a fraction of up to 0.76% at hr = 5 GeV, however, they are still
tolerable. On the other hand, if we use the real partition to generate the POWHEG events, we have to generate
events representing the real finite component additionally in a separate run. To optimize the reduction of
the statistical uncertainties per invested time, we should generate more events for the real finite component
the larger its contribution to the total cross section is. A tiny uncertainty for just a small contribution to
most of the distribution will not improve the overall picture much. The same holds for the generated POWHEG

events. This implies that, in a realistic comparison, we should measure the additional time required to
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generate the events representing the real finite contribution and we should also consider that the simulation
of fewer POWHEG events is necessary for small values of hp. In the study presented here, we considered the
simulation of POWHEG events only.

Summarizing, we can observe that a mild real partition significantly improves the veto procedure’s efficiency.

However, it remains to be validated that this applies to other processes and emitters requiring other UBFs

as well.
hp oo GeV 50 GeV 5 GeV
Runtime events: 9min 6min 7Tmin
Grid excesses: 0.02% 0.19% 0.76%
Veto step | Pt Pittv | Puto  Pithv | Pt Pl
UBF veto 30.57% 69.25% | 29.43% 70.57% | 24.10% 75.90%
Emax veto 5.94%  65.14% 5.91% 66.40% | 4.16% 72.74%
Norm veto 91.98%  5.22% | 16.75% 55.28% | 13.40% 62.99%
ME veto 85.36%  0.76% | 47.37% 29.09% | 77.27% 14.32%
Total 99.24%  0.76% | 70.91% 29.09% | 85.68% 14.32%

Tab. 17: Veto and survival probabilities of each veto step during the POWHEG veto procedure for the process dd — ete™,
i.e., the Drell-Yan process restricted to a single proton flavor. The veto probability, Pi2¢, is local in the
sense that it refers to a single veto only, whereas the survival probability is total, i.e., it takes into account
all previous steps. We show three cases of no real partition (hr = oo GeV) and a real partition with
real-partition scales of hr = 50 GeV and hr = 5 GeV. The runtime refers to the simulation of 200k events
on a single core. The same amount of events has been generated to estimate the veto rates. The given
veto and survival fractions refer to ALR 1, which features gluon radiation off either initial-state quark. The
rates in the other two ALRs are roughly equivalent. We chose a POWHEG grid with dimension 10x10 and

PT,min = 1 GeV.
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D Generating POWHEG events with WHIZARD

This section will exemplify all the technical settings we use to generate POWHEG events with WHIZARD. We
typically write all the relevant settings in a single file that can be read in to load the configuration and start
the computations. This file is written in the scripting language SINDARIN. It usually consists of subsequent
parameter definitions read line-by-line but a more complex syntax to define scales and cuts is possible,
too. All the details of SINDARIN, including a description of all parameters, are specified in the WHIZARD
manual [91]. The manual is also always the most up-to-date reference for all the settings, should they change
in future versions. The settings described in this section refer to WHIZARD version 3.1.0. We will take the
setup we used for the comparison of differential distributions with data taken by the CMS experiment in

sec. 6.2 as an example to illustrate the general procedure.

D.1 Steering WHIZARD - The SINDARIN file

At the beginning of each SINDARIN file, we choose the model and set the particle masses and widths. In
this case, we choose the Gp—mw —mz input scheme and set the masses and widths of all bosons to their
PDG [190] values. This indirectly fixes the electromagnetic coupling constant «, which is a derived parameter
in this scheme. We neglect the masses of all light leptons and quarks, choosing non-zero masses only for the
top quark and the tau lepton.

model = SM ("GE_MW_MZ")
GF = 1.16637E—5

mW = 80.379
mZ = 91.1876
mH = 125.0
wW = 2.085 GeV
wZ = 2.4952 GeV
wH = 3.2 GeV
ms = 0 eV

mc = 0 eV

mb = 0 eV

mtop = 173.2
me = 0 keV

mmu = 0 MeV

mtau = 1.777 GeV

Secondly, we define abbreviations for flavor sums, that we will later use to define the scale and the phase-space
cuts. We include all 5 massless quark flavors in the definition of the proton.

alias pr = u:U:d:D:s:S:¢c:C:b:B: gl

alias lep el:e2
alias alep E1:E2
alias leptons = lep:alep

Next, we determine the running of ag. Although the Born process does not depend on «g, it is a propor-
tionality constant for the NLO QCD correction. Here, we take the value of ag matching that of the active
LHAPDF set and member.

>3 7alphas_is_ fixed = false

7alphas_ from_ lhapdf = true

We continue with some technical settings. We choose OpenLoops as the matrix-element provider for all
except the Born matrix elements. This is necessary for two reasons: on the one hand, 0’Mega does not
yet provide spin- and color-correlated matrix elements. On the other hand, the relative probabilities for

different color structures, needed for correct parton showering, rely on 0’Mega Born matrix elements, as, for
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the moment, color information from other matrix-element providers is not fully processed. As explained in
sec. 3.6.7, this is sufficient to also determine the color information for the events featuring real radiation.

For OpenLoops, we also have to explicitly set the powers of o and ag matching the desired matrix elements.

5 $method = "openloops"
; $born__me_ method = "omega"

alpha__power = 2

alphas__power = 0

To make use of WHIZARD’s parallelization capabilities, we switch to the thread-safe RNG RNGstream [144]
and also to VAMP2. Additionally, we disable multi-threading in 0’Mega to avoid any clash with the MPI
parallelization.

$rng method = "rng stream"
$integration__method = "vamp2"'
7omega_openmp = false
openmp_num_ threads = 1

Coming back to the physics, we determine the CM energy and the beam setup and choose the PDF set.

3 sqrts = 13 TeV

beams = p, p => lhapdf

5 $lhapdf_file = "NNPDF30_nlo_as_0118"

The phase-space cuts at generator-level, requiring the lepton system to be in a mass window around the Z
pole, which are employed in the analysis described in sec. 6.2.1, could be implemented using

cuts = let subevt @hard elecs_pt = select if Pt > 25 GeV [leptons] in

let subevt @hard_ elecs rap = select if abs(Eta) < 2.4 [@hard_elecs_pt] in

let real mee = eval M [lep, alep] in

count [@hard_ elecs_rap] == 2

and abs(mee — mZ) < 15 GeV
This, however, is only useful to estimate the total cross section. For a realistic application including a parton
shower, we need to loosen the phase-space restrictions to avoid dropping events prior to applying the shower
that would pass our requirements afterwards. We choose to require an invariant lepton mass of 50 GeV at

this point, but the results of the applied analysis should not be sensitive to the chosen value.

s cuts = all M > 50 GeV [lep, alep]

We determine the scale according to eq. (6.8).
scale = let real mll = eval M [lep, alep] in

let real ptz = eval Pt [lep + alep] in

sqrt (ptz"2 + mll"2)
Next, we set the parameters determining the resonance insertion. We already elaborated on these in sec. 3.6.8.
In this application, we insert resonant Z bosons with invariant masses up to 8 widths away from the resonance
with a 1/e Gaussian suppression 4I"; away from the Z mass.
Unfortunately, including resonances in the generated events is currently not possible if WHIZARD is run on
many cores in parallel using the MPI implementation. To circumvent this problem, it is possible to split the
computation into two separate runs. In the first run, we use the MPI to compute the total cross section in
the parallel mode. For this, we do not need resonance information. In the second run, we simulate events,
reusing the phase-space mapping and the POWHEG grid determined in the integration step. As the simulated
events are independent, this can always be trivially parallelized by starting separate instances of the program.
This allows to include the resonance information in the generated events while still using multiple cores for
the simulation.

?resonance__history = true
resonance__on__shell turnoff 4

resonance_on_ shell limit = 8
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For the simulation of POWHEG events, we need to compute the contributions from all NLO components at
PSPs related to the same underlying Born PSP. This is achieved by activating the combined integration
mode. We also activate the real partition. When generating POWHEG events, we want to include the singular
part of the real contribution. We choose a real-partition scale of hp = 5 GeV.

?combined__nlo__integration = true

singular"

5 GeV

We define the process as pp — eTe™ using the previously defined alias for the proton. We also specify that
we want to perform an NLO calculation at this opportunity.

process ppee = pr, pr => el, E1 { nlo_calculation = full }

The POWHEG grid (c.f. sec. 3.5.4) is filled as a byproduct of the integration stage. Thus, most settings relevant
for generating POWHEG events have to be set before the integrate statement.

We want to generate unweighted POWHEG events to avoid rare kinematic configurations, which might cause
errors when applying a parton shower. We choose a 10 x 10 POWHEG grid and set prmin = 2.5 GeV.

Tunweighted = true
?powheg__matching = true
powheg_grid_size_xi = 10
powheg grid_size y = 10
powheg pt_min = 2.5 GeV

Finally, we start the integration of the total cross section, adapting the grids and weights with 500k matrix-

element calls in 8 iterations, followed by 5 iterations with 500k calls to compute the actual result.

53 integrate (ppee) { iterations = 8:500000:"gw", 5:500000 }

After the cross section has been computed and the grids have been determined, we turn to the event
simulation. We generate 1M events and request a progress report every 20%.
n_events = 1000000

checkpoint = n_events / 5

Furthermore, we have to explicitly tolerate negative event weights.

; ?Tnegative__weights = true

We choose to write the events in two different formats, HepMC for a direct analysis using Rivet and LHEF to
be passed to PYTHIA. For the HepMC format, we have to explicitly state that the total cross section should be
included in the generated event files. For the LHEF format, we disable including the explicit matrix-element
values in each generated event. This information is only relevant for the matrix-element method, which we

will not pursue. Excluding it saves some space if the events are written to disk?®.

sample_ format = lhef, hepmc
?hepmc_output_cross_section = true
?lhef write__sqme_prc = false

Lastly, we run the simulation by invoking

simulate (ppee)

28Having to store all the generated events on disk can be avoided by using FIFO files. These are named pipes in the file
system, merely marking a location from which the generated events can be read while they are being written.
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Generating events for the finite real component

The procedure described so far will generate events using the POWHEG-matching prescription. They will
feature up to one more parton in the final state than present in the Born process and their weights will be
given by the sum of the Born, the virtual, the DGLAP remnant and the singular real component.

To also take into account the finite real contribution, which we split off the real contribution by using the
real partition, we need to generate events for this component, too. We do this in a separate run with slightly
different settings than before. In this case, we simulate events for the real component only, specifying that
we only want to compute the finite part of the real partition. We cannot use the combined integration mode
when computing just the real finite part, and also, we have to disable the POWHEG matching. The events
representing the finite real contribution will not need to undergo the matching procedure. This will generate
a second event sample containing only real-like events.

nlo_calculation = real

$real partition__mode = finite
?combined__nlo_integration = false
?powheg_matching = false

D.2 Using Rivet

In the next step, both generated event samples should be showered and hadronized by an SMC for realistic
applications. We discussed the shower settings steering the POWHEG matching in PYTHIA already in sec. 6.1.4.
The SMC will generate event files in the HepMC format. Whether or not the simulated events are showered,
we can use Rivet [94] to analyze the generated events.

We will not discuss the details of writing the analysis routines in Rivet here. Many experimental analyses
for Rivet are available online, and how to write one from scratch is documented in the Rivet GitLab [223]
and the Rivet manual [93]. Instead, we will focus on how to run rivet with an emphasis on how to deal
with multiple event samples constituting a single distribution.

The procedure described in sec. D.1 will generate a separate event sample for the finite real component
and the POWHEG events taking all other components into account. Analyzing them will yield two separate
YODA [224] files containing the resulting histogram information. Due to the processing, that the event
samples underwent, and potentially different sample sizes, the sample normalizations might have been
altered. To reproduce meaningful differential distributions, each sample must contribute proportionally to
the cross section it represents. If any event sample is not normalized to the respective cross section, this can
be remedied by invoking the yodascale script, available as part of the Rivet 3 distribution. For example,
calling

)

yodascale.py —c ’.x 1.25x’ ppee.yoda

will scale all histograms contained in the ppee.yoda file by a factor of 1.25.

At this point, we have two separate sets of histograms, each properly normalized. We can merge both sets
of histograms by invoking another script, yodamerge.

yodamerge —o ppee sum.yoda ——add ppee comb.yoda ppee fin.yoda

This will additively merge both YODA files. If both samples have been normalized correctly prior to the
merging, a histogram with just a single bin should reproduce the total cross section.

Finally, the histogram data stored in the YODA files can be plotted, as usual, using the scripts rivet-mkhtml
and make-plots from the main Rivet distribution.
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