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Abstract: Motivated by the interest in top and bottom quark production processes
at the LHC, we study the simulation of heavy quarks in the HERWIG7 Monte Carlo
event generator. We first present a much improved treatment of heavy quarks in
the dipole shower in HERWIG7 and extend the shower to handle decays of massive
coloured particles. Taking advantage of these developments, we perform an in-
depth study of the simulation of top quark pair production at the LHC, paying
particular attention to the parton shower and matching uncertainties involved. Next
we implement an algorithm in the dipole shower to include spin correlation effects.
Using this algorithm we can produce accurate predictions of the angular distributions
of top quark decay products in top pair production at the LHC.

Following this we describe a modified version of the veto algorithm used in parton
showers that enables the incorporation of weights. We show that the algorithm can
be used to significantly reduce the CPU time required to evaluate the effects of scale
variations in parton showers.

Finally, we investigate the description of gluon splittings to heavy quark pairs
in the angular-ordered and dipole parton showers in HERwWIG7. While both parton
showers correctly reproduce the leading-logarithmic term in the description of these

splittings, we find that the effects of subleading contributions are significant.
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Chapter 1

Introduction

The Large Hadron Collider (LHC) at CERN collides particles at energies of up
to 13 TeV, allowing us to probe our understanding of fundamental physics at en-
ergy scales inaccessible in previous collider experiments. It has produced enormous
amounts of high-quality data and continues to do so. In 2012 one of the primary

aims of the LHC was achieved with the observation of a Higgs-like scalar boson by

the ATLAS [1] and CMS [2] experimental collaborations.

Our best theoretical description of fundamental particles and their interactions
is the Standard Model (SM). It has withstood several decades of testing in collider
experiments such as the Stanford Linear Collider, the Tevatron at Fermilab, the
Large Electron-Positron Collider at CERN and, now, the LHC. So far no conclusive
deviations from SM predictions have been observed. Despite the success of the SM,
we know that it does not provide a complete theory of nature. It cannot, for example,
explain the observation of neutrino masses or provide a suitable candidate for dark
matter. Theories of physics Beyond the Standard Model (BSM) which aim to solve

these problems are therefore an area of extensive research.

Given that no conclusive deviations from SM predictions have been observed,
despite the enormous amounts of data collected by the LHC experiments, we expect
any such deviations due to BSM physics effects to be very small. In order to suc-

cessfully identify such a deviation we must be able to calculate accurate predictions
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from the SM.

The fundamental theory that describes the strong interactions of quarks and
gluons is Quantum Chromodynamics (QCD), one of the building blocks of the SM.
Hard, high transverse momentum, QCD radiation from scattering processes is well
described by fixed-order QCD calculations, however these calculations do not provide
a description of the final states observed in detector experiments. For this we turn to
Monte Carlo (MC) event generators which use a fixed-order calculation to describe
the high-energy scattering process, evolve this from high energy scales to low energy
scales using a parton shower which accurately describes soft, low-energy, and collinear
QCD radiation and then uses phenomenological models to produce a description of
the final-state hadrons that are detected in experiments. MC event generators often
provide the only way to predict SM backgrounds in collider experiments. They are
also used to simulate processes in BSM theories in order to characterise the expected

signatures of such processes in collision experiments.

The work in this thesis focuses on the simulation of heavy quarks in MC event
generators. In particular we present developments of the HERWIGT [3-5] MC event
generator, several of which apply to the dipole shower, one of the two parton showers
in HERWIG7. The improvements enable the dipole shower to describe QCD radiation
to the same formal level of accuracy as the other parton shower in HERWIG7, the
angular-ordered parton shower. Traditionally the hard scattering process in MC
event generators has been described to leading order (LO) accuracy in QCD. More
recently methods have been developed to combine multiple higher-multiplicity matrix
elements, and next-to-leading order (NLO) matrix elements, with parton showers
[6-25]. The MATCHBOX module in HERWIGT includes two NLO-matching schemes,
which combine NLO matrix elements with the parton shower in such a way that the
total cross section is correctly described to NLO accuracy while the first emission

from the Born process is corrected according to the real-emission matrix element.

With two parton showers, formally of the same accuracy but which differ greatly

in implementation and approach, and two NLO-matching schemes implemented
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in one framework, we can isolate different parts of the event simulation. We can
therefore evaluate the effects of using different models for one part of the simulation,
while keeping everything else the same. This is a valuable tool in developing our
understanding of the predictions provided by MC event generators. Furthermore a
commonly used approach in the evaluation of the uncertainty on predictions from
MC event generators is to compare the results from different event generators or
from using different models for parts of the simulation. With the developments to

the dipole shower presented in this thesis, this can be done in a single framework.

The work presented in the following chapters improves the simulation of SM
processes involving top quarks and bottom quarks. We also note that many models
of BSM physics include very heavy coloured particles, e.g. supersymmetry [26], and,
in general, improvements to the simulation of heavy quarks in SM processes are
applicable to the simulation of BSM processes. The top quark [27,28] is the heaviest

fundamental particle in the SM and there are several motivations to study it.

The top quark is the only coloured particle in the SM that decays on a shorter
timescale than the hadronization timescale. It therefore decays via a perturbative
process, rather than forming a colour-singlet hadron, such that its phenomenology
provides a unique opportunity to study perturbative QCD. In particular the theor-
etical description of its production and decay mechanism is well understood. For
example, the top quark-antiquark pair (top pair, tt-pair) production process in
proton-proton (pp) collisions, and the top quark decay processes, can be calculated
to next-to-next-to-leading order (NNLO) accuracy in QCD [29-34]. The predictions
from these sophisticated calculations can be compared to experimental results to
test our understanding of QCD. Top quarks can decay, via a W-boson, to produce a
bottom quark, a charged lepton and a neutrino. This gives rise to a final state in pp
collisions that can be easily identified by the presence of two bottom-tagged jets, at

least one charged lepton and significant missing transverse energy in events.

Furthermore, the lifetime of the top quark is shorter than the spin decorrela-

tion timescale [35,36], therefore spin correlations in tt-pair production can affect
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the angular distribution of the decay products of the top quarks. This provides
another opportunity to test perturbative QCD, therefore it is important to be able

to accurately incorporate spin correlation effects in MC simulations.

Top quarks are produced in large numbers at the LHC, with top pair production
dominant over single top production. Many BSM models involve top quark inter-
actions with new particles, therefore top quark production is a promising area in
the search for new physics at the LHC. Conversely, due to the large cross section,
top quark production is often the largest background in searches for new physics at
the LHC. Accurate simulations of top quark signals and backgrounds are therefore

essential for new physics searches.

Finally the top quark mass is a fundamental parameter of the SM and plays an
essential role as an input to fits of electroweak parameters [37,38]. The measurement
of its mass is therefore of particular importance and several collider experiments are

working on this measurement.

A lot of interest in bottom quark physics comes from its potential as a probe
of new physics. In particular this relates to the study of the decays of bottom
hadrons. A key motivation for the study of bottom quarks at the LHC is their
importance in the measurement of properties of the Higgs-like scalar boson. An
accurate measurement of these properties is essential to determine whether or not
the observed particle is indeed the SM Higgs boson. Our work on bottom quarks in

this thesis is prompted by this motivation.

For a Higgs boson with a mass of 125 GeV, the dominant Higgs decay channel
is the h® — bb channel [39]. Bottom quarks are produced with a large cross section
in hadron colliders, which discourages searches in the direct production channel
pp — h°® — bb. Instead searches for Higgs boson production in association with
other objects, such as a vector boson [40,41], are performed, in which signal events,
i.e. non-background events, are much easier to identify and have a larger cross

section relative to background events.

Another such associated production channel is production in association with a
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tt-pair [42]. Higgs boson production in association with a t¢-pair with the Higgs
boson decaying to a bb-pair has been the subject of a number of searches by the
ATLAS [43-46] and CMS [47-50] collaborations. This channel is of particular
interest as it is directly sensitive to the top quark Yukawa coupling. The background
process pp — ttbb, in which the bottom quark-antiquark pair (bg—pair) is produced
via a gluon splitting, must be well understood in order to distinguish it from the

signal process.

In the remainder of this chapter we discuss the theoretical background to the work
in this thesis, including descriptions of several of the concepts that we have implicitly
assumed knowledge of in the above discussion. In Section 1.1 we present an overview
of the theory of QCD and discuss the subtraction method for the calculation of NLO
cross sections. This is followed in Section 1.2 by an overview of MC event generators.
In particular we focus our discussion on HERWIG7 and describe in detail some of
its features that are relevant to the work in this thesis. We highlight that, unless
otherwise stated, all of the results from MC simulations presented in this thesis are

obtained using HERWIGT.

In Chapter 2 we describe improvements to the treatment of massive quarks in
the dipole shower in HERWIG7. These improvements are essential for the accurate
simulation of the production of heavy quarks. We also discuss the extension of the
dipole shower to handle the decays of massive quarks. This development is vital for

the use of the dipole shower in the study of top quark processes at the LHC.

Chapter 3 presents a detailed study into the simulation of ¢f-pair production and
decay at the LHC using HERWIG7. This study takes advantage of the improvements
presented in Chapter 2 to evaluate the performance of both parton showers in
describing this process. We also consider the performance of the two NLO-matching
schemes available in MATCHBOX. Particular emphasis is placed on the discussion
of uncertainties associated with the matching schemes and parton showers and we
investigate sources of uncertainty in MCQNLO-type matching schemes that have

not previously been studied in detail.
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In Chapter 4 we extend the dipole shower to include spin correlations. We
implement an algorithm which includes spin correlations between the hard scattering
process and the parton shower, between radiation processes in the parton shower
and between the parton shower and particle decays. This work is motivated by an
interest in reproducing the effects of spin correlations in tt-pair production events.

Chapter 5 concerns the extension of the underlying algorithm used in the angular-
ordered and dipole parton showers to include weights. We apply this modified al-
gorithm to enable the more efficient evaluation of uncertainties through the variation
of input parameters in the parton showers. In particular it enables us to evaluate
these uncertainties through a single run of the event generator rather than perform-
ing separate runs for each parameter variation of interest. The modifications to
the algorithm are process-independent, therefore we can apply it to processes that
involve massive quarks.

Motivated by the experimental and theoretical interest in the process pp — ttbb,
in Chapter 6 we perform an investigation into the accuracy of the description of
g — bb branchings in the angular-ordered and dipole parton showers. This is
preliminary work in the development of a new approach to treat large logarithmic
terms in the LO description of processes that include an outgoing bb-pair produced
in a g — bb vertex.

Finally in Chapter 7 we summarise the work presented in this thesis.

1.1 Quantum Chromodynamics

QCD [51,52] is the theory that describes the strong interaction of quarks and gluons.
It is a non-Abelian gauge theory that is invariant under the SU(N¢) colour gauge
group, where N = 3 is the number of colour degrees of freedom in the theory.

All of the work discussed in the subsequent chapters of this thesis is based upon
the application of the theory of QCD to obtain predictions for observables that can

be measured experimentally. In order to provide some background, in Section 1.1.1
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we present the Lagrangian that describes the interactions and field-content of the

theory of QCD.

In Section 1.1.2 we discuss the general concepts in the calculation of cross sections
in perturbative QCD. Such calculations are written as an expansion in the coupling
of the theory and the accuracy of the calculated cross section is defined by the term
at which the expansion is terminated. In Section 1.1.3 we describe a technique used
to calculate the cross section up to and including the second non-trivial term in the

expansion.

1.1.1 The QCD Lagrangian

The interactions and field-content of QCD are described by the Yang-Mills Lag-

rangian density [53]

1 _
Lvang—Mills = —ZF,‘LFW" + > @ (iy"D, — Myg),; s (1.1.1)

flavours

where ¢; is a quark field with mass m, in the fundamental representation of the
group such that the colour-index ¢ runs over ¢ = 1,2, 3, the colour-indexed mass is
(mq)ij = mg0;;, 7" are the Dirac matrices and the sum in the second term sums over
the quark flavours. The Einstein convention of summation over repeated indices is

used throughout this thesis.
The field strength tensor

Fp, = 0,45 — 0,45 — gs [ A A7, (1.1.2)

where A7 is the gluon field, gs is the gauge coupling, f abe are the structure constants

of the group and the index a runs from a = 1 to N —1 = 8. The covariant derivative

(Dp)y; = 00, + 1gst3; Ay, (1.1.3)

J
where t{; are the generators of the Lie group.

There are eight generators for the SU(3) group which obey the commutation
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relation

[t 8] = ifetere, (1.1.4)
The normalisation of the generators is, by convention, defined by

1

thth, = 0"Tg,  Tr = 3 (1.1.5)

and the generators and structure constants obey
itk = 0irCr,s (1.1.6)
fabCf*abd _ (SCdCA7 (117)

where Cr and Cj, the Casimirs of the fundamental and adjoint representations of

the group respectively, are

N2 =1
Cp= —— Cr = Ne. 1.1.8
F 2NC ) A C ( )

Cr, Cx and TR are known as ‘colour factors’ and appear in many calculations in
perturbative QCD.

It is straightforward to check that the Lagrangian density in Eq. (1.1.1) is in-
variant under SU(3) gauge transformations. In order to perform calculations in
perturbative QCD it is necessary to add a gauge-fixing term to the Lagrangian, thus
breaking gauge invariance. Depending on the choice of this gauge-fixing term it
may also be necessary to include an additional ‘ghost’ term in the Lagrangian. This
term introduces ghost-fields which cancel unphysical degrees-of-freedom. We do not
require an explicit understanding of these terms in the following chapters, therefore

we do not consider them further.

1.1.2 Calculations in Perturbative QCD

We consider a hard scattering process between two point-like particles a and b with
momenta p, and py, respectively, that produces m outgoing particles. The cross

section for the Born process, i.e. calculated to the lowest-order in the coupling
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constants for which the process occurs, is

1 m m
7)(%)45(4) (pa+pb Zn) [H 32E1 | M (Da, o3 D1, - - - Pm) [

do® =
¢(pa7pb i 1
(1.1.9)

where ¢(p,, pp) is the flux of the incoming particles, p;, p; and E; are the four-
momentum, three-momentum and energy of the ith outgoing particle, respectively,
and |[M(pa, po; P1, - - - 5 pm)|2 is the spin- and colour-summed and averaged squared
Born matrix element (ME) for the process.

The ME, and therefore the cross section, for such a process can be written as an
expansion in the strong coupling constant ag. In general we can express the cross

section for the process to order n in ag in the form

A6N'O SPNOI 1.1.10
Oubosm = Z (O‘/S( )) O ab—sm Q2 ) ( i )
1=0

where () is some characteristic scale of the scattering process, k is the lowest-order in
ag at which the process occurs and pg is the renormalisation scale, discussed below.
Each term d%b - (é%) can be written in the form given in Eq. (1.1.9) for the Born
process.

The first term in the expansion, .e. the [ = 0 term, corresponds to the Born, or
LO, process. Historically most cross sections were calculated only to LO accuracy in
QCD. More recently, techniques have been developed to automate the calculation of
the [ =1 term in Eq. (1.1.10) and the calculation of cross sections to NLO accuracy
has become the new standard. The [ = 2 term in Eq. (1.1.10) has been calculated for
a small number of processes, for example top-pair production [29-34], while the [ = 3
term has only been calculated for Higgs boson production via the gluon-fusion [54]
and vector-boson-fusion [55] channels.

The expression for the cross section given in Eq. (1.1.9) is appropriate for scatter-
ing processes with incoming point-like particles such as electron-positron collisions
or partonic scattering processes. The cross section for a hard scattering process
between two hadrons, such as a proton-proton collision, depends on the structure of

the incoming hadrons. In perturbation theory, the cross section for the scattering
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process between two hadrons, h; and hs, to produce m outgoing particles is

Ao, hy—sm = Z/dxldxzfa/h1($1,uﬁ)fb/h2 (2, f17)AGabm (Ilal’% 5212;’ 23%70‘8(”12%)) ;

" (1.1.11)
where x; is the fraction of the momentum of the ith hadron carried by the constitu-
ent parton incoming to the partonic hard scattering, up is the factorisation scale,
discussed below, fu /s, (2, %) is the parton distribution function, PDF, of the parton
a in the ith hadron and the sum runs over all parton species that can be incoming

to the partonic process. The complete expression for the hadronic cross section also

A2

includes power corrections of the form O (@> due to non-perturbative effects, where

A, the QCD scale, is the scale at which perturbation theory breaks down.

The strong coupling is defined as

_ 9%

. 1.1.12
A7 ( )

as

Following the renormalisation of ultraviolet divergences in the theory, the strong
coupling depends on the unphysical renormalisation scale pyr. The running of the
strong coupling with the renormalisation scale is determined by the renormalisation

group equation

ufagzg = B(as). (1.1.13)
The function ((as) is negative, therefore at high-energy scales, or short-distance
scales, the coupling is small. This behaviour of QCD is known as ‘asymptotic
freedom’ and it enables us to calculate cross sections for partonic hard scattering
processes using perturbative QCD, i.e. using Feynman diagrams to calculate scat-

tering amplitudes. Conversely, at small-energy scales, or long-distance scales, the

strong coupling becomes large and perturbative QCD is no longer applicable.

PDFs are process-independent functions that describe the dynamics of the initial-
state partons inside the incoming hadrons. The evolution of PDFs with the scale ug

is described by the DGLAP equation [56-58]. The LO PDF! f, (21, uf) can be

ILO here refers to the order of the contributions included in the DGLAP equation.
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considered as the probability density function for finding a parton a, inside the hadron
hy, carrying a fraction x; of the momentum of the hadron. The PDF describes long-
distance physics effects and as such cannot be calculated using perturbation theory.
The unphysical factorisation scale ur can be interpreted as a boundary between the
long-distance and short-distance regimes. The long-distance physics in the final-state
of the process is embodied in ‘fragmentation functions’, not considered explicitly
here, which describe the non-perturbative process by which free partons combine to
produce colour-singlet hadrons. All QCD calculations of scattering processes at the
LHC are based on this factorisation principle [59], whereby the long-distance and
short-distance parts of the calculation factorise.

If all orders in the perturbation series were included, the calculated cross section
for a given process would be independent of the renormalisation and factorisation
scales. Truncating the perturbation series introduces a dependence on these scales.
The renormalisation and factorisation scales are unphysical scales which must be
chosen to enable us to calculate the cross section to a given order. There is no ‘correct’
choice for the scales, however we can choose scales that avoid the presence of large
logarithms in the perturbation series. The chosen scale is usually characteristic of
the momenta involved in the hard process.

The size of the dependence of the calculated cross section on these scales decreases
as more terms are included in the perturbation series. In general, if the cross
section has been calculated to O(ag), changing these scales induces changes which

are O(agd™™).

Systematic variation of the chosen scales is therefore a standard
uncertainty measure to estimate the size of higher-order corrections to the calculated

cross section.

1.1.3 The Subtraction Method for NLO Calculations

We consider the calculation of the NLO cross section for a 2 — m process with
point-like incoming particles. In general the NLO cross section can be decomposed

into three parts according to the squared MEs that contribute to the process; the



1.1. Quantum Chromodynamics 25

LO, or Born, contribution, B, a virtual-emission correction, V, that originates from
the interference between the LO and one-loop diagrams for the process, and a real-
emission correction, R, that corresponds to the radiation of an additional parton

from the process. The differential NLO cross section is

Ao = dgy, [B (dm) +V (6m)] + bt R (dmi1) , (1.1.14)

where ¢y = {p1,...,pn} is a point in the N-particle phase space, where p; is the
momentum of the ith final-state particle, and the incoming particle flux is included
in the squared ME terms. The above expression can be implicitly extended to
processes with incoming hadrons by assuming that the PDFs and associated collinear

counterterms [60] are included in the squared ME terms.

The calculation of the NLO cross section is complicated considerably by diver-
gences that arise in the real- and virtual-emission contributions. There are two types
of divergences that must be considered, ultraviolet (UV) divergences and infrared
(IR) divergences. UV divergences arise in the high-energy limit of loop integrals in
the virtual-emission ME. These divergences are regularised, most commonly using di-
mensional regularisation, and then dealt with through renormalisation. Throughout
this section we assume that the UV divergences in the virtual-emission correction

have been dealt with.

IR divergences arise in the calculation of both the real- and virtual-emission
contributions to the cross section and can be further split in to soft and collinear
divergences. In the virtual-emission ME soft divergences arise in the low-energy
limit of the integral over the loop momentum. In the real-emission contribution soft
divergences arise in the limit that the radiated parton has zero-energy while collinear
divergences arise when the radiated parton becomes collinear to another initial- or
final-state parton. In the real-emission contribution the IR divergences arise on the

cross-section level, i.e. due to the integration over the final-state phase space.

The Bloch-Nordsieck [61] and Kinoshita-Lee-Nauenberg [62,63] theorems require

that, for the calculation of infrared-safe observables, these IR divergences cancel
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between the real- and virtual-emission contributions to the cross section at each
order. The computation of NLO cross sections is made more complicated by the
fact that the real- and virtual-emission contributions, and therefore the divergences
that are required to cancel each other, relate to final-states of differing numbers of

particles.

We consider one approach to the calculation of NLO cross sections, namely the
subtraction method, which takes advantage of the fact that the structure of the soft
and collinear divergences in the real-emission contribution is universal, 7.e. process-
independent. In general the divergent structures in the soft and collinear limits can
be described by the convolution of Born MEs and appropriate universal splitting
kernels. It is common to regularise the singularities using dimensional regularisation
in d = 4 — 2¢ dimensions, where ¢ < (0. For a given process one can construct a
counterterm, A (¢,,11), that can be subtracted from the real-emission contribution
such that the remainder can be integrated over the phase space in four dimensions to
give a finite result. The counterterm can also be integrated over the phase space of
the additional radiated particle, in d-dimensions, and added to the virtual-emission

contribution to cancel the divergences in that contribution.

In this approach no approximation is made, i.e. the exact NLO cross section is

calculated, and the final result is given by

do™ = dgnB (dm) + dom [V (Pm) + /1d¢1A(¢m+1) (1.1.15)

+ d¢m+1 [R (Qbm—l-l) - A (Qbm—l-l)] )

where [; d¢; is the integral over the one-particle phase space of the radiated particle.

Several different approaches to the subtraction method have been developed
including the Catani-Seymour (CS) dipole [60,64], the Frixione-Kunszt-Signer [65,
66] and the antenna subtraction methods [67-71]. Many of the results presented
in later chapters are built on calculations based on NLO cross sections calculated
using the CS dipole subtraction method. Furthermore some of the discussion in

Section 1.2.3 and some of the formulae presented in Chapter 2 relate directly to the
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form of the subtraction terms used in the CS dipole approach. In the remainder of
this section we therefore provide some details of this method and we consider the

simple example of a 2 — m Born process with colourless initial-state particles.

All possible pairings of coloured external? particles in the Born-level process
are identified. Either of the particles in such a pair can radiate a parton. Each
pair corresponds to two ‘dipoles’ which are identified according to the particle that
radiates. The particle that radiates, or splits, is the ‘emitter’, while the other particle
in the dipole is the ‘spectator’ The real-emission process can be constructed by the

radiation of a parton j from any of the dipoles.

Each dipole has an associated singular factor, Viipole, which is a function of the
momenta and quantum numbers of the emitted parton and the emitter and spectator
partons in the Born-level process. The full counterterm is constructed as a sum over
all of the dipoles in the Born process

A= > B® Viipol. (1.1.16)
dipoles

The CS dipole subtraction method was extended in Ref. [64] to include massive
outgoing partons. In this extension we must determine the singular behaviour of
the squared real-emission ME, |Mm+1|27 in the soft and quasi-collinear limits, the

extension of the collinear limit to massive partons.

We first consider the soft limit and we write the momentum, ¢;, of an emitted
gluon j as the product of a four-vector ¢ and a scaling parameter A, i.e. ¢ = A\g. The
soft limit is then simply defined by the limit A — 0 and we neglect contributions to
the squared ME that are less-singular than 1/\? as these do not lead to divergences

in the cross section.

The divergent part of the squared ME in the soft limit is calculated from the

eikonal current of the soft gluon and the resulting singular behaviour is written as a

2External refers to non-intermediate particles, .e. particles that are in the initial or final state.
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sum over dipoles

m-+1 <...,],...|...,],...>m+1E) (]_]_]_7)
87TM2€048 1 Pi - Pk m?
- o (T Ty, — — 1] s
N ;pi 4 kgz (pi+pk)-qa 2pi-q

where p; and m; are the momentum and mass, respectively, of the ith external
parton, p is a scale associated with the dimensional regularisation procedure and
|...) is an abstract vector in colour and spin space defined such that the squared
ME for the m-parton process obtained by simply removing the soft gluon from the

(m + 1)-parton process can be written

Mp> = (], (1.1.18)
while the squared ME for the (m + 1)-parton process can be written
Mot = iy ool D (1.1.19)

In the construction of Eq. (1.1.17) each standard eikonal term is split up using

Pi " Pk Pi " Pk Di * Pk
= + , (1.1.20)
Wi @) pe-a0)  picaPitpe)-a peoqpitm) g

in order to separate the collinear divergences associated with the emission of a gluon

from each of the partons i and k. T, is the colour-charge operator [60] associated

with the emission of a gluon from the ath external parton and the colour-charge

algebra is

T, T,=T, T, ifa#b (1.1.21)

T? = C,, (1.1.22)

a

where C, = () if the ath parton is a gluon and C, = CF if it is a quark or
antiquark. Each vector |...), is, by definition, a colour-singlet state, such that
colour conservation is written as

S Tyl...),, =0, (1.1.23)

=1
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where the sum runs over all external partons.

Before we consider the singular behaviour of the real-emission ME in the quasi-
collinear limit, we first identify the source of a collinear divergence. Consider a
coloured particle that splits to produce two coloured particles ¢ and j. The propagator

for this branching, along with the phase-space integral, contributes a term

K

1
dcost; = K

dcos;;, 1.1.24
q; q]' EIEJ(l — Bcos 6@]) o J ( )

to the cross section for the process, where E; (E;) is the energy of parton i (j), 6,
is the angle of separation between partons ¢ and j, B is a factor that depends on
the masses of 7 and j, and K contains all additional factors in the term. If ¢ and
J are massless, B = 1, in the limit that ¢ and j become collinear, i.e. 8;; — 0, this
term produces a logarithmic divergence in the real-emission cross section.

If either i or j is massive, B # 1, there is no singularity in the collinear limit. Re-
gardless, the cross section in this phase-space region is still logarithmically enhanced
if the parton mass is small. We therefore consider the ME in the quasi-collinear limit
in order to control these enhancements. We consider the splitting of a parton ij to
produce partons ¢ and j with momenta g; and ¢;, respectively, which we write using

the quasi-collinear Sudakov parameterisation

2 2,2 2

i — Ni' = k y 1125

9 Pij 2Dij - nz n kT ( )
m? — (1 —z)*m?, — k2

= (1= 2)pu; J gk 1.1.26

q] ( Z)p] + 2@«1] A n<1 - Z) T ( )

where p;; is the momentum of parton ij, n is a light-like vector, z is the light-cone
momentum fraction, kr is a space-like transverse momentum component that obeys
Pij - kr = n-kr = 0 and k3 = —p3, where pr is the magnitude of the transverse
momentum, and m,;, m; and m; are the masses of the partons ij, i and j, respectively.

The invariant mass of the splitting products is

k2 m?  m;
—_—+ . 1.1.27
2(1—2) * z * 1—2 ( )

(¢ +q;)° = —

We define the quasi-collinear region as the region in which pt is small and
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of roughly the same size as the parton masses. The quasi-collinear limit is then
identified by scaling the transverse momentum vector and the parton masses by a

scale factor A [64,72]
kt — )\k’T, m; — )\m,-, m; — )\mj, mg; — )\mij, (1128)

and considering the limit A — 0. Terms less singular than 1/A? do not give rise to
logarithms in the cross section and are neglected. In this limit the (m + 1)-parton

matrix element can be written as

m+1<""i’j""l"‘7i’ja~~‘>m+1 A0 (1.1.29)
1 871-;1,260(8 ~ . _
ﬁ(qz+qj)2_m2 m<"'77/]7"'-P'L?j,i<z7kT>""7Zj"">m7

ij
where ]5;3. (2, kr;€) is the quasi-collinear Altarelli-Parisi splitting function for the

splitting and ’ T >m corresponds to the ME for the m-parton process obtained

by replacing the partons ¢ and j in the (m + 1)-parton process with the parton ij.

Now that we have identified the behaviour of the (m + 1)-parton ME in the soft
and quasi-collinear limits we can write it using the dipole factorisation formula
MP =" Dijs+..., (1.1.30)
ij ki
where the dipole contribution D;; contains the singular behaviour of the (m + 1)-
parton matrix element while the dots represent the remaining finite contributions.
The counterterms in the CS dipole subtraction method are constructed as the sum
of these dipole contributions. The dipole contribution for a splitting from a dipole
that consists of a final-state emitter ij and a final-state spectator k that produces
partons ¢ and j with momenta g; and g;, respectively, is

1 AR
aray—mm T

ij

Diji(qis- -+ s 1) = o Vijkl- - s (1.1.31)

where m;; is the mass of the parton ij, Ty and T;; are the colour-charge operators
of the spectator and emitter, respectively, and V;, is the ‘dipole splitting kernel’ for

the splitting.
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1.2 Monte Carlo Event Generators

MC event generators [73] are the tools that we use to predict exclusive final states
in collider experiments. They apply the theory of QCD described in Section 1.1 to
generate a hard scattering process according to the matrix element for the process,
and then evolve this into the non-perturbative regime to produce a fully exclusive
hadronic final state. These are the particles that are detected in collider experiments
such as ATLAS and CMS at the LHC. Modern MC event generators not only include
QCD evolution of hard scattering processes but have also been extended to include
many other features including photon radiation, simulations of BSM physics and

simulations of soft physics required to describe minimum bias events at the LHC.

The work presented in this thesis is centred around the development of the
HeErwiG7 MC event generator, however some of the developments are applicable to
other MC event generators. Unless otherwise stated, all of the predicted distributions
presented in this thesis are generated using the HERWIGT7 event generator. Two
other widely-used general-purpose MC event generators are PYTHIA [74,75] and
SHERPA [76]. These three independently developed MC event generators use different
techniques and models to describe particle collision events. While the formal accuracy
of the simulations provided by these three generators are similar in many respects,

each has capabilities that differ from the others.

In Section 1.2.1 we begin by giving a step-by-step description of how MC event
generators work. Following this overview, in Section 1.2.2 we discuss the principles
behind a parton shower, the component of a MC event generator that evolves
a process from a high-energy scale to a low-energy scale. As much of the work
presented in this thesis is based around its development, in Section 1.2.3 we discuss
in detail the dipole shower in HERWIG7. Finally in Section 1.2.4 we discuss NLO
matching in HERWIG7. These are the methods used to improve the accuracy of MC
simulations by combining the parton shower with a description of the hard collision

process that is accurate to NLO in QCD.
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1.2.1 Overview of Monte Carlo Event Generators

In Section 1.1.2 we described how the calculation of the cross section for a hard
scattering event in a hadron-hadron collision is factorised into low-energy and high-
energy regimes. In particular the hard partonic scattering involves a high momentum-
transfer while the formation of colour-singlet hadrons from partons due to colour-
confinement is a low-energy process. MC event generators use this principle of
factorisation to break down the evolution of a hard collision process into steps
characterised by the scale of the momentum transfer involved in each part of the
evolution [73].

A step-by-step description of the simulation of a high-energy collision by a MC
event generator is given below. Some of the details given and the references therein

are specific to HERWIGT.

e« Hard Process: Incoming fundamental particles interact to produce a small
number of outgoing fundamental particles. The particles incoming to and
outgoing from the hard process, and their momenta, are generated according
to the ME for the process. This has usually been calculated to LO accuracy,
however nowadays NLO MEs are increasingly being used. The colour-flow
information and scales involved in the hard process are used to set the initial

conditions for the next stage of the evolution, the parton shower.

e Parton Shower: Coloured particles in the initial or final state of the hard
process are perturbatively evolved from the high momentum-transfer scale of
the hard process to a low-energy IR cutoff scale, below which perturbation
theory is no longer applicable. This evolution takes place through the radiation
of other coloured particles. Two parton showers are available in HERWIGT;
the angular-ordered parton shower [77] and the dipole shower [78,79]. The
generalities of parton showers are discussed in Section 1.2.2 and the dipole

shower is described in detail in Section 1.2.3.

o Decays of Fundamental Particles: Following the parton shower evolution
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of the hard process, any massive fundamental final-state particles that are
unstable on collider timescales are identified and decayed. Examples include
the electroweak bosons, the Higgs Boson, the top quark® and many BSM
particles. In general the decay mode is selected according to experimentally
measured branching ratios and the momenta of the outgoing decay products
are generated according to a matrix element. If applicable, the system formed
by the particle incoming to the decay and its decay products undergoes parton

shower evolution.

Multiple Partonic Interactions: In a hadron-hadron collision partons in
the incoming hadrons that are not involved in the hard process can interact
with each other. Such multiple partonic interactions (MPI), or secondary inter-
actions, produce additional outgoing partons that can contribute to observables
of interest. Those secondary interactions that take place at a scale above the
IR cutoff are generated according to an eikonal model [80] and undergo par-
ton shower evolution. In addition partonic scatterings that take place below
the IR cutoff, non-perturbative scatterings, can also be simulated using a soft

interaction model [81].

Hadronization: The parton shower evolves the particles involved in the
hard process, multiple partonic interactions and particle decays from high
momentum-transfer scales to the IR cutoff scale. At this scale, often taken to
be O(1 GeV), perturbation theory breaks down and the cluster hadronization
model [82] is used to form colour-singlet hadrons from the system of final-state

coloured particles.

Hadron and Tau Decays: Any hadrons that are unstable on the distance
scales of particle colliders are decayed. The decay modes are selected according

to experimentally measured branching ratios while the distributions of the

3The decay width of the top quark is comparable to the IR cutoff scale, therefore it is decayed
perturbatively rather than undergoing hadronization
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decay products are generated according to matrix element calculations. Decays

of tau leptons are also performed at this stage.

The components of a MC simulation can be identified with the perturbative had-
ronic cross section in Eq. (1.1.11) and the power corrections due to non-perturbative
effects. In particular the hard process, parton shower and decays of fundamental
particles, other than the tau lepton, contribute to the perturbative cross section,
while MPI, hadronization and hadron and tau lepton decays contribute power correc-
tions. In practice this picture is somewhat simplified as there is non-trivial interplay
between the different components, for example the choice for the IR cutoff scale in
the parton shower affects the input to the hadronization model, thus affecting the
contribution from the hadronization model.

The generation of the hard process can be performed in a number of ways. The
MATCHBOX [79] module in HERWIG7, discussed in more detail in Section 1.2.4, can
use tree-level, i.e. no loop, and one-loop matrix elements from external providers to
construct LO and NLO cross section calculations, using the subtraction method to
deal with divergences in the latter case. The functionality provided by MATCHBOX
to simulate hard processes to NLO accuracy in QCD for a wide range of Standard
Model processes was a major feature in the development of HERWIG7. A limited
number of built-in LO and NLO MEs are also available in HERWIGT separately from
the MATCHBOX module. Alternatively an external code can be used to generate the
hard process which can be passed to HERWIGT in the Les Houches Event [83,84]
file format using the interface provided.

In most MC event generators a single scale is chosen for both the renormalisation
and factorisation scales used to calculate the cross section for a given hard process.
In HERWIGT we choose a ‘hard process scale’ uy and use pur = pp = py-

The angular-ordered shower includes photon radiation from charged particles
while the dipole shower has not yet been extended to include this. Photon radiation
from perturbative particle decays can, however, be included using the approach

described in Ref. [85].
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Spin correlations between the production and decay of fundamental particles are
implemented according to the procedure described in Ref. [86]. Spin correlations
in hadronic decays are integrated with the treatment used in the production and
decay processes of fundamental particles such that spin correlations between the
production and decay of particles such as the tau lepton are treated correctly. The
parton showers have recently been extended to include spin correlations [87] accord-
ing to the algorithm of Refs. [86,88-91] such that spin correlations are included
consistently between the hard process, the parton shower and decay processes. The

implementation in the dipole shower is the topic of Chapter 4.

1.2.2 Parton Showers

In practice MEs cannot be calculated for processes with large numbers of final-state
partons. In order to generate events with exclusive final states we therefore use
parton showers which include emissions in the regions of phase space which are
enhanced, i.e. the soft and collinear regions, and take account of these to all orders
in perturbation theory. Parton showers evolve final-state partons from high energy
scales to low energy scales through the radiation of gluons and the splitting of
gluons into quark-antiquark pairs. Initial-state partons are evolved, via a backward
evolution, from the energy scale of the hard process to the energy scale of the parton
incoming from the hadron.

Parton showers are based on the principles discussed in the context of NLO
calculations in Section 1.1.3. Consider a real emission from a given Born process.
In the limiting cases that the emission is soft or collinear to another parton the
squared ME that describes the real-emission process factorises and can be written
as the convolution of the squared Born ME and a sum of universal splitting kernels.
The sum of the splitting kernels defines the probability distribution that describes
the real emission. The parton shower iteratively generates emissions from a given

process,* each described by a probability distribution defined by the splitting kernels.

4This can be a hard process, a secondary interaction or a decay process.
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In general, parton showers start from some large scale and evolve downwards
to some lower scale. More specifically, some characteristic scale of each emission is
defined, for example its virtuality or transverse momentum, and the parton shower
generates successive emissions that decrease in this scale. All sensible choices of this
‘evolution scale’ produce equivalent behaviour in the limit of a collinear emission.
Parton showers are ordered in this way to avoid issues of double counting. Additional
orderings can also be enforced. For example, in the angular-ordered shower, soft
effects, or colour coherence effects, are implemented through an angular-ordering of

emissions [92].

To illustrate the principles of parton showers we follow the example of a final-
state shower, after which we summarise the modifications required for the evolution
of initial-state partons. We consider the simple case of a parton a that can undergo
a single type of splitting.

The emission probability contains singularities in the soft and collinear limits,
which in the calculation of a NLO cross section would cancel with those in the virtual-
emission correction. We do not treat virtual-emission corrections explicitly. Instead
we implement an IR cutoff on the scale of the radiation and consider emissions

produced above this cutoff to be ‘resolvable’.

The splitting kernel P(q,z) describes the probability distribution for a splitting
to occur at some scale ¢, where z is some other splitting variable, or in general a set
of splitting variables, that defines the kinematics of the splitting. We assume that
P(q, ) is positive for all ¢ and z. Naively, without considering the evolution prior
to the splitting, the probability distribution for a resolvable branching to occur at a

scale between ¢ and ¢ + dq and with a splitting variable between x and z + dx is
dP = P(q,x)dgdz. (1.2.1)

It follows from unitarity that the corresponding no-branching probability, or the
probability of no resolvable branching, is 1 — dP. The virtual-emission corrections

contribute to the no-branching probability implicitly through unitarity.
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The probability that the parton does not undergo a resolvable branching between
the starting scale () and the scale ¢ is equal to the product of the probabilities that it
did not branch in any of the intervals dq between the two scales. In the infinitesimal
limit, dg — 0, the no-branching probability exponentiates to give the ‘Sudakov form

factor’
Ap(Q,q) = exp <— /qQ dk /;+ de(q,w)) . (1.2.2)

The Sudakov form factor sums enhanced virtual and divergent real contributions to
all orders in perturbation theory. The probability for the first branching to occur at

a scale ¢ is

dpbranching . _dPno—branChing _ / z+(
dg dg z

q)
(@) de(W)) Ap(Q,q), (1.2.3)

where Pro—branching = Ap(Q, ¢) and x4 (q) are the bounds on the allowed values of x.

Monte Carlo techniques are the tools required to sample events at a rate described
by a probability distribution. The method used to generate a parton shower is the
‘veto algorithm’ [73,74]. Starting from some scale @), with associated parameter
point g, we need to generate the scale g of the next emission and the associated

splitting variable(s) z according to the distribution

dSp(Q, xqlq, x; p, ) = (1.2.4)

dgd?z [Ap(Q, 1)6(q — p)d(z — z,) + Ap(Q, q)P(q, )0(Q — q)0(q — 1)),

where x,, is a parameter point associated with the IR cutoff scale u. The distribution
Sp is normalised to unity and the subscript P indicates that this distribution cor-
responds to the splitting kernel P(q,z). The first term in the brackets corresponds
to the probability that no radiation is generated above the IR cutoff scale while the
second term corresponds to the probability that the first branching is at a scale q.
In practice, in order to generate variables according to the distributions defined
by the Sudakov form factor and splitting kernel, we need a splitting kernel whose
integral is calculable and invertible. In general there is no guarantee that the splitting

kernel P satisfies this requirement, therefore we introduce an overestimate function,
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R(q, x), that satisfies

R(q,z) > P(q,x) V q,x, (1.2.5)

and whose integral is calculable and invertible.? The ‘overestimated distribution’

that corresponds to the function R(q,z) is

dgd®z [AR(Q, n)d(q — 1)d(x — x,) + Ar(Q. ¢)R(q,2)0(Q — ¢)0(q — )],

where the Sudakov form factor is

Ar(Q,q) = exp (— /qQ dk /:+ dzR(q, :c)) . (1.2.7)

Starting at a scale k = @), the veto algorithm proceeds as follows:
1. Trial splitting variables ¢ and z are generated according to Sg(k, zx|q, z; i1, z,,):

(a) The scale ¢ is generated by solving

2p(Q) _ (1.2.8)

Ar(Q, k)

for ¢, where r is a random number between 0 and 1 generated according

to a uniform distribution;

(b) The splitting variable x is generated by solving

x4y (

T )
/ da'R(q,2") = r’/ ! d2'R(q, 2'), (1.2.9)
z—(q) z—(q)

for x, where 7’ is another random number between 0 and 1 generated

according to a uniform distribution;

2. If the scale ¢ < pu, no emission is generated and the cutoff scale u and associated

parameter point x, are returned;

5The overestimate function can either be an analytic function, as in the angular-ordered shower,
or numerical techniques can be used to construct an appropriate function, which is done in the
dipole shower using the EXSAMPLE library [93].
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3. The trial scale and splitting variable(s) are accepted with probability

(1.2.10)

otherwise set £k = ¢ and return to Step 1.

The parton shower repeats this series of steps to generate a cascade of partons and
terminates only when no emission can be generated with a scale above the IR cutoft,

i.e. if Step 2 occurs.

To show that the veto algorithm does indeed generate emissions according to the
correct probability distribution we consider the probability density for the algorithm
to traverse a sequence (g1, 1| - . . |qn, Tn|q, ) of n—1 veto steps to return ¢, x starting

from the initial conditions Q) = ¢1, ¢ = 21

ASE (qu, 1] - s g, 11, )
AR(Ql M)

=dgd¥z | =2 5(g — w)d(x — x 1.2.11

P(an> AR(Ql;Q)

R(an) AR(q17Qn)

n AR(Q17Qi) ( P(ql’x,L)) ,
X A Blgs ) | 1= == | 0(gi1 — ¢:)0(q; — p) dg; A%,
i:l_[Q Ar(q1,qi-1) (¢i, 7:) R(qi, z:) (¢i-1 — @:)0(q — p) dg

R(q,2)0(qn — q)0(q — u)]

= dgd’z [Ar(qr, 1)d(q — p)d(z — 2,) + P(g,2)Ar(qr, 9)8(a1 — 9)8(q — p)] (1.2.12)

x [T (R(gi,z:) — P(gi, i) 0(qi—1 — ¢:)0(qi — q) dg; ",
=2

where the theta functions in the two expressions give rise to the same allowed regions

for each step.

In order to obtain the probability distribution for selecting values ¢, z starting
from @),z we sum over all possible numbers of veto steps and perform the integ-
ration for each veto step. Doing this exponentiates the integral over the difference

(R(qi,x:i) — P(qi,x;)) to give

Z/ ASE (g, 1] - - s Talg, 3 s 7, (1.2.13)
n=1"42:T2;--,qn,Tn

= dqd®z [Ag(q, w)d(q — p)d(z — x,) + P(q, 2) Ar(q1, ¢)0(q1 — q)0(q — )]
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X exp (/ ak [ e (R(k, ) — P(k, x)))

which is equivalent to dSp(Q, z¢lq, z; 1, z,) in Eq. (1.2.4) as required.

We have considered the simplified example of a parton that can undergo a single
type of branching. It is straightforward to extend the veto algorithm to include
competing branching processes from one or several partons. This can be handled
using the competition algorithm, whereby a trial emission is generated for each of

the possible splittings and the splitting with the highest emission scale is selected.

The same algorithm can be used to generate radiation from initial-state partons
with a few modifications. Initial-state partons are showered using a backward evol-
ution away from the hard process and towards the incoming hadron. Consider the
parton &3 incoming to the hard process, which branches to produce its space-like
parent a and an outgoing parton j. The proton momentum fraction carried by the
parton aj is Zq5 and its PDF is faj while the PDF of the parton a is f,. The splitting
variable x is defined such that the proton momentum fraction carried by parton a is
given by z,;/x. The Sudakov form factor for the backward evolution of aj is

Ap(Q,q;x) = exp( / dk:/ dz ma]fa SR P(k,x)). (1.2.14)

Tajfaj(Taj, k)

In the veto algorithm for initial-state partons the variable z is generated according

to the probability distribution defined by
Zaj Zaj
S pe (1.2.15)
Zaj faj(Taj, 1)

Compared to the final-state shower the splitting kernel now comes with a prefactor

of a ratio of PDFs, accordingly an overestimate for the PDFs is required that satisfies

2 fo("2q)

YV oq,x, 1, (1.2.16)
Tajfaj(Taj, Q) ’

Rppr(q, z;245) >

and the integral of the product Rppr(q, x; .;)R(q, v) must be calculable and invert-
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ible. Trial emissions in the veto algorithm are accepted with probability

= fa(19)

-rajfaj (xajy(I) P(Q7 ’I) )
Rppr(q, 23 245)R(q, ©)

(1.2.17)

We have presented a very general algorithm for parton shower evolution. Two of
the primary differences between different parton showers are the choice of ordering
variable and the form of the splitting kernels P(q, ), and accordingly the definition
of the Sudakov form factor. For example, the splitting kernels used in the angular-
ordered shower are the quasi-collinear Altarelli-Parisi splitting functions [58, 72]
which are written in terms of the light-cone momentum fraction z. The ordering
variable in the final-state shower is ¢ = (¢}; —m3;)/2(1 — z) where ¢;; and m;; are the
four-momentum and mass of the branching particle. In contrast the dipole shower
is based on the Catani-Seymour splitting kernels and the ordering variable used is

the transverse momentum of the emitted parton relative to the radiating parton.

Our general splitting kernel P(q, x) includes a factor of the strong coupling and
comes with a prefactor of PDFs in initial-state branchings. We must make a choice
for the scales used in the arguments of the strong coupling and the PDFs. For
example in the dipole shower the scale used in both is the transverse momentum
of the emitted parton. In the angular-ordered shower the argument of the strong
coupling is the transverse momentum of the emitted parton in the limit that all of
the partons in the branching are massless while the argument of the PDFs is simply
the ordering variable for initial-state evolution. In this thesis we consider variations
of these scales and we always apply the same scale factor to the argument of the
strong coupling and the PDFs. We therefore use a common notation for these scales

which we refer to as the ‘shower scale’; ug.

Finally, the starting conditions for the parton shower must be chosen. First, we
consider the colour flow in the hard process in the large- N¢ limit. This is required to
properly implement colour coherence effects. In particular, the bulk of radiation from
colour-connected partners should only be emitted into a cone around the emitter

with an opening angle given by the difference in direction of the colour partners.
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In some showers, for example the angular-ordered shower, this information is used
to implement an additional angular-ordering condition on radiation. In the dipole
shower it is used to arrange the external partons into dipoles and arrange these
dipoles into colour-singlet systems that undergo independent evolution as described
in Section 1.2.3.

It is also necessary to choose a starting value, or upper limit, for the evolution
scale. The choice of this scale is commonly related to the colour flow established
in the previous step. The primary motivation to define such an upper limit is the
avoidance of double counting between the hard process and the parton shower.

We complete our discussion of parton showers by highlighting that the expressions
for the branching probabilities can be further generalised by the inclusion of a
function that multiplies the splitting kernel and the overestimate. This is possible
because the splitting kernel is only required to reproduce the divergent behaviour
of the squared real-emission ME in the exact soft and collinear limits. The only
requirement on such a function is therefore that it is equal to unity in the soft and
collinear limits.

We define such a function, the ‘profile scale’ k(Q 1, pr) where p is the transverse
momentum of the emission under consideration and (), the hard veto scale, is a
scale chosen to characterise the region of hard emissions. By default in HERWIG?7,
the hard veto scale is set equal to the hard process scale py in the showering of
the hard process, while in secondary interactions it is set to the smallest transverse
mass of the partons outgoing from the process. The profile scale is chosen such
that 0 < k(Q.,pr) < 1 and it is used to suppress parton shower radiation in the
hard-emission region where the parton shower performs poorly. We return to this

function in Section 1.2.4 and Chapter 3.

1.2.3 The Dipole Shower in Herwig?7

The dipole shower formulation of parton showers, in which radiation is emitted from

pairs of colour-connected partons in 2 — 3 splittings, was first used in Ref. [94].
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Dipole showers based on the CS dipole subtraction terms were first suggested in
Refs. [95,96] and the first implementations are described in Refs. [97,98]. The

implementation in HERWIGT is described in Refs. [78,79].

Much of the work in this thesis is based around the development of the dipole
shower in HERWIG7, therefore we take this opportunity to provide details of the
dipole shower that are important in later chapters. We first describe the construction
of the initial conditions of the dipole shower, following which we consider the splitting
kernels used in the shower. Prior to the work described in Section 2.3 the dipole
shower could not handle the decays of unstable particles, therefore in this outline we
consider only the shower evolution of the hard process. Much of what is discussed in
this section is also applicable to the showering of secondary interactions. Following
a description of the shower evolution of the hard process, we outline the procedure
that follows the completion of the shower evolution in order to prepare the event for

the next step, i.e. hadronization.

The process is first assigned colour-flow information in the large- N¢ limit which
is used to sort the external partons into colour singlets. To do this we make use of
the fact that a colour singlet is ‘simply connected’, that is any parton in a colour
singlet can be reached from another parton in the same singlet by following colour
lines and changing from a colour line to an anti-colour line when an external gluon

is encountered.

The partons in each colour singlet are sorted into a sequence in which colour-
connected partons are located in neighbouring positions. Each pair of neighbouring
colour-connected partons corresponds to two dipoles and the sorted colour singlet
sequences are known as ‘dipole chains’ Dipole chains are the structures that are

independently evolved from the starting value of the ordering scale to the IR cutoff.

As described in Section 1.1.3, each dipole consists of an emitter and a spectator.
The emitter is the parton that branches while the spectator is inherent to the
treatment of soft divergences in the dipole shower. Momentum conservation is

enforced in each splitting and in some cases the spectator is used to absorb the
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recoil momentum. Dipoles are identified by the configuration of the emitter and
spectator and there are four such configurations in the treatment of hard processes
and secondary interactions. Final-final and final-initial dipoles consist of a final-state
emitter with a final-state and initial-state spectator, respectively, while initial-final
and initial-initial dipoles consist of an initial-state emitter with a final-state and an

initial-state spectator, respectively.

The evolution scale used in the dipole shower is the transverse momentum of
the radiated parton relative to the emitter. This choice takes into account QCD
coherence effects [99] and simplifies matching to NLO hard process calculations,
discussed in Section 1.2.4. The initial value of the evolution scale is the hard veto

scale @) .

The splitting kernels used in the dipole shower are the spin-averaged Catani-
Seymour dipole kernels, each of which is expressed in terms of two ‘dipole splitting
variables‘ defined in Refs. [60,64]. The azimuthal angle of the branching plane,
defined in some frame, is also required to fully define the kinematics of a splitting.
As the spin-averaged, or equivalently the azimuthally-averaged, splitting kernels
are used, the azimuthal angle is generated according to a uniform distribution. In
Chapter 4 the implementation of spin correlations in the dipole shower is described
in which spin-dependent splitting kernels are used to generate the azimuthal angle

of the branching.

The colour-dependence in the CS subtraction terms, e.g. in Eq. (1.1.31), is
contained in the colour-charge operators. These colour-charge operators are used
to define which partons are considered to be colour-connected in the large- N¢ limit.
In particular, for a splitting from a quark or antiquark ij, the colour-connected

spectator parton k is defined to be that for which

Ty - T;; 1
— —S14+0 | — 1.2.18
T? (N%)’ ( )

in the large-N¢ limit, where T;; and T}, are the colour-charge operators associated
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with ij and k. Similarly, if 75 is a gluon, the spectator parton is that for which

T, T, 1 1
— —+0|—=1. 1.2.19
T 2 (N%) (1.2.19)

in the large-N¢ limit. Given that we use the spin-averaged dipole splitting kernels,
the squared Born ME and the distribution that describes the real-emission process
in Eq. (1.1.31), 7.e. the branching probability used in the dipole shower, completely

factorise in the large- N limit.

With the initial conditions set, the showering of the process proceeds using the
veto algorithm. As long as the set of dipole chains to be evolved is not empty the
dipole shower proceeds by selecting a chain to evolve, referred to as the ‘current chain’.
All possible splittings from all of the dipoles in the current chain are considered to
be in competition, therefore all of these possible splittings are trialled. The trialled,

non-vetoed, splitting with the largest transverse momentum is chosen.

A splitting erases those dipoles which contained the emitter and produces new
dipoles which contain the splitting products. If the selected splitting was a g — qq
splitting then the structure of the current dipole chain changes due to the colour
structure of this splitting. In the case that the current dipole chain breaks up into
two independent chains, the newly produced chain is added to the list of chains to

be evolved.

The evolution of the current chain now continues until no trial splittings are
generated with a scale above the IR cutoff. The current chain is removed from the
set of chains to be evolved and the shower algorithm continues with the next chain.
The showering of the hard process terminates once all of the dipole chains have been

evolved.

The partons outgoing from the hard process are now reshuffled from their per-
turbative mass-shell onto their respective ‘constituent mass’-shell as required by the
cluster hadronization model. The value of the constituent mass for each parton is
set by tuning the hadronization model to data. The final-state partons are reshuffled

using the method described in Ref. [100], whereby their three-momenta are rescaled
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by a factor &, obtained by solving

S \/ptemE =Y \JepE+ M2, (1.2.20)

where p;, m; and M; are the three-momentum, pole mass and constituent mass,

respectively, of the ith outgoing parton and the sum runs over all final-state partons.

1.2.4 NLO Matching in Herwig7

Our discussion of parton showers so far is sufficient to perform the parton shower
evolution of a hard process that has been simulated according to a LO ME, this is
a ‘LO simulation’. In this case a specific subprocess, e.g. a particular configuration
of external particle flavours, must be chosen for the hard process and the initial
conditions of the shower are set from this process as discussed in Section 1.2.2. The
starting value of the evolution scale in the parton shower is chosen to avoid issues
of double counting.

LO simulations have traditionally been the standard approach to MC event
generation, however the increasing precision of experimental measurements over
time has demanded an increase in the precision of MC simulations. Parton showers
produce an accurate description of soft and collinear emissions, however they provide
a poor description of hard radiation which, instead, requires full ME calculations to
provide an accurate description. In this section we consider some of the techniques
used to describe the hardest emission from a hard process according to the full
real-emission ME and to then use a parton shower to generate softer emissions to
produce an exclusive final state.

The difficulty in achieving this lies in avoiding double-counting, i.e. over- or under-
populating, regions of phase space that are populated by both the real-emission ME
and the parton shower. For simple processes, it has been possible to describe the first
emission according to the full real-emission ME for a long time [101-104], however
in this approach the real-emission ME correction is applied to the event shape only

and the inclusive cross section is described only to LO accuracy.
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More recently ‘NLO-matching’ techniques have been developed which enable MC
simulations in which the inclusive cross section is computed to NLO accuracy in
QCD, the hardest emission from the Born process is described by the real-emission
ME and the exclusive final-state is determined using the parton shower. The first
widely-used NLO-matching procedures to be developed were the MC@QNLO [6,105],
and POWHEG [7,8] methods. Variants of both of these methods, referred to as
MCQ@QNLO-type and POWHEG-type matching schemes, respectively, are implemen-
ted in the MATCHBOX module in HERWIGT.

In Chapter 3 we discuss the uncertainties on predictions made using the NLO-
matching schemes in MATCHBOX. In this section we therefore describe these al-
gorithms [106,107]. We first outline the factors common to the description of both
matching schemes. This is followed by separate descriptions of the implementation

of the MC@QNLO-type and POWHEG-type matching schemes in MATCHBOX.

NLO Matching Generalities

We first make explicit the relations between the m-particle, (m + 1)-particle and
single-particle emission phase spaces, introduced in Section 1.1.3. We associate with

the Born process an m-particle phase-space point

Om = APty Pm}s (1.2.21)

where p,, is the momentum of the nth particle outgoing from the Born process. Any
dipole ¢ in the Born process can radiate a parton. Such an emission process is
parameterised by three splitting variables ¢§“ such that the corresponding (m + 1)-

particle phase-space point can be written

Bt (9m,01)) = {a” (687 - i (G 00) (12.22)

where ¢, is the momentum of the nth particle outgoing from the real-emission process.

We also define the inverse mapping from the (m + 1)-particle phase-space point

Pmt1 ={q1, -+, G}, (1.2.23)
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to the m-particle phase-space point <I> (¢m+1) and corresponding splitting variables
gzbgz) = 1Z (dms1) associated with each dipole of the underlying Born process.

The above mappings indicate two factorisations of the (m + 1)-particle phase-
space element. Starting from a (m+ 1)-particle phase-space point, the corresponding

phase-space element d¢,,; factorises as

A0 = Aomdd |y, 406 )60 g0 (12.24)

Starting from a m-particle phase-space point, the (m + 1)-particle phase-space
element associated with the (m + 1)-particle phase-space point produced by an

emission from the dipole 7 is

msily, a0 o) = dgdet?). (1.2.25)

In both of these expressions an associated Jacobian factor is implicitly included in
the phase-space element d(ﬁgi).

In order to discuss NLO matching techniques we introduce an arbitrary observable
O (¢n), defined on a phase-space point ¢n. We consider the NLO cross section in
Eq. (1.1.15) and define the contributions to the observable O from the Born, virtual-

emission and real-emission cross sections
do™©[0] = dgmB (6m) O (¢m) (1.2.26)
AoV 0] = A |V (9m) + [ dé1A (6ms1)| O (9m) (1.2.27)

do™A0] = dgmia [R(cbmﬂ (mt1) ZA (¢ms1) O (5;‘3 (¢m+1))],(1.2.28)

respectively, where the counterterm in the real-emission contribution has been re-
written as a sum over the dipoles indexed by 7. The expected value of the observable,

calculated to NLO accuracy, is given by
(OO — / dot0[0] + / doVHA (0] + / do®A[0). (1.2.29)

It is not immediately obvious how to proceed from Egs. (1.2.26)-(1.2.28) and

Eq. (1.2.29) to MC event generation. In particular in the first term of Eq. (1.2.28)
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the observable is defined on the (m + 1)-particle phase space while in the second
term it is defined on the m-particle phase space. A naive first attempt at MC
event generation would be to generate Born configurations according to the cross
section corresponding to the sum of Eq. (1.2.26), Eq. (1.2.27) and the second term
of Eq. (1.2.28) and to generate real-emission configurations according to the first
term of Eq. (1.2.28). This approach suffers from the presence of divergences in both

of these cross sections.

We introduce an additional subtraction term given by the cross section that
corresponds to the O(ag) term in the expansion of the action of a parton shower

from the Born process. The contribution of this cross section to the observable O is

doy V(0] = A1 Q4 (Gms1) (O (Gmi1) = O (B (6ms1))),  (1:2:30)
where
§ (mi1) = B (0m) QW (Smi1) 5 (Q1 (D), pr (617)), (12:31)

where (Q 1 (Pms1) 0T (¢§”)) is the profile scale introduced in Section 1.2.2 and

1(\? (¢m+1) is a function that describes the first shower emission from the Born
process, e.g. a shower splitting kernel. The choice of the function Ql(\? (dmy1) defines
the NLO-matching scheme, M. In the matching procedure the profile scale plays
the role of the smoothing functions suggested in Ref. [6] to ‘smooth’ the matching

between the hard process and parton shower in the MCQNLO matching method.

Eq. (1.2.30) includes two contributions, O (¢,,+1) and O (CD%) (¢m+1)), to the
observable, which correspond to the emission and no-emission contributions from
the parton shower, respectively. Upon integration over phase space the contribution
of these terms to the inclusive cross section vanishes, this is a consequence of parton
shower unitarity. We now have the ingredients required to construct the MCQNLO-

type and POWHEG-type matching schemes implemented in MATCHBOX.
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MC@NLO-type Matching

The subtraction term in MCQNLO-type matching schemes is constructed by finding
the parton shower approximation to a given real-emission process, 7.e. we have an
(m + 1)-particle phase-space point and need to find the corresponding m-particle
phase-space point and shower emission. We use the parton shower splitting kernel
Q%\Z)C@NLO (Pmt1) = I(\j[)C@NLO (cbq(jz) (Pm+1) Q;gz)) = PY (?Egl)) The contribution to

the observable O from the full subtraction cross section is

doticantolO] Z d ISISC(@NLO [O] 6 (C](i) (Pm+1) — M) ’ (1.2.32)

where 6 (q(i) (Dms1) — ,u) enforces the IR cutoff implemented in parton showers and

¢ is the scale of the shower emission from dipole 1.

The expectation value of O is now

(ONER = [ d0™0[0] = [ doiibancolO) (1.2.33)

In practice a MC event generator produces a hard process and showers it without
regard to any specific observable. We consider the observable O to enable us to
describe the matching method and to separate the contributions to the cross section
according to their association with the observable defined on m-particle states and
(m + 1)-particle states. These correspond to two types of events; S-events which are

in the Born configuration and H-events which are real-emission processes.

We require that these contributions to the cross section are separately finite,
however this is not currently the case as there are remaining infrared divergences
due to the cutoff on the parton shower contributions. An auxiliary cross section
is therefore required that cancels these divergences. In MATCHBOX the CS dipole

subtraction terms are used to construct this additional contribution

do aux[ dqu-&-l ZA ¢m+1) (/L - q (¢m+1)) (O (¢m+1) -0 (‘Dgﬁ) (¢m+1)>) :
(1.2.34)

If the observable is fully inclusive, this subtraction term, and the parton shower
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subtraction term in Eq. (1.2.32), integrate to exactly zero. If, however, cuts are
applied to the m-parton or (m + 1)-parton process, these subtraction terms give rise
to contributions that are proportional to the shower cutoff scale.

Finally the expectation value of O is
(OYMOONLO _ / doNO[0] — / Ao o[0] — / do™™[0). (1.2.35)
The corresponding cross section is given by

dgMOONLO _ MOGNLO |, MCGNLO (1.2.36)

where

Ao — gy B (6) +V (ém) + [ d61A(Gmin)] (12.37)
+ domq1 Z [Ql(\jI)C@NLO (Pmy1) 0 (q(i) (Pmy1) — M)
— AD (Gs1) (10 (11— (6m11)))]

dog O = Ao [R (Pm+1) — Z QI(\jI)C@NLO (Gmt1) 0 (q(i) (Dmr1) — ,u) (1.2.38)
B Z AW (Pms1) 0 (M - q(i) (¢m+1)>1 .

In MC@NLO-type matching a MC event generator produces m-particle hard pro-
cesses, S-events, according to the distribution defined by dos, and it produces (m+1)-
particle hard processes, H-events, according to the distribution defined by dog. The
initial conditions for the parton shower are constructed from the hard process and

the process is showered.

POWHEG-type Matching

POWHEG-type matching schemes are characterised by their use of a ME-corrected
hardest first emission from the Born process, i.e. in S-events. In particular, for the

first emission from S-events, the splitting kernels in the parton shower are replaced
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by a ratio of real-emission and Born MEs. In this way the first emission is generated
according to the real-emission ME correction, suppressed by the modified ' POWHEG

Sudakov form factor’.
The function Qfdwic (6m, @) is

(4) () w(l) <(b?(7’il)+1( m gl)>) ( m+1 (¢m7¢1 ))
Qrownea ((bm, 1 ) > wﬂ)< 0 ( - ﬁ”)) Blow) . (1.2.39)

m+1

where the w? are weights, in practice the eikonal factors used in the CS dipole
subtraction method in Eq. (1.1.17), that separate out the different singular regions
1 of the real-emission phase space. This expression, which describes a ME-corrected
hardest shower emission, is used to construct the function Qg%)WHEG (Om, P1) in

Eq. (1.2.31).

The total contribution to the observable O from the corresponding subtraction

terms is
sub PS (¢)
dUPOWHEG ZdUPOWHEG O]. (1.2.40)

Including this contribution, the expectation value of O is

We write the corresponding cross section as

dO_POWHEG — dagOWHEG + dO'H}_)HOWHEG, (1241)

where

doPOWHEG _ ¢ {B () +V () + /1 dér A (¢m+1)] (1.2.42)
+ dom1 Z [QPOWHEG (ém, 1) — AD (¢m+1)} )

dUJgIOWHEG = ddm1 [ (Gm+1) Z QPOWHEG (Om, ¢1)] . (1.2.43)

These two expressions are separately finite.

In the POWHEG-type matching scheme in MATCHBOX m-particle hard processes
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are generated according to the distribution defined by dog, these are S-events, and
(m + 1)-particle hard processes are generated according to the distribution defined
by dopy, these are H-events. In S-events a real-emission ME correction is applied to
the hardest shower emission as described at the beginning of this section.

The original POWHEG method [7, 8] is obtained by setting the profile scale

equal to one. With this choice only S-events are produced.



Chapter 2

The Treatment of Massive Quarks

in Dipole Showers

In this chapter we discuss the treatment of massive quarks in the HERWIG7 dipole
shower. We use the term ‘massive dipole’ to refer to any dipole that includes a
massive particle or that splits into one or more massive particles. We use the term
‘massless dipole’ to refer to any dipole that includes only massless particles and splits

into only massless particles.

We first consider the treatment of massive quarks in production processes. The
dipole shower cannot treat incoming massive partons so we only consider final-state
massive partons. As such there are three types of massive dipole that are relevant:

final-final, final-initial and initial-final dipoles.

The treatment of massless partons in the dipole shower is described in Ref. [78]. A
later development to include massive quarks, based on the implementation described
in Ref. [97], is documented in Ref. [108]. In this implementation the formulation of the
kinematics used to describe splittings, splitting kinematics, from massive dipoles had
several shortcomings. In Section 2.1 we present a revised set of splitting kinematics
for each of the massive dipoles. This revision includes a full reformulation of the
kinematics used to describe splittings from massive final-final dipoles. In Section 2.2

we present results that demonstrate the improvements in the treatment of massive
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partons.

In the second part of this chapter, Section 2.3, we consider the treatment of
decays of coloured particles in the dipole shower. The decay of a coloured particle,
such as a top quark, produces a new type of dipole that is not discussed in the
first part of this chapter. These dipoles consist of the coloured particle incoming
to the decay and a colour-connected particle outgoing from the decay. Prior to this
work there was no treatment for the decays of coloured particles implemented in the
dipole shower. We therefore provide a full description here, including tests of the

new implementation.

2.1 The Splitting Kinematics for Massive
Dipoles

In the previous treatment of splittings from final-final and initial-final dipoles with a
massive spectator, the definition of the transverse momentum of the emitted parton
was not equal to the ordering variable. This is addressed for splittings from final-
final dipoles in Section 2.1.3 through a reformulation of the splitting kinematics
which takes advantage of the implementation of the dipole shower. The issues in the
description of splittings from initial-final dipoles are addressed in the formulation
presented in Section 2.1.2.}

In addition there were neglected mass-dependent terms in the expressions for the
single-particle emission phase space required to express the branching probabilities
for splittings from each of the massive dipoles. We therefore also present the split-
ting kinematics for final-initial dipoles and we derive the correct expression for the
branching probability for each of the dipoles.

In this section we present a complete record of the splitting kinematics used to

describe splittings from massive final-final, final-initial and initial-final dipoles in the

!The expressions for the momenta of the partons following a splitting given in Ref. [108]
and Section 2.1.2 are the same, however the remainder of the formulation used in the previous
implementation was not included in Ref. [108].
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dipole shower. We note that the splitting kinematics agree, in the massless limit,
with those presented in Ref. [78] and are given in a covariant formulation, that is they
are written in terms of other physical momenta and as such are frame-independent
and are not constructed in a component-wise fashion. In order to be consistent, a
formulation written in terms of the relevant dipole splitting variables is given in each

case. These improved splitting kinematics were first included in HERWIG 7.1.

In practice in the dipole shower we do not directly generate the dipole splitting
variables but instead generate the transverse momentum, pr, and light-cone mo-
mentum fraction, z. These are the variables used in the quasi-collinear Sudakov
parameterisation of splitting momenta, i.e. the momenta of the partons involved in
a splitting following the splitting. This is the parameterisation used in the angular-
ordered shower in HERWIGT and is intended to enable comparisons between the

angular-ordered and dipole parton showers.

In the quasi-collinear Sudakov parameterisation of the splitting momenta, de-
scribed briefly in Section 1.1.3, we choose a light-like vector n to define the collinear
direction of the splitting. In a splitting from a final-state parton with momentum
Dij, the momentum of the emitted parton is

mi — (1 — 2)’m;; + pt

g = (1 — 2)pi; + — kr, (2.1.1)

where kr is the space-like transverse momentum vector which satisfies k3 = —p4
and kr - p;; = kr-n = 0. In the case of a splitting from a massless parton with
momentum ¢, incoming from a hadron, the momentum of the emitted parton is

P

—n—k 2.1.2
2¢q, - (1 — z)n B ( )

g =(1—2)qa +

where kt satisfies kt - g, = kt - n = 0. Given that the dipole splitting kernels are
expressed in terms of the dipole splitting variables, we require mappings between

the variables pr and z and the dipole splitting variables for each type of dipole.

In order to fully define the vector kt we also require its azimuthal angle, ¢,

specified in a frame appropriate to the dipole under consideration. We use the
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centre-of-momentum frame of a final-final dipole and the Breit frame in the case of
a final-initial or initial-final dipole. In both cases we choose that the emitter lies
along the positive z-axis. In this frame the transverse momentum vector is written,
kr = (0,prcos ¢, prsing,0). As the dipole splitting kernels are spin-averaged, ¢
is generated according to a uniform distribution. In Chapter 4 we include spin
correlations between splittings in the dipole shower, in which case the azimuthal

angle for each splitting is generated according to helicity-dependent splitting kernels.

In the following subsections, for each type of dipole, we first state the definitions
of the dipole splitting variables in terms of physical momenta and we give the four-
momentum quantity that is conserved in splittings from the given dipole. In the
original specification of the kernels in Refs. [60,64], the momenta of the emitter and
spectator partons that make up the dipole, dipole momenta, are expressed in terms
of the momenta of the partons following the splitting. We give expressions for the
splitting momenta, written in terms of the dipole splitting variables, which satisfy
these expressions for the dipole momenta. Following this we provide expressions for
the dipole splitting variables in terms of pr and z as required for the evaluation of

the dipole splitting kernels.

We must also consider the available phase space for an emission from the dipole.
To enable efficient sampling of the variables pr and z we rewrite the limits on the
dipole splitting variables given in Refs. [60,64] as limits on pr and z. Finally we
consider the differential branching probability and express the phase-space integral

in terms of pr and z.

We have stated that in Section 2.1.3 we present a new formulation for the splitting
kinematics for emissions from final-final dipoles. The splitting momenta for a given
dipole are fully defined by the momentum conservation requirement for that dipole,
the required form for the dipole momenta, the azimuthal angle of the transverse
momentum component and the dipole splitting variables. To show this we consider
a splitting from a dipole following which three momenta need to be determined,

the momenta of the emitter, the spectator and the emitted parton. Given that we
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know the mass of each of these partons this system contains nine degrees-of-freedom.
These are the energy, polar angle and azimuthal angle of each parton.

The momentum conservation requirement, written as an equation in terms of the
dipole momenta and the splitting momenta, removes four degrees-of-freedom. We
consider the splitting in an appropriate frame, chosen according to the type of dipole
as described earlier in this section, in which the emitter lies along the positive z-axis.
It is implicit that the spectator must lie along the negative z-axis. The requirement
on the dipole momenta specifies that, in the given frame, either the spectator or
emitter parton absorbs only longitudinal recoil momentum in the splitting. As such
the azimuthal and polar angles of this parton following the splitting are both zero.

There are three remaining degrees-of-freedom. One is the azimuthal angle of
the transverse momentum component of the emitted parton in the chosen frame
and the remaining two are specified by the dipole splitting variables. Independently
of the formulation used, a given configuration of the splitting momenta therefore

corresponds to a particular value of the dipole splitting kernel.

2.1.1 Final-Initial Dipoles

The final-initial dipole is the simplest of the massive dipoles as it necessarily involves
a massless spectator. Additional details of the derivation of the results in this section

are given in App. A.1.

Splitting Kinematics

We consider a splitting from a massive final-initial dipole. The momenta of the
emitter and spectator prior to the splitting are p;; and py respectively, while the
momenta of these partons following the splitting are ¢; and ¢, respectively. The
momentum of the emitted parton is ¢;. The masses of the emitter prior to the
splitting, the emitter following the splitting and the emitted parton are m;;, m; and
m;, respectively.

The final-initial dipole splitting kernels are written in terms of the dipole splitting
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variables z; and x;;;, where

q; - Qb

Zi= (2.1.3)
(g +q5) - a
G- @+ @ — G- g+ 5 (m—m?—m?)
Iiij = . (214)
(@i +a4;) @

We define the conserved momentum transfer

Q= Dij — Do = ¢ + ¢ — B, (2.1.5)
and the invariant
Sijb = 2ﬁU . ﬁb- (216)
We require that the dipole momenta can be written as

Db = Tijp b, (2.1.7)
Pij =+ ¢; — (1 — Tijp)Go- (2.1.8)

We could use a straightforward quasi-collinear Sudakov parameterisation of the split-
ting momenta, simply defining the light-like vector n in Eq.(2.1.1) as the momentum
of the spectator parton. Instead, to be consistent with the formulations presented
for the other dipoles, we choose to present a formulation written in terms of the

dipole splitting variables. The momenta of the partons following the splitting are

T
@ = Db, (2.1.9)
Lijb

1— T 1 -
g = zifi; + [(1 ) ( . M) - - (m} —m?2+ (1 QZZ-)m?j)] Py + ke, (2.1.10)
ij,b ij,b

1—33"17 1
= (1 — 2)py ; cl —m? +m? — (1 —2z)m2) | pp — kr.
g = ( z)p]—k[Z( Tijb >+Sij7b( m; +mj — ( Z)ng) Py = R

(2.1.11)

The dipole splitting variable z; is identical to the variable z. The dipole splitting
variable z;;, is written in terms of z and pr as

pa+ (1 —2)m? + zm? —2(1 = 2z)m?, -1

J . 2.1.12
sijpz(1 — 2) ( )

Tijp = |1+
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Emission Phase-Space Limits

The upper limit on z;;; is

Sijb
3 .
Sij,b — mij + (ml + mj)2

LTijb+ = (2113)

The momentum of the incoming proton is P and the proton momentum fraction

carried by the spectator prior to the splitting is x;. We can write

1 1
@ =—"b=—(2,P) <P, (2.1.14)
Lijb Lijb

such that we find the lower limit on z;;; to be

Tijb— = Ts. (2115)

Starting from the inequality x;;, > x, we derive an upper limit on the transverse

momentum

s m2 m?
2 1J,b i J
pr = Tk <1, , ) , (2.1.16)
B 4 Sijb Sijb

where ) is the standard Kallen function, \(a, b, ¢) = a® + b* + ¢* — 2ab — 2ac — 2bc,

and for convenience we have defined the modified invariant
1— 2,
Siiy = Sijb (x) +m3,. (2.1.17)

The limits on z, or equivalently z;, are derived from the same inequality and can be

written as

Branching Probability

The spin-averaged dipole splitting kernel that describes a splitting from a massive
final-initial dipole is (V% (2, 24;)) where i is the emitter following the splitting, j is

the emitted parton and b is the initial-state spectator. The branching probability
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for such a splitting is

1 1 fb(xs/%j b) b
P = 7 i \~iy Lij d B 2.1.1
F (@ + ;) —mzijp  folzs) (Vij (2, ijp) ) dg; ( 9)

where f,(z) is the PDF of the incoming spectator evaluated at momentum fraction
x, and the single-particle emission phase-space element, dg;, is expressed in terms

of the dipole splitting variables as

1 do
dgj = 1522 - wdzdzijeg . (21.20)

As we consider spin-averaged splitting kernels, the azimuthal angle is averaged over
and we do not include it explicitly in the remainder of this discussion.

Expanding the terms in Eq. (2.1.19) we can write the branching probability as

1

dp = 1 fb(l"s/ivz'j,b)
Tijp(1 — z45)

16w fi(x)

(V5 (21, ijp) dz;d;jp, (2.1.21)

where we can express the phase-space integral in terms of pr and z using the

replacement
dZZ'dIZ'j’b p’2T dpgr
Tijb Tijb DT z)mi +zmj — z z)mi; | pr

2.1.2 Initial-Final Dipoles

The description of a splitting from a massive initial-final dipole is complicated by the
presence of a massive spectator. A detailed derivation of the results in this section

is provided in App. A.2.

Splitting Kinematics

We consider a splitting from a massive initial-final dipole. The momenta of the
emitter and spectator prior to the splitting are p,; and p; respectively, while the
momenta of these partons following the splitting are g, and g respectively. The
momentum of the emitted parton is ¢; and the mass of the spectator is my,.

The initial-final dipole splitting kernels are written in terms of the dipole splitting
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variables u; and x;; ., where

Ga " 4

Uj = ——>—, 2.1.23
TGt ) ( )
P (L Bk (S (k1AL 3 (2.1.24)
(¢ + ax) - 4a

We define the conserved momentum transfer

Q =Dk — Paj = ¢ + @ — Ga, (2.1.25)
and invariant
Sajk = 2ﬁaj ) ﬁk (2126)
We require that the dipole momenta can be written as

ﬁaj = Tjk,aa, (2127)
ﬁk = 4qj +qk — (1 - xjk,a)Qw (2128)

This specification requires that the momentum of the spectator following the splitting
must include a contribution from the transverse momentum vector. This is in contrast
to the case of splittings from final-initial and final-final dipoles in which the spectator
is used only to absorb longitudinal recoil through a simple rescaling of its momentum.

The momenta of the partons following the splitting are

I
Ga = —Pajs (2.1.29)
Tjk,a
/1 — Tika mz 5 -
g =||—=)(1—uj)—2u Paj + ujpr — kr, (2.1.30)
Tjk.a Sajk
(1 — Tk, mi | . .
qr — — | Uy + 2Uj7 Paj + (1 — U])pk + ]{?T. (2131)
Ljk,a aj,k

The dipole splitting variables u; and z i, are expressed in terms of z and pr as

r
UJ = l’jk’a <1—z> s (2132)

2 1_
1o | 1—ap (1= T d(1-2)
Sajk ) (1 —2z471)2

1

Tjka= —F—~ (1 —2+7)
2r (1 — Tk )
Saj,k

, (2.1.33)
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where for convenience we have defined r = p3./s,; -

Emission Phase-Space Limits

The limits on u; are

uj— =0, (2.1.34)
l—2ipq
’U/j7+ = xjk’ — , (2135)
(1 22)
and the upper limit on xj , is
Tjka+ = L. (2.1.36)

Following an analogous argument to that used to derive z;;;, _ in Eq. (2.1.15) we

find the lower limit on xj;, to be
Tjka— = Le, (2.1.37)

where z, is the proton momentum fraction carried by the emitter prior to the
splitting.
From the inequality x;;, > x. we derive an upper limit on the transverse mo-

mentum

S/ ‘k;2 1
2 a]?
= 2.1.38
pT7maX 4 [m% + S;j7k‘| I ( )

where for convenience we have defined the rescaled invariant

1_ e
Sl = Sajh ( - x ) . (2.1.39)

The limits on z, derived from the same inequality, are
2

Pr

2
pT,maX

1

=g (I4+z)£(1—x.),|1—

(2.1.40)

—_ 1

Branching Probability

The spin-averaged dipole splitting kernel that describes a splitting from a massive

initial-final dipole is (V¥ (u;, ;1)) where a is the initial-state emitter following the
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splitting, j is the emitted parton and k is the final-state spectator. The branching

probability for such a splitting is

1 1 fa(xe/xjk,a)

dp — !
290 @ Tjka  faj(xe)

(Vi (uj, 2jp.q))dg;, (2.1.41)

where f,;() and f,(x) are the PDFs of the incoming emitter before and after
the splitting respectively, evaluated at momentum fraction x. The single-particle
emission phase-space element is expressed in terms of the dipole splitting variables

as
do

> (2.1.42)

1
de 167 22(]a pkdujdxjka

Again the azimuthal angle is averaged over.

Expanding the terms in Eq. (2.1.41) we can write the branching probability as

L fol@e/Tika) oy p w L L g g (2.1.43)

167'('2 fa] (.’L‘e) Uj Tjk,a

where we can express the phase-space integral in terms of pr and z using the

replacement
11 m2 \]" dp?
— du]'dflfjk,a — | Uj + Tjka — QUjl'jkﬂ (1 — k >] %dz (2.1.44)
Uj Tjk,a Saj,k Pt

2.1.3 Final-Final Dipoles

As for the initial-final dipole, the case of the final-final dipole is complicated by the
presence of a massive spectator parton, while the masses of the other partons in the
splitting further complicate the expressions involved. We first provide expressions
for the splitting momenta written in terms of the dipole splitting variables. The
derivation of these results is described in App. A.3.1. Due to the complexity of the
expressions involved, this formulation of the splitting kinematics is not convenient
for implementation in the dipole shower.

We instead construct the splitting kinematics using a modified quasi-collinear
Sudakov parameterisation written in terms of pr and z and find mappings to the

dipole splitting variables starting from these variables. The derivation of these results
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is described in detail in App. A.3.2.
Another formulation of the splitting momenta for final-final dipoles is described
in Ref. [109]. This formulation is similar to that presented here, however it differs

in the definition of the splitting momenta and the variables used.

Splitting Kinematics

We consider a splitting from a massive final-final dipole. The momenta of the emitter
and spectator prior to the splitting are p;; and py, respectively, while the momenta of
these partons following the splitting are ¢; and ¢y, respectively. The momentum of
the emitted parton is ¢;. The masses of the emitter prior to the splitting, the emitter
following the splitting and the emitted parton are m;;, m; and m;, respectively, and
the mass of the spectator is my,.

The final-final dipole splitting kernels are written in terms of the dipole splitting

variables z; and y;; ;, where

qi - qk
PR UL E— 2.1.45
(4 +q;) - @ ( )
qi " q;
Yij e = ! (2.1.46)

G G+ et a
The total momentum of the dipole
Q = Pij + Pk = ¢ + ¢ + G, (2.1.47)
is conserved in the splitting and its self-product is s = Q2.
We require that the dipole momenta can be written as

Pij = Q — D, (2.1.48)

2

A(s,m2;,m2) ) s+ m2 —m2
By = DT (- D0g) 4 PTG (21a9)
VAG, (g + ¢;)2.m3) 2s

This requirement is satisfied by

¢ = AiQ + By + kr, (2.1.50)
q; = A;Q + By — kr, (2.1.51)

qx = AxQ + By, (2.1.52)
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where
17 5 s
A; = S m; + 2 (yij,k + zi(1 - ytﬂc))} ) (2.1.53)
17 5 s
17 5, s
Ap=— [+ S0 ymﬂ)] , (2.1.55)
B—l(AA 50 )) (2.1.56)
i Bk 41k 2Zz Yij k ) oL
1 s
B = — ( AjAr — (1 —z)(1 — Zh’j,k)) 3 (2.1.57)
By, 2
1/, s S
By = — g (mk =+ 5(1 - yz’j,k)) R (2158)
where the invariant s is
§=s—mi;—m;—m, (2.1.59)
and the four-vector v is
4s - Q - P )
R _ ) 2.1.60
=\ S ) (0 2100

While it is straightforward to write an expression pr = pr(2;, yijx), it is considerably

more complicated to construct expressions for the dipole splitting variables in terms

of pr and z starting from the above expressions.

We consider an alternative formulation in which we take advantage of the imple-

mentation of the dipole shower to write the splitting momenta in terms of pr and z

using a modified quasi-collinear Sudakov parameterisation. We introduce light-like

vectors, n;; and ny, to define a collinear direction. These vectors are required to

satisfy

2 _ .2 _ _
ng; =mny = kr-ng = kr-n =0,

2n45 - N = Sijik,

and relate to the momenta of the emitter and spectator as

2 2
_ Sijk - Mij
nzy ) P P ij - Pk |
Sij e — MMy Sijk

(2.1.61)

(2.1.62)

(2.1.63)
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2 2

S, m

J— Zj7k =~ k =~

g = 5——"5—% (pk - pij> , (2.1.64)
Sij e T MMy ij,k

where the invariant quantity s;; is derived by solving nfj =0, or ni = 0, giving

1
Sijk = 5 (S - m?j —mi + \/A(sm—?]m%) ) : (2.1.65)

We introduce two scaling parameters, z;; and x, and construct the scaled mo-
menta

m2.

ij = TN + Yng, 2.1.66
Qij jTvij TiiSiin k ( )
mj,
LkSijk

We use ¢;; and ny, as inputs to the usual quasi-collinear Sudakov parameterisation

of the splitting momenta

2 2 2,,2

g = 2q;; + ng + kr, (2.1.68)

pr+m; — (1 —2)*m3;

Lng — k. 2.1.

g =(1-2)q; +

The scaling parameters are written in terms of pr and z as

m2 (1 — xy)

Tii =1 — R 2.1.70
j P ( )
T — —— )\z])\k =+ k9 + )\1])\19 + k29 — 4)‘Zj)‘k k s

2k Sijk  Sijk Sijk  Sijk Sijk
(2.1.71)
where
m2. m2
Aij =1+ —2, e =14 —&, (2.1.72)
SA . S .
ij,k ij,k

2
17

and for convenience we have introduced the virtuality, of the pair formed by

the emitter and the emitted parton following the splitting

- M [p% + (1 — z)m? + zmﬂ : (2.1.74)
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Finally, the dipole splitting variable y;; ; is written in terms of pr and z as

- - 2 - 2. 2 2,2

while we express z; as

2q; - qi;
2= ——. 2.1.76
(1 = Yijn)$ ( )

The denominator in this expression is written in terms of pr and z as

S 1 5 2 2 2 2 2
(1 —yijr)5= =2 [sz(l —z) = (1 = 2)"m; — z°m; —pT] , (2.1.77)

and we can write the numerator as
mi 2 2
2q; - Qx = 2T ThSijp + ————— (pT + mi) , (2.1.78)
ZXijTESij k

where

1
LijTrSijk = &

5 (1= 0)5 /(1= i) — 4mQ% |, (2.1.79)

which can be expanded using the result in Eq. (2.1.77) to express z; in terms of pr

and z.

Emission Phase-Space Limits

The limits on the dipole splitting variables z; and y;; are

2m;m;
Yigh~ = (2.1.80)

2 _
Yijht = 1 — mk(‘/g ) (2.1.81)

2m22 —|— gyij,k
2 [m? +m? + 5y

Zi,:l:(yij,k) == (1 + Uij,iU,-M), (2182)

where the relative velocities v;;, and v;;; are expressed as functions of y;; x,

\/[QW% +5(1 — yiz0)]” — dmis
$(1 = yijk)

\/52%2]',1@ — dmim?

Eyijyk + 2m22

Vijk = , (2.1.83)

Viji =

(2.1.84)
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We can rewrite the inequality v;; 1 < ¥ijx+ to find limits on pr and z,

oy = A (mZ,m3 —my)? 2.1.
PT max 4(\/5 — mk)Q (m'L ) m]7 (\/g mk) > ) ( 85)
Zi:; mz—mz—i-(\/g—mk)Q
2(vs—m)* | "
2
i\/)\ (mg,mg, (Vs - mk)z) 1— pr ] . (2.1.86)
T,max

Branching Probability

The spin-averaged dipole splitting kernel that describes a splitting from a massive
final-final dipole is (Vj;x (%, vij)) where ¢ is the final-state emitter following the
splitting, j is the emitted parton and k is the final-state spectator. The branching

probability for such a splitting is

1
WP = (T ayr —mz Vi (F b)) gy (2.1.87)
i i i

where the single-particle emission phase-space element is expressed in terms of the
dipole splitting variables as

1 52

~ 162 A (s,m%-,mi)

d
dg; (1 —yijx) dyij,kdzi;ﬂb_- (2.1.88)

Again the azimuthal angle is averaged over.

Expanding the terms in Eq. (2.1.87) we can write the branching probability as

1 1
dpP = @<‘/;J,k (Zi7 yl],k)> m24+m2—m?2,
(1 + yjkj>
3 dyij k
X (1= yijp) ——=dzi, (2.1.89)
/\ (S, m?j? m%) yi%k

where we can express the phase-space integral in terms of pr and z using the

replacement
d i 2 1 m2 12 dp?
7y3’kdzi—> [ 5 pg 5 5 21 1—2- kQJ ];sz.
Yij.k pr + (1= 2)?m? + 22m; 5(1 = Yijr) ijTrSije| DT

(2.1.90)
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2.2 Results

The kinematics formulation presented in this chapter was first included in HER-
WIG 7.1, replacing the old implementation in HERWIG 7.0. In order to investigate
the effects of the reformulation of the splitting kinematics and the inclusion of the
missing mass terms in the single-particle emission phase-space elements, we imple-
mented the previous and new formulations of the kinematics in HERWIG 7.1. In this
way we isolate the changes to the splitting kinematics from any other developments

between HERWIG 7.0 and HERWIG 7.1.

In addition to the changes described in Section 2.1 between the previous and
new formulations of the splitting kinematics, the z-boundaries on the emission phase
space have also changed. The limits on z used in the new formulation are given in
Eq. (2.1.18), Eq. (2.1.40) and Eq. (2.1.86) for emissions from massive final-initial,
initial-final and final-final dipoles, respectively. In the previous implementation the
term p3./pt .y i each of these equations was replaced by pt/min (pQTvmaX, pgl‘,hard)
where prpara is the transverse momentum of the parton emitted in the previous
splitting.? The analogous difference was also present in the splitting kinematics for

emissions from massless dipoles, including initial-initial dipoles.

It is clear that the ‘closed’” emission phase space in the previous implementation
of the kinematics is more restricted than the emission phase space in the new
kinematics. In order to isolate any effects due to the changes in the emission phase-
space boundaries from the other changes in the splitting kinematics we present three
predictions for each distribution in the following subsections. We show predictions
obtained using the previous implementation of the splitting kinematics, the new
formulation of the splitting kinematics with the more restrictive closed emission
phase space and the new formulation of the splitting kinematics as it is presented
in this chapter. Note that in this final prediction, the less restrictive phase space is

used in the splitting kinematics for emissions from all dipole types.

2In the first shower splitting, pr hara is set to the hard veto scale, Q, , defined in Section 1.2.2.
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We present predictions for observables that are sensitive to the treatment of
massive quarks in the parton shower. In Section 2.2.1 we present a result for bottom
quark fragmentation measured in electron-positron collisions and in Section 2.2.2 we
present results for observables measured in pp — tt collisions. All predictions shown

are made using the tune for the old implementation of the kinematics.

2.2.1 Bottom Quark Fragmentation

Fig. 2.1 shows the distribution of the weakly-decaying scaled B-hadron energy meas-
ured by SLD [110] in electron-positron collisions at the Z° mass. The scaled B-hadron

energy is defined as
2Fp
€T = —
B \/g )

where Ep is the energy of a B-hadron and /s is the centre-of-collision energy. The

(2.2.1)

uncertainty on the experimental measurement is shown by the error bars. The
predictions obtained using LO simulations with the dipole shower are also included.
Error bars which show the statistical uncertainty on these predictions are included

but are too small to be visible.

The description of the energy distribution of B-hadrons is necessarily dependent
on the parton shower description of the bottom quarks, which, through hadronization,
form B-hadrons. This distribution is therefore sensitive to the treatment of massive
quarks in the parton shower. The improvement in the description of the data using
the new splitting kinematics compared to the previous implementation is evident.
In particular, using the previous implementation of the splitting kinematics, the
dipole shower predicted an increase in the distribution with decreasing xp in the
low-z 5 bins, whereas the data, and the predictions obtained using the new splitting
kinematics, display the opposite behaviour.

To understand the differences between the predictions in the low-zp bins, we
consider a splitting from a final-final dipole with a massless spectator. For such

a splitting, the branching probability in the new splitting kinematics includes a
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Figure 2.1: The scaled B-hadron energy distribution measured by SLD in
electron-positron collisions at 91.2 GeV and predicted using the dipole shower.
Predictions obtained using the previous implementation (Old Kinematics) of
the splitting kinematics, the new implementation of the splitting kinematics
with the ‘closed’ emission phase space (New Kinematics (Closed)) described
in the text and the new implementation of the splitting kinematics (New
Kinematics) are shown.

multiplicative factor

J= ! Pi (2.2.2)
" (1 i [ G 2| &
SYij,k
1
= — — —, (2.2.3)
1+ (1—2)7 424 —2(1 —2)=
Pt Pt T
relative to the branching probability in the previous implementation.
In a g — bb splitting the factor J simplifies to
1
J = —s (2.2.4)
1+ ey
where m is the mass of the bottom quark, while in a b — bg splitting it is
1
J = 5 (2.2.5)
1+ (1—2)2%

P
In both splittings J is less than one, correspondingly the branching probability in
the new splitting kinematics is smaller than in the previous implementation. In

b — bg splittings, J decreases as as z decreases . It follows that, in the new splitting



2.2. Results 73

kinematics, the branching probability decreases, relative to the branching probability
in the previous implementation, as z decreases. Accordingly, b — bg splittings in
which the energy of the outgoing bottom quark is small are suppressed and we
observe a decrease in the B-hadron energy distribution in the low-z g bins.

The differences in the predictions due to the change in the phase space boundaries
are small across much of the distribution, with the largest differences in the low-xg
bins. The prediction of this observable is sensitive to the tune used. We would
therefore expect to see further improvements in each of the predictions made using
the new formulation of the splitting kinematics if a custom-made tune was used for

each of the predictions.

2.2.2 Top Pair Production

The reader should note that top quark decays could not be handled by the dipole
shower in HERWIG 7.0. The developments to include top quark decays in the dipole
shower, described in Section 2.3, were included in HERWIG 7.1. In the results
presented in this section, top quark decays are treated exactly as described in
Section 2.3 for all of the predictions. In particular the splitting kinematics and
emission phase-space boundaries used in the description of radiation from dipoles
that include a decayed top quark are the same in all of the predictions.

Fig. 2.2 shows the distributions of the transverse momentum, pr(ty), and absolute
rapidity, |y (tn)], of the reconstructed hadronically decaying top quark in semileptonic
pp — tt events at a centre-of-collision energy of 7 TeV, measured by ATLAS [111].
Semileptonic events are those in which one final-state lepton, an electron or muon,
passes the analysis cuts. The uncertainty on these experimental measurements is
shown by the error bars on the results. The predictions obtained using L.O simulations
with the dipole shower are also included. These results are produced using the same
input settings, and normalisation to the NNLO cross section, as described later in
Section 3.3 and the error bars show the statistical uncertainty on the predictions.

The results shown in both distributions are the combined results from the electron
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Figure 2.2: The (left) transverse momentum and the (right) absolute rapidity
distributions of the reconstructed hadronically decayed top quark measured
by ATLAS in 7 TeV semileptonic pp — tt events and predicted using the
dipole shower. Predictions obtained using the previous implementation (Old
Kinematics) of the splitting kinematics, the new implementation of the splitting
kinematics with the ‘closed’ emission phase space (New Kinematics (Closed))
described in the text and the new implementation of the splitting kinematics
(New Kinematics) are shown.

and muon top decay channels.

We have chosen these observables because the momentum of the top quark and
antiquark in the MC predictions is determined by the hard process and its subsequent
showering. It follows that, up to effects in the reconstruction of the top quarks in
the analysis, the predicted distributions do not depend on the treatment of the top
quark decays. In both distributions, the prediction obtained using the previous
implementation of the splitting kinematics does not describe the data well in all of
the bins whereas both predictions obtained using the new splitting kinematics agree

well with the data across the distributions.

2.3 Top Quark Decays in the Dipole Shower

In this section we consider the treatment of top quark decays in the dipole shower.
We follow the example of a top quark decay to a bottom quark and a W-boson,
however all of the following results are applicable to the decay of any unstable

coloured particle.
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In HERWIGT particle decays in the parton showers are treated in the narrow-
width approximation (NWA) [3], in which the production and decay of the top quark
are treated as independent processes which are described by separate MEs. The
‘decay process’ is the system of particles consisting of the incoming top quark, its
outgoing decay products and any radiation from these particles.

Immediately following a top quark decay the top quark and bottom quark form
a dipole which can radiate. Similarly, following a splitting from this dipole, the top
quark can form dipoles with other partons outgoing from the decay process. The
splitting kinematics required to describe splittings from such ‘decay dipoles’; dipoles
that contain a particle incoming to a decay, are discussed in Section 2.3.1 and in
Section 2.3.2 we construct the required splitting kernels.

In Section 2.3.3 we outline some of the relevant details and considerations re-
quired to implement splittings from decay dipoles in the dipole shower. Finally in
Section 2.3.4 we present several results that probe the treatment of splittings from

decay dipoles.

2.3.1 Splitting Kinematics

In the dipole shower we choose not to include radiation from the top quark in a decay
dipole, 7.e. we do not include splittings from decay dipoles in which the emitter is
incoming to the decay. The reason for this choice is discussed in Section 2.3.2. In
this section we therefore only consider the case of final-initial decay dipoles, in which
the emitter is outgoing from the decay process and the spectator is incoming to the
decay process.

Fig. 2.3 shows a diagram of a splitting from a final-initial decay dipole. As we
treat the decay in the NWA the momentum of the top quark must remain unchanged
following its decay. We therefore do not use the top quark spectator to absorb the
recoil momentum in splittings from decay dipoles. Instead the recoil momentum is
absorbed through an appropriate Lorentz transformation of a set of particles, the

recoil system, that consists of all of the particles outgoing from the decay process
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Figure 2.3: Schematic diagram of a splitting from a final-initial decay dipole
that consists of the emitter ij and decayed spectator b. The recoil system
prior to the splitting, k, is Lorentz transformed to absorb the splitting recoil
momentum giving the recoil system k. The emitter following the splitting and
the parton emitted in the splitting are ¢ and j respectively.

prior to the splitting, except for the emitter.

We consider a splitting from a final-initial decay dipole. The momentum of
the emitter prior to the splitting is p;;, while the momenta of the emitter and the
emitted parton following the splitting are ¢; and g;, respectively. The momentum of
the recoil system prior to and following the splitting is pr and ¢, respectively, and
the momentum of the top quark spectator is gj.

Our choice for the recoil system implicitly defines the momentum quantity

that is conserved in the splitting to be the momentum of the spectator
Q=@ ="0ij+DPx=0q¢+q + G- (2.3.1)

Comparing this with Eq. (2.1.47) we find that the kinematics required to describe
the splitting are identical to the splitting kinematics described in Section 2.1.3 for a
splitting from a massive final-final dipole. The momentum of the recoil system can
simply be written as py = ¢, — D;;, where g, and p;; are known.

If we were to include splittings from initial-final decay dipoles, in which the
emitter is the top quark, the same formulation for the splitting kinematics could be
used. To do this we would simply identify the momentum of the spectator outgoing

from the decay process as p;; and ¢; before and after the splitting, respectively.
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2.3.2 Splitting Kernels

The splitting kernels used in the dipole shower are the spin-averaged splitting kernels
given in Ref. [60,64] for the computation of NLO QCD cross sections using the
subtraction method. The dipole splitting kernels for radiation from final-initial
decay dipoles including only massless final-state particles are given in Refs. [112,113].
In Ref. [114] the dipole splitting kernel for photon radiation from a massive outgoing
quark in a final-initial decay dipole is presented. The extension to QCD radiation
is used to produce the numerical results presented in that paper, however they do
not give the explicit form of the splitting kernels used. In all of these works, the
authors also decide to include emissions from FI-decay dipoles only. In this section
we present the dipole splitting kernels used to describe emissions from decay dipoles
in HERWIGY.

As discussed in Section 1.1.3 the convolution of the squared LO ME and the
appropriate splitting function must reproduce the structure of divergences in the
squared real-emission ME in the limiting cases of a soft or quasi-collinear real
emission. The structure of the soft divergences in the dipole splitting kernels follows
from the eikonal current of the soft gluon, while in the quasi-collinear limit we
require that each dipole splitting kernel reproduces the relevant Altarelli-Parisi
splitting function.

We first consider a splitting from an initial-final decay dipole, in which the top
quark incoming to the decay process is the emitter. As discussed in Section 1.1.3
a true collinear divergence arises when two massless partons become collinear. We
consider the quasi-collinear limit in the case that one or both of the partons is
massive as the contribution can become large in the small-mass limit. In the case of
a top quark emitter we do not need to consider the small-mass limit and the problem
of writing the dipole splitting kernel reduces to reproducing the correct divergent
behaviour for a soft radiated gluon.

The singular behaviour of the squared real-emission ME in the soft gluon emission

limit is written as a sum over dipoles in Eq. (1.1.17). It follows from this equation
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that we can write the spin-averaged dipole splitting kernel, (Vszgj ), for the emission

of a gluon from the top quark as

2q; - @ m%

(Vbegj> = 8masCr — ,
g (@G +@w) -0 @ g

(2.3.2)

where g, is the momentum of the top quark, m, is the mass of the top quark, ¢;
is the momentum of the spectator, outgoing from the decay process, following the

splitting and ¢; is the momentum of the emitted gluon.

Given the large mass of the top quark, the second term in Eq. (2.3.2) is large and
negative which leads to a negative-valued splitting kernel for a large fraction of trial
emissions. We therefore do not include emissions from initial-final decay dipoles in
the dipole shower. We instead include the dipole splitting kernel in Eq. (2.3.2) in
the dipole splitting kernels used to describe splittings from final-initial decay dipoles
which are usually positive. This is possible as it is the sum of the splitting functions
for an emission from a given Born process that must reproduce the structure of

divergences in the corresponding squared real-emission ME.

We consider a splitting from a final-initial decay dipole in which the emitter is
a massive quark. This splitting produces the same final state as the splitting from
the initial-final decay dipole considered above, therefore there must be interference
between these splitting processes. As such we include the expression in Eq. (2.3.2)

in the dipole splitting kernel, (VDZ’Z o w), for the splitting

24; - 2
<VDZigjk’> = 87raSCF { qub + (1 — Zz) — UL ]

(6 + @) - g q; * q;
i dj 2q; - m;
LG [ G- mp H (2.3.3)
¢ | (G+a) ¢4 B»-g

where the momenta {¢,} are defined in Section 2.3.1, m; is the mass of the emitter
parton and z; is the dipole splitting variable defined in Eq. (2.1.45). We can rewrite

this in terms of the dipole splitting variables z; and y;; 5, defined in Eq. (2.1.46), as
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2 (2m2 + 20i 45 + 5 2m?
<VDZb‘g'k> = 87TO,/30F { [ ( m; j_ y],ks + S) — — Uj’k <(1 + ZZ) -+ mz_)]
i9j (14 vijr)s — 2i(1 — vijr)s  Vijk Yij kS
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where the relative velocity between p;; and py, is

2. 2
- )‘(S7mijamk)
Vijk =

! s —m3; —

(2.3.5)

m2
This dipole splitting kernel produces the correct divergence structure in the soft limit
through its construction in Eq. (2.3.3) and in the quasi-collinear limit the first line

of Eq. (2.3.4) reproduces the Altarelli-Parisi splitting function for a ¢ — ¢g splitting

as required.

Next we consider a splitting from a final-initial decay dipole in which the emitter
is a gluon. A gluon can undergo either a ¢ — gg or g — qq splitting. The final
state following a splitting from the top quark is the same as that following a g — gg
splitting, therefore these two splitting processes interfere. The final state following
a g — qq splitting is different to that following a splitting from the top quark or
a g — gg splitting, as such there is no interference between the g — ¢q splitting
process and the other splitting processes. We must therefore include all of Eq. (2.3.2)

in the dipole splitting kernel for a ¢ — gg splitting.

The spin-averaged dipole splitting kernel, <VDZZ; 9, ), for a g — gg splitting is

1 qi - Qb qj * @
VDtb, 2.) = = X 167TOésCA{ + ]
Vogig,h) 2 (G+w) -4 (G+a) @

1
+ [Zl(l - Zl) — Zi7+Zi7]}
Vij ke
i 2q; - 2
+8mSCF{q 4 [ G- M ]
G (G+d) 4G a-g
i 2q.; - 2
+ 2 l Grd T H . (2.3.6)
@G (G+a) a6 @

where z; ; and z; _ are defined in Eq. (2.1.82). Either of the two gluons outgoing

from the splitting can become soft, therefore the splitting kernel includes an eikonal
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contribution for each gluon. As the outgoing gluons are indistinguishable we also
split the ¢ — tg contribution between the two outgoing gluons and we include a

symmetry factor of % in-front of the g — gg contribution.?

Eq. (2.3.6) is written in terms of z; and y;;; as

L+ 2yik n 1+ 2yij5
(I +yijn) — 2z —wize) (L +yge) — (1= 2)(1 — yijr)

1
<VDtb k) = 5 X 167TasCA{

9i9;5

+ [Zz(l - Zi) — Zp4+R— T 2]}
Vij k
Yij k 2(1 + 2?Jij,k)
+ 81agCr { [
=21 = yiin) | (14 yiin) — 2:(1 — yijn)

Vij k (1 —zi(1 —yisr))s

Yij k [ 2(1 + 2,5 1)
L—(1=2)(1—=yin) [ (L +yin) — (1= 2)(1 — yijn)

_M 2m§
Vij k (2 * (1—(1—-2)1- yijvk))g)‘| } : (2.3.7)

The soft divergences are correctly included, in the large Nc-limit, by the construction

+

of Eq. (2.3.6) and in the quasi-collinear limit the terms in the first set of curly-braces
reproduce the Altarelli-Parisi splitting function for a ¢ — gg splitting.

In a g — qq splitting we only consider the quasi-collinear limit and, as there is no
interference with the ¢t — tg splitting, we can simply use the dipole splitting kernel

for a g — qq splitting from a massive final-final dipole to describe this process,

(Vo ) =8masTr[1 — 2 (zi(1 — 2) — z12i)]. (2.3.8)

qiqik

2.3.3 Implementation

In HERWIGT the top quark decay is performed as a three-body decay to a bottom
quark, b, and two fermions, f and f’, with an intermediate W-boson. A three-body
decay is used to correctly include off-shell effects for the W-boson. Following the

decay we first shower the system consisting of the top quark, bottom quark and

3The symmetry factor in the final-state g — gg splitting kernels was replaced in HERWIG 7.1.3
with an option to use a more sophisticated treatment in which the splitting kernel is modified such
that it contains only one soft singularity [115].
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the W-boson, the tbW system, followed by the W-boson-fermion-antifermion, W f f/,
system. This pattern of evolving ‘down’ decay chains, i.e. away from the hard
process and towards the final-state particles, is followed for all decays in the dipole

shower.

In the shower the tbWW and W f f’ systems are considered to be colour-isolated
from each other and from the rest of the process. In this sense each decay system
is showered independently from the rest of the process. In each decay system the
dipoles and dipole chains are constructed and updated following each splitting using

the same procedure described in Section 1.2.3 for the showering of the hard process.

The veto scale, i.e. the maximum scale for a shower emission, in decay processes
is the mass of the decayed particle. In the dipole shower we have the option to use
the builtin POWHEG correction [116] to produce the first emission from the decay
system. If a corrected real emission is produced above the IR cutoff, the veto scale
is set to the transverse momentum of this emission and the system is showered. In
the rare case that no corrected real emission above the IR cutoff is produced, the

system is not showered.

The POWHEG decay corrections are implemented for all SM decays. Accordingly,
in the case of a W-boson decay to two quarks the first emission is performed using the
POWHEG correction to this decay. In the case of SM decays involving no coloured
particles, for example a leptonic W-boson decay, we generate QED radiation using

the SOPHTY implementation in HERWIG7 [85].

The tbW system is showered until no emission above the IR cutoff can be gen-
erated. As described for the hard process in Section 1.2.3, following the shower
evolution all of the particles outgoing from the decay are reshuffled in order to put

all outgoing partons on their constituent mass-shell as required for hadronization.

Splittings from decay dipoles and the reshuffling procedure can modify the mo-
mentum of the W-boson from the value set in the 3-body decay of the top quark.
Following the showering of the tbW/ system and the subsequent reshuffling, we must

therefore apply a Lorentz transformation to the decay products of the W-boson to
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ensure that momentum is conserved in the W-boson decay. This transformation is
applied prior to showering the W £’ system. In longer decay chains, following the
showering of each decay, we work down the decay chain updating the momenta of

decay products as appropriate.

2.3.4 Validation

We present results to validate the treatment of top quark decays in the dipole shower.
We consider observables which are sensitive to the first, hardest, emission from the
decay system and we compare results obtained with and without the real-emission
decay correction. This comparison directly evaluates how well (Vp;’ o) I Eq. (2.3.4)
reproduces the full real-emission correction. The reader should note that these tests
are not very sensitive to the treatment of splittings from decay dipoles with a gluon
emitter.

A Dalitz plot for the process t — bW ™ g is shown in Fig. 2.4. The plot shows the
ratio of the LO ME result to the dipole shower approximation. We find that <VD2’; 9 )
correctly reproduces the divergence structure of the LO ME result, as required. The
dipole shower approximation overestimates the LO ME result over most of the
phase space, apart from a small region near the lower phase-space boundary for
0.1 <z, < 0.4, where z, = 2E,;/my,, and E, is the energy of the gluon.

Our tests follow the procedure used in Refs. [117-119]. We generate eTe™ — ¢t
events at a collision energy of 360 GeV using a LO simulation. This collision energy
is chosen to be close to the threshold energy for the process, i.e. 2my,p, in order to
suppress radiation from the top quarks before their decay. We work at parton level
and include only dileptonic processes, i.e. we require that both top quarks decay
leptonically.

The results in this section are measured using an analysis written in the RIVET
[120] framework. All final-state quarks and gluons are clustered into three jets using
the ete™ k; algorithm [121] implemented in FASTJET [122] and we exclude events

which contain a jet with transverse energy less than 10 GeV. The transverse energy of
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Figure 2.4: A Dalitz plot for ¢ — bW g where the gluon is emitted by the
dipole shower. The plot shows the ratio of the LO ME result to the dipole-
shower approximation. The energy fractions of the gluon and W boson, with
energy E, and Ey respectively, are z, = 2E,/m,, and xw = 2Ew /Myop,
respectively.

an object is defined as Et = E'sin 6 where ¥ and 6 denote the energy and polar angle
of the object, respectively, measured in the lab frame. We also exclude events in
which the minimum jet separation is less than AR = 0.7 where AR? = An? + A¢?,
where An and A¢ are the pseudorapidity and azimuthal separation of the jets

respectively.

We consider two observables; the separation AR, of the closest pair of jets
in the event and the jet measure y3. The jet measure y3 is the value of the jet
resolution parameter used in the k; jet algorithm at which the three-jet event would

be identified as a two-jet event,

Yz = iminij (min (B2, E7) (1 = cos b)) , (2.3.9)

where s is the centre-of-mass energy squared of the collision, F; and E; are the
energy of the ith and jth jet respectively and 6;; is the angular separation of the ith
and jth jet.

The AR, and y3 distributions predicted using the dipole shower, with and

without the real-emission decay correction, are shown in Fig. 2.5. The error bars
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Figure 2.5: The distribution of the (left) minimum jet separation AR,
and (right) the jet measure y3 in 3-jet e"e™ — ¢t events predicted using the
dipole shower with (DS) and without (DS (No Corr)) the real-emission decay
correction. In addition we include the distribution predicted using the angular-
ordered parton shower (QS) including the full ME decay correction. The ratio
plot shows each result relative to the dipole shower result.

show the statistical uncertainty on the predictions. In general a harder first emission
will produce a greater separation of the two closest jets. Accordingly we find that
including the real-emission decay correction leads to an increase in the upper bins
of the AR, distribution. A larger separation of the two closest jets also means
that 2-jet events can be resolved into 3-jet events at larger y; and the distribution
predicted using the dipole shower with the real-emission correction displays a skew

towards larger y3 relative to the prediction without the real-emission correction.

The AR, distributions predicted with and without the real-emission decay
correction agree to within 10% at small AR,,;,. The dipole splitting kernel is not
expected to produce a good description of hard emissions and at large AR, the
predictions with and without the real-emission decay correction agree to within only
40%. We also find good agreement between the yz distributions predicted with
and without the real-emission decay correction for log(ys) < —2.2. The use of a
logarithmic scale on the horizontal axis emphasises the larger disagreement between

the predictions with and without the real-emission decay correction at large ys.

In summary the dipole shower predictions with and without the real-emission

correction display good agreement in the IR region as required, confirming the
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correct behaviour of the dipole splitting kernel (VDZ’Z o . in this region. The dipole
splitting kernel also produces a reasonable description of hard emissions, however

its limitations are apparent in the y3 distribution.

As a further comparison we have included the distributions predicted using the
angular-ordered shower, including the ME correction to the real emission from the
decay [119], in Fig. 2.5. The AR, distribution predicted using the dipole shower
including the real-emission decay correction and that predicted by the angular-
ordered shower display close agreement across the distribution. This verifies that the
real-emission corrections in the angular-ordered and dipole parton showers display
similar behaviour. The predictions of the y3 distribution obtained using the angular-
ordered and dipole parton showers display a moderate difference in the upper bins.
There are numerous differences between the two parton showers and we do not expect

agreement to be exact in all regions of phase space.

2.4 Summary

In the first part of this chapter we revised the splitting kinematics used to describe
splittings from massive dipoles in the HERWIG7 dipole shower. The splitting kin-
ematics for massive final-final and massive initial-final dipoles previously used a
definition of the transverse momentum of the emitted parton that differed from the
evolution variable in the dipole shower. This issue has been addressed through the
development of a new formulation of the splitting kinematics for final-final dipoles
and a revision of the splitting kinematics for initial-final dipoles. In addition, for
each massive dipole, we have corrected the expression for the emission phase-space
integral written in terms of the variables pr and z.

In order to investigate the effects of these changes to the splitting kinematics,
we considered observables that are sensitive to the treatment of massive quarks in
the parton shower. In particular we presented predictions for the B-hadron energy

distribution measured in eTe™ collisions and two top quark observables measured in
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pp — tt events. We found that the new implementation of the splitting kinematics
significantly improves these predictions.

In the second part of this chapter we described the implementation of coloured
particle decays in the dipole shower, following the example of top quark decays. We
found that, with our choice for the treatment of the recoil momentum in splittings,
we can simply use the splitting kinematics for massive final-final dipoles to describe
splittings from decay dipoles. The dipole splitting kernel for gluon radiation from
the top quark was found to be negative in a large fraction of splittings. We therefore
only include splittings from final-initial decay dipoles and incorporate the splitting
kernel for gluon radiation from the top quark into the dipole splitting kernels for
these splittings. Through comparison of predictions obtained using the dipole shower,
with and without a real-emission decay correction, and using the angular-ordered

shower, we have validated the treatment of top quark decays in the dipole shower.



Chapter 3

Matching and Shower
Uncertainties in Top Pair

Production

In this chapter we consider in detail the process of top-pair production in proton-
proton collisions, a process of interest for both the ATLAS and CMS experimental
collaborations at the LHC. We use HERWIGT to study the MC simulation of both the
full process, i.e. including top quark decays and hadronization, and the production-

level process, i.e. with stable top quarks and at parton level.

Using the MATCHBOX module, discussed in Section 1.2.4, we perform LO simu-
lations and NLO simulations, using both the MCQNLO-type and POWHEG-type
matching schemes. We produce results using both the angular-ordered and dipole
parton showers. Through comparing the predictions of various observables, we aim
to develop a better understanding of the similarities and differences between the

parton showers and the NLO-matching schemes.

We also investigate the uncertainties on the distributions predicted using MC
simulations that arise from several choices made in the parton showers and matching
schemes. In Section 3.1 we discuss the origins of these parton shower and matching

uncertainties. We first consider the systematic variation of several scale choices
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which are made in the parton showers and matching schemes. Following this we
consider in detail two choices that are made in MC@QNLO-type matching schemes,
the profile scale and the hard veto scale.

In Section 3.2 we study MC predictions and their uncertainties in the production-
level process. In Section 3.3 we consider the full process and we compare MC
predictions, and their uncertainties, to experimental measurements for several ob-

servables.

3.1 Parton Shower and Matching Uncertainties

3.1.1 Scale Variations

The systematic variation of scales is a standard approach to the evaluation of parton
shower and matching uncertainties in MC predictions. We follow the approach used

in Ref. [123], in which the variations of three scales are considered:

o the hard process scale, uy, i.e. the factorisation and renormalisation scale used

in the hard process;

o the hard veto scale, (), i.e. the upper limit on the transverse momentum of

parton shower emissions in the showering of the hard process;

o the shower scale, ug, 7.e. the argument of ag and the PDFs in the parton

shower.

The hard process scale is described in Section 1.2.1, while the hard veto scale and the
shower scale are discussed in Section 1.2.2. The motivation for performing variations
of the hard process scale is discussed in Section 1.1.2 and similar arguments apply
to the variation of the shower scale in the parton shower.

The hard veto scale enters the MC simulation through the profile scale, discussed
in Section 1.2.2. The parton shower correctly reproduces the leading-logarithmic

(LL) term in the description of parton branchings, discussed in more detail in the
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context of g — ¢q splittings in Chapter 6, and the impact of the profile scale is
subleading in logarithmic accuracy. In LO simulations the profile scale affects only
the parton shower, therefore it only affects terms beyond LO. In NLO-matched
simulations the description of the first shower emission is simply required to exactly
reproduce the singular behaviour of the squared real-emission ME. It follows that
the profile scale, which is defined such that this requirement is satisfied, gives rise
only to effects beyond NLO. Changing the hard veto scale, which is equivalent to
changing the profile scale, therefore modifies only higher-order terms, of subleading
logarithmic accuracy, in the simulation. We perform variations of the hard veto scale

to estimate the size of these higher-order effects.

We apply multiplicative factors of 0.5, 1 and 2 to each of the three scales, such
that the full set of variations consists of 27 different combinations of scales. The
prediction obtained using the central values of the scales is the ‘central prediction’. In
the results we present the central prediction for each distribution with the uncertainty
envelope constructed by running the simulation using each combination of scales. The
upper and lower bounds on the uncertainty envelope in each bin of the distribution
correspond to the upper and lower values in that bin from the full set of predictions.
The statistical errors on the results are not included in the uncertainty envelopes.
All results are scaled to the same total cross section in order to eliminate the large
uncertainties that would otherwise arise due to the dependence of the total cross

section on the hard process scale.

In addition, for each distribution we also include ratio plots that breakdown
the uncertainties according to the individual scale variations. For each of the three
scales that are varied, we separately plot the envelope produced by the upward and
downward variations of that scale about the central value, i.e. the central prediction

and two variations.

In Section 3.2.1 we present results for the production-level process, while in
Section 3.3.1 we present results for the full process. In these sections we compare

distributions measured in events generated using LO and NLO simulations, with both



3.1. Parton Shower and Matching Uncertainties 90

the angular-ordered and dipole parton showers. We use LO simulations to compare
the behaviour of the angular-ordered and dipole parton showers, while we use NLO
simulations to compare the behaviour of the MC@QNLO-type and POWHEG-type
matching schemes. In Section 3.3.1 we also identify where LO and NLO simulations

produce accurate predictions of data and where their limitations are evident.

3.1.2 The Profile Scale in MCQNLO-Type Matching

The MC@QNLO-type matching scheme implemented in MATCHBOX and the action
of the profile scale k (@, pr) in the NLO-matching schemes are described in Sec-
tion 1.2.4. The profile scale is a function of the hard veto scale (), and the transverse
momentum pr of the splitting under consideration. The action of the profile scale in
the parton shower is described in Section 1.2.2. In general the profile scale smooths
the matching between the hard process and the parton shower by suppressing parton
shower emissions in the hard emission region which is more accurately described by
the real emission process.

Several choices for the profile scale have been investigated in LO simulations [123],
where it simply serves to suppress hard parton shower emissions. In Section 3.2.2
we investigate the effects of the profile scale choice in the MCQNLO-type matching
scheme. We perform this investigation only for the production-level process and we
consider results obtained using both the angular-ordered and dipole parton showers.

We consider two options for k£ (@, pr). First we define the ratio

pr
T = —. 3.1.1
0, (3.1.1)
The default profile scale choice in HERWIG7T is the resummation profile
1 r<1-2p,
1020 e (1-2p,1— )],
k(QL,pr) = v (3.1.2)

ZEE(]_—p, 1])

0 x>1,
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Figure 3.1: The resummation and hfact profile scales plotted as functions of

the transverse momentum, pr, evaluated for a hard veto scale, @), of 100 GeV
(dotted), 200 GeV (dashed) and 400 GeV (solid).

where p is a parameter set to p = 0.3. The resummation profile is defined to be zero
for emissions harder than the hard veto scale such that the parton shower does not
populate this region in which it is expected to perform poorly. Conversely it is equal

to one at low scales, where the parton shower is expected to produce an accurate

description of emissions.

We compare the resummation profile to the hfact profile, the damping factor used

in POWHEGBOX [124], defined as

1

K(QL,pr) = T2

(3.1.3)

While this function approaches zero in the hard emission region, it does not enforce
a cutoff on the scale of shower emissions at the hard veto scale.! Similarly, the
hfact profile tends to one in the infrared limit but never actually equals one. The
resummation and hfact profile scales are shown as functions of pr, for several values

of @, in Fig. 3.1. The hfact profile scale is clearly broader than the resummation
profile scale.

We note that we do not investigate the effect of the profile scale choice in the
POWHEG-type matching scheme. This is because preliminary results obtained using

the two profile scale choices considered here showed virtually no differences.

!The role of the hard veto scale as a cutoff on the hardness of shower emissions is only actually
true when the resummation profile is used, which it is by default in all MATCHBOX simulations.
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3.1.3 The Hard Veto Scale in MCQ@QNLO-Type Matching

In the dipole shower the hard veto scale plays the role of the starting scale for the
shower evolution, while in the angular-ordered shower it is implemented as a veto
on the scale, i.e. the transverse momentum, of emissions. The default setting in
LO simulations is ), = pug. As discussed in Section 1.2.4, in the generation of
NLO-matched events there are two types of hard process that are showered. There
are Born-like S-events, in which we simply use (), = uy as in LO processes, and

H-events which include a real-emission and require additional consideration.

One obvious choice for the hard veto scale in H-events is the scale of the real emis-
sion, however there are cases in which this is not a sensible choice. In the MCQNLO-
type matching scheme there is no requirement of exact cancellation between the
real-emission ME and the combination of the matching and full subtraction terms
in any region of phase space. It is therefore possible for the subtracted real-emission
cross section, Eq. (1.2.38), to be non-zero in the region where the real emission is

soft.

In an H-event with a soft real emission it would be unnatural to restrict sub-
sequent shower emissions to have transverse momenta below that of the real emission.
For example consider an H-event in which the real emission has a transverse mo-
mentum of ~ 2 GeV. Given the high energy scales involved in ¢f production, it would
be unreasonable to use a hard veto scale of 2 GeV. We therefore choose a hard veto

scale that is, in general, representative of the scales involved in the process.

As in S-events, the default choice in H-events is (), = py. Some common
choices for py, such as those that depend on the transverse masses of the top quarks,
naturally take into account the scale of the real emission. There are however choices
that, while sensitive to the scale of the real emission, are large over a wide range of
real emission scales. If the veto scale is larger than the maximum allowed scale? for

the emissions in the shower, the scale of the real emission will have little impact on

2For example, we calculated the maximum allowed transverse momentum for emissions from
final-final, final-initial and initial-final dipoles in Chapter 2.
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the subsequent showering.

We introduce an alternative choice, u,, for the veto scale

1
fo = > mi, (3.1.4)
Nout i '

where mp; = /m7 + p3,; is the transverse mass of the ith particle outgoing from

the hard process, where m; and py; are the mass and transverse momentum of the
particle respectively, and ng,; is the number of such particles. This is simply the
quadratic mean of the transverse masses of the particles outgoing from the hard
process, measured in the lab frame.

In H-events with a hard real emission, u, is sensitive to the scale of the real
emission. In the case of a low-pr real emission, p, is much larger than the transverse
momentum of the emission and better reflects the scales involved in the process. We
note that this scale is not smooth in the limit of a soft emission, i.e. the transition
from an H-event to an S-event. In the limiting case of a soft real emission in an
H-event, the scale is smaller by a factor \/% than in an S-event. We expect the
effects of this discontinuity on results to be very small and we do not consider it
further.

We investigate the effects of the choice of (), on the prediction of observables
using the MC@QNLO-type matching scheme. The reader should note that in all cases,
the same choice for (), is used in both S-events and H-events. We generate results
using three different choices for ug and compare using (), = ug and Q) = p, with

each of the three scales. The three choices for puy that we compare are,

mre+ My

= TR (3.1.5)
L1y = mth—:mTt : (3.1.6)
M3 = My (317)

where m,; is the invariant mass of the tt-pair. We have chosen these three scales
because each contrasts uniquely to p, such that we can investigate the effects of

using smaller and larger scales for @) .
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We note that we only carry out this investigation for simulations using MCQNLO-
type matching. In the POWHEG-type matching scheme the cancellation between
the real-emission ME and the matching terms is exact, such that only hard real
emissions are produced. Furthermore, it is already standard practice in MC studies
of top pair production to perform variations of the hgamp parameter in POWHEG-
Box [7,8,124], which is analogous to performing variations of the hard veto scale.
There has been some recent activity looking at the hard veto scale choice in MAD-
GRrRAPHS5__ AMC@NLO [125] in the simulation of top pair production [126], however
in MADGRAPHS5__AMCQNLO the hard veto scale is smeared on an event-by-event
basis such that any effects due to the choice may be lessened.

Given that the choice of Q| directly affects the phase space available to shower
emissions, we expect it to impact the jet activity, 7.e. the number and energy scale of
jets, in events. We therefore evaluate how the choice of (), affects the prediction of
observables that are sensitive to jet activity. We carry out this investigation for the
production-level process in Section 3.2.3. The choice of ), only directly affects the
simulation of the production-level process, however it is important to understand
how it affects the prediction of distributions measured from data. We therefore

consider the full process in Section 3.3.2.

3.2 Results: Production-Level Process

The results in this section are all measured from production-level pp — tt events
simulated at a centre-of-collision energy of 13 TeV. All distributions that are not
normalised to their integral are scaled to the NNLO ¢t production cross section®
of 815.96 pb, calculated using Top++2.0 [127] assuming a top mass of 173.2 GeV
and including soft-gluon resummation to next-to-next-to-leading-logarithmic order.

Unless otherwise stated, the hard process scale used is

= mTvtl_mTvt (3.2.1)

3This is the reference cross section calculated by the CMS and ATLAS collaborations.
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This choice is motivated by the findings in Ref. [128]. All simulations are per-
formed with the MATCHBOX module, using tree-level amplitudes provided by MAD-
GRrAPH5__AMCQ@NLO [125] and one-loop amplitudes provided by OPENLOOPS
[129].

All simulations use the ‘benchmark’ settings of Ref. [123]. Except for the vari-
ations of interest in each section, we use identical input settings for the parton
showers and matching schemes in every run. This isolates the differences in the
shower algorithms and matching schemes from any differences that would arise due
to the choice of input settings.

The same pr cutoff (1 GeV) and two-loop running ag are used in all runs. The
value of ag at the Z-boson mass is set to 0.12 and we use the MMHT2014nlo68cl
PDF set [130] implemented in LHAPDF6 [131]. The top quark mass is set to 174.2
GeV, the HERWIGT default, while all other quarks are considered to be massless.

All of the results presented in this section were measured using a purpose-built
analysis written in the RIVET framework. The analysis identifies all outgoing
particles within a pseudorapidity range of |n| < 5. Top quarks are identified dir-
ectly while all other quarks and gluons are clustered into jets using the anti-k; jet

algorithm [132], implemented in FASTJET, with a radius of R = 0.4.

3.2.1 Predictions with Scale Variations

Fig. 3.2 shows four distributions predicted using LO simulations with the angular-
ordered and dipole parton showers. The distributions shown are the transverse
momenta of the top quark, pr(t), and the tt-pair, pr(tt), the jet multiplicity,
Njets(PT > 25 GeV), where only jets with pr > 25 GeV are included, and the separ-
ation, AR(tt, j1), of the tt-pair and the hardest jet in the event. The separation is
defined as AR(tt, j;) = / A¢® + Ay?, where A¢ and Ay denote the difference in the
azimuthal angle and rapidity, respectively, of the tt-pair and the hardest jet in the
event.

Using the LO ME for the hard process, the transverse momentum of the top
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Figure 3.2: Distributions and their scale
measured in production-level pp — tt events

AR(t, 1)

variation uncertainty envelopes
generated using LO simulations

(LO®) with the angular-ordered (QS) and dipole (DS) parton showers. The
transverse momenta of the top quark, pr(t), and the tt-pair, pr(tt), the jet
multiplicity, njes(pr > 25 GeV), and the separation AR(tt, j;), defined in the
text, are shown. The upper ratio plot shows the ratio of the given result to
the central prediction of the angular-ordered shower. The bottom two ratio

plots show a breakdown of the uncertainties

on the given distribution due to

variations of the hard process scale (uy), the hard veto scale (@) and the

shower scale (ug), as described in the text.
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quark is described accurately to LO. The parton shower should have a limited impact
on the description of pr(¢) and we find that the central predictions of the two showers
display good agreement, to within 10%, across the distribution. The uncertainty
envelopes on the two predictions are similar in shape and size and there is no single

dominant source of uncertainty.

In contrast the transverse momentum of the tt-pair is entirely determined by the
parton shower. In particular this distribution is sensitive to the hardest jet in the
event and we find that the dominant source of uncertainty is the variation of @, .
The reader should note that there is significant statistical uncertainty on some of

the individual results in the upper three bins.

In the lowest bins of the distribution, which correspond to events with a hardest
jet that is either soft or collinear to the beam direction, the central predictions agree
to within roughly 5%. This is because the divergent behaviour of the showers in the
limit of a soft or collinear emission is the same. On-the-other hand the description of
hard emissions differs between the two showers and in the higher-pt bins the central
predictions display a more varied level of agreement. We note that parton showers
are not expected to produce an accurate description of hard radiation. In spite of
these differences, each of the central predictions lies within the uncertainty envelope

of the other prediction.

Above the 0-jet rate, the jet multiplicity is determined by the parton shower. In
general we find that the dipole shower predicts more events with high jet multiplicity
than the angular-ordered shower. This can be attributed to differences in the emission
phase space in the showers, in particular the dipole shower does not implement an
explicit angular-ordering restriction. While the central predictions display reasonable
agreement, to within 20%, up to the 6-jet bin, they increasingly diverge in the higher-
multiplicity bins. Given that parton showers do not provide an accurate description
of hard radiation, they should not be expected to accurately describe large jet
multiplicities. In spite of these differences, both central predictions lie within the

uncertainty envelope of the other prediction.
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The dominant source of uncertainty is the variation of ()|, which directly controls
the phase space available to shower emissions. Given that the emission phase space
in the dipole shower is subject to one restriction fewer than in the angular-ordered
shower, the behaviour of the dipole shower is more sensitive to ), and the total
uncertainty envelope on the dipole shower prediction is larger. The uncertainty due
to the variation of ug is also significant as this distribution is very sensitive to the

behaviour of the parton shower.

As the LO process does not include a jet, the AR(tt,j;) distribution is very
sensitive to the behaviour of the parton shower. In an event with only one jet we
have AR(tt, j;) > , accordingly the distribution in this region is directly sensitive
to the behaviour of the hardest jet and we find that the dominant uncertainty arises
from variations in ;. In the region AR < 7 the distribution is sensitive to the
behaviour of the subsequent jets and the variations in both @), and pug give rise to
significant uncertainty in this region. We note however that a full evaluation of the
scale variations is required to produce an accurate estimate of the uncertainty in

this region.

The central predictions display very good agreement across the distribution,
within about 10%, with the greatest discrepancy, of about 20%, in the uppermost
bin. This indicates that the description of the rapidity and azimuthal angle of
emissions is similar in the two showers.? Similarly the total uncertainty envelopes on

the two predictions are of a similar shape and size across most of the distribution.

The NLO-matched predictions of the pr(¢) and pr(tt) distributions are shown in
Fig. 3.3 while the results for the njes(pr > 25 GeV) and AR(tt, j1) distributions are

shown in Fig. 3.4.

In a NLO-matched sample the pr(t) distribution, Fig. 3.3, is described to a formal
accuracy of NLO in QCD and any differences between the predictions obtained using

the MC@QNLO-type and POWHEG-type matching schemes are due to higher-order

4Note that spin correlations are not included in any simulations in this chapter and, in both
showers, the azimuthal angle of each branching is generated according to a uniform distribution.
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Figure 3.3: Distributions and their scale variation uncertainty envelopes meas-
ured in production-level pp — tt events generated using the MC@NLO-type
(NLO®) and POWHEG-type (NLO®) matching schemes with the angular-
ordered (QS) and dipole (DS) parton showers. The transverse momenta of
the top quark, pr(t), and the tt-pair, pr(tt), are shown. The upper ratio plot
shows the ratio of the given result to the central prediction of the MC@NLO-
type matching scheme. The bottom two ratio plots show a breakdown of the
uncertainties on the given distribution due to variations of the hard process
scale (up), the hard veto scale (@) and the shower scale (us), as described in
the text.
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effects. It follows that, for both showers, we find good agreement, to within 15%,
between the central predictions across the distribution, except in the uppermost
bin of the dipole shower results. There is significant statistical uncertainty on the
POWHEG-type matching predictions in the upper three bins, which accounts for this
larger difference. This statistical uncertainty also accounts for the larger uncertainty

envelope on the POWHEG-type matching predictions.

In a NLO-matched sample the pr(tt) distribution, Fig. 3.3, is predicted to LO
accuracy and it follows that the dominant uncertainty on the predictions is due to
variations of puy. The central predictions of the two matching schemes display very
good agreement, to within 10%, across the distribution for both showers and the
uncertainty envelopes are similar in shape and size. This shows that the differences

in this distribution due to higher-order effects are small.

The 0-jet and 1-jet rates in the jet multiplicity distribution, Fig. 3.4, are predicted
to a formal accuracy of NLO and LO, respectively, while higher-multiplicities exist
only due to the parton shower. The central predictions of the two matching schemes
display agreement to within roughly 10%, for both showers, up to and including
the 3-jet bin. In the higher-multiplicity bins the POWHEG-type prediction rises
above the MCQNLO-type prediction. The fluctuation in the 10-jet bin in the
angular-ordered shower predictions is due to statistical uncertainty on the results.
The MC@QNLO-type matching scheme produces fewer high-multiplicity events than
the POWHEG-type matching scheme because we use (), = pp and the choice
of py is relatively small. This is discussed in detail in Section 3.1.3 and results
that demonstrate the effects are presented in Section 3.2.3. The sensitivity of this
distribution to the choice of ), is evident as it is the dominant source of uncertainty

across much of the distribution.

If a pure NLO ME were used, i.e. with no parton shower, the AR(tt, j;) distri-
bution, Fig. 3.4, would be non-zero only in the region AR(tt,j;) > w. Therefore
in a NLO-matched sample this observable probes both the hard process and the

parton shower. The central predictions display good agreement, to within about
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15%, across much of the distribution for both showers and the largest discrepancy
of around 20% is easily accounted for by the uncertainty envelopes.

In the region AR(tt,j;) < m, where the distribution is non-zero only due to the
parton shower, the largest uncertainties are due to the variations of yg. In the region
AR(tt, ;) > 7 there is no single dominant source of uncertainty. Across the entire
distribution none of the individual variations shown produce a good estimate of the
full uncertainty envelope, so a full evaluation of the scale variations is required to
produce an accurate estimate of the total uncertainty.

To summarise, the LO results suggest that the two parton showers produce
similar descriptions of soft and collinear emissions while their descriptions of hard
radiation display greater differences. The predictions of several observables made
using the two NLO-matching schemes display only limited differences, however the
predictions of the jet multiplicity distribution display much greater differences due
to the effect of the choice of (), in the MCQNLO-type matching scheme. In some
distributions the total uncertainty on the prediction is dominated by the variation of
one scale, however in other distributions this is not the case and the total uncertainty

is only accurately described through a full evaluation of the scale variations.

3.2.2 The Profile Scale in MCQNLO-Type Matching

Fig. 3.5 shows four distributions, the transverse momentum of the hardest jet, pr(ji),
the jet multiplicity with a minimum jet-py requirement of 25 GeV, njes (pr > 25 GeV),
and a minimum jet-py requirement of 80 GeV, njets (pr > 80 GeV), and the azimuthal
separation of the tt-pair and the hardest jet, A¢ (tt_, jl). The error bars show the
statistical uncertainty on these results.

The hfact profile scale predicts a slightly higher-pt hardest jet than the resumma-
tion profile scale. This is because the resummation profile scale produces a greater
suppression of hard emissions than the hfact profile scale. The pt(j;) distribution is
predicted to a formal accuracy of LO in QCD and the profile scale choice gives rise

to higher-order effects only. It follows that the predictions obtained using the hfact
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Figure 3.5: The effect of the profile scale choice in MC@QNLO-type (NLO®)
matching. Distributions measured in production-level pp — tt events generated
using the default resummation profile scale and the broader hfact (hfact) profile
scale with the angular-ordered (QS) and dipole (DS) parton showers are shown.
The distributions are the transverse momentum of the hardest jet, pr(j;), the
jet multiplicities njes(pr > 25 GeV) and nyers(pr > 80 GeV), and the azimuthal
separation of the tt-pair and the hardest jet, A¢(tt, j;). The ratio plots display
the ratio of the given distribution to that predicted using the resummation
profile scale.
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and resummation profile scales display reasonable agreement, to within about 25%,

across the distribution.

Using the dipole shower, the hfact profile scale produces a modest increase, ~ 30%,
in the upper bins of the njes (pr > 25 GeV) distribution and a very large increase,
~ 325%, in the upper bins of the njes (pr > 80 GeV) distribution, relative to the
resummation profile scale. This is again because the hfact profile scale suppresses
fewer hard shower emissions than the resummation profile scale. The particularly
large difference in the njes (pr > 80 GeV) distribution arises because, unlike the
resummation profile scale, the hfact profile scale does not enforce a cutoff on the

transverse momentum of shower emissions.

In contrast, using the angular-ordered shower with the hfact profile scale predicts
a decrease in the upper bins of the njeis (pr > 25 GeV) distribution relative to using
the resummation profile scale. This is because the suppression of softer emissions
by the hfact profile scale and the angular-ordering restriction together reduce the
production rate of moderate-pr jets. On-the-other hand, as in the dipole shower, the
hfact profile scale predicts a large increase in the upper bins of the njes (pr > 80 GeV)

distribution relative to the resummation profile scale.

Using a pure NLO ME, i.e. with no parton shower, A¢,;; would necessarily be
equal to m. The distribution is therefore strongly dependent on the parton shower
and is most sensitive to the hardest few jets. The predictions obtained using the
hfact profile scale exhibit a moderate, 10 — 20%, increase in the lower Ag,;; bins
compared to the resummation profile scale. This is consistent with the behaviour
observed in the njes (pr > 80 GeV) distribution, which displays an increase in the
production of high-pr jets using the hfact profile scale compared to the resummation
profile scale. We note that the predictions of the two showers are very similar as both
use spin-averaged splitting kernels, therefore the azimuthal angle of each splitting is

generated according to a uniform distribution.

To summarise, using the hfact profile scale gives rise to a general increase in

jet activity compared to the resummation profile scale, in particular we observe a
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large increase in the production of high-pt jets in both parton showers. We do
however find that the angular-ordered shower predicts a decrease in the production
of moderate-pr jets using the hfact profile scale compared to the resummation profile

scale.

3.2.3 The Hard Veto Scale in MCQ@QNLO-Type Matching

Fig. 3.6 shows the transverse momentum distributions of the hardest jet, pr(ji1),
and second hardest jet, pr(j2), in events showered using the angular-ordered and
dipole showers. Similarly the transverse momentum distribution of the third hardest
jet, pr(Jjs), and the jet multiplicity, njes(pr > 25 GeV), distribution are shown in
Fig. 3.7. Only jets with transverse momentum greater than 25 GeV are counted
in the multiplicity distributions. Finally Fig. 3.8 shows the transverse momentum
distributions of the top quark, pr(t), and the ti-pair, pr(tt). Each plot shows the
predictions of one of the parton showers and the error bars show the statistical
uncertainty on the results.

We first consider the option uy = p;. In S-events pu; is identical to p,. In
H-events with a low-pr or moderate-pr real emission, p; is larger than pu,, however
the difference is small enough that we do not see any corresponding effects at low or
moderate-pr in the jet-pr distributions in Fig. 3.6 and Fig. 3.7.

It is only in H-events with a very hard real emission that pu, is significantly larger
than . This is evident from the small increase in the pr(js) and pr(j3) distributions
at high-pr predicted using (), = p, compared to (), = uyg. The fact that we do
not see any difference at high-pr in the pr(j;) distribution due to the choice of @
indicates that this region of the distribution is filled by high-pr real emissions in
H-events.

There are no significant differences due to the choice of Q| in the njes(pr >
25 GeV), pr(t) or pr(tt), distributions in Fig. 3.7 and Fig. 3.8. In summary y; and
1a are identical in S-events and are very similar in most H-events, therefore we see

very little difference in jet activity due to the choice of Q) with ug = ;.
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Figure 3.6: The effect of the choice for @, in MCQ@QNLO-type (NLO®)
matching. Distributions measured in production-level pp — tt events generated
using three options, p; 2,3, for uy and two options, pm and p,, for @) with the
angular-ordered (QS) and dipole (DS) parton showers are shown. The scales
used are specified in the format (uy, @) and each of the scales is defined in
the text. The ratio plots display the ratio of the given distribution to that
predicted using (), = py. The distributions are the transverse momenta of
the hardest, pr(j;), and second hardest, pr(jq), jets.
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Figure 3.7: As for Fig. 3.6, in this case the distributions shown are the
transverse momentum of the third hardest jet, pr(js), and the jet multiplicity
for jets with pr > 25 GeV, njes(pr > 25 GeV).
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Figure 3.8: As for Fig. 3.6, in this case the distributions shown are the

transverse momenta of the top quark, pr(t), and the tt-pair, pr(tt).
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Next we consider py = po for which g, > py in all events. In S-events we
have p, = 2uy and in H-events with a low-pr real emission we have p, ~ \/8/73,uH.
The larger value of @), explains the increase that we see in the pr(j;) distributions,
Fig. 3.6, at around 75 GeV < pr(j1) < 250 GeV. The fact that this increase in the
rate drops off at around 250 GeV, above which the distributions generated using the
two different options for ()| become very similar, suggests that jets harder than this

are primarily produced as a high-pt real emission in H-events.

We observe a large increase in the number of moderate- and high-pr second and
third jets, Fig. 3.6 and Fig. 3.7 respectively, predicted using (), = u, compared to
Q1 = pu. As u, > pg in all events, we expect to see such an increase at moderate
values of the jet-pr. In H-events the difference between u, and ps grows with
the transverse momentum of the real emission. This explains why using QQ, = .,
compared to @), = uy, gives rise to an increase in the pr(j2) and pr(js) distributions

at high-pr and that grows with the jet-pr.

We find a large increase in the number of events with high jet multiplicities,
Fig. 3.7, predicted using (), = p, compared to @), = puy. This corresponds to the
increase that we see in the pr(js) and pr(j3) distributions. The moderate difference
in the pr(j1) distribution is not evident in the pr(t) distribution, Fig. 3.8, however

it is evident in the pr(tt) distribution, which is very sensitive to the hardest jet.

In summary, u, is larger than uy in all events therefore we see an increase in jet
activity using @), = p, compared to Q) = pup.

Finally we consider the results for py; = p3, the invariant mass of the tt-pair, which
is a large scale compared to p; and po. The pr(j1) distributions, Fig. 3.6, predicted
using (), = pu, display a significant decrease for pr(j;) > 100 GeV compared to
using ), = pg. This indicates that if the hardest jet in an event simulated using
@1 = pyg has pr > 100 GeV, it was most likely produced as a shower emission
rather than as the real emission in an H-event. The predictions obtained using
@, = pg and @, = u, do show increasing agreement at high values of pr, which

suggests that hard real emissions in H-events are the origin of the very hardest jets
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as expected. In a large fraction of events p, < pg, therefore the pr(j2) and pr(js)
distributions, Fig. 3.6 and Fig. 3.7 respectively, predicted using ), = p, display a
decrease compared to using Q| = .

Considering the njes(pr > 25 GeV) distributions, Fig. 3.7, the dipole shower with
Q1 = u, predicts a decrease in the number of high-multiplicity events compared to
using (), = py. This is in straightforward agreement with the decreases seen in the
jet-pr distributions. The angular-ordered shower however displays less consistent
behaviour. For nj.s > 5 we observe an increase in the distribution predicted using
Q1 = p, compared to using (), = puy. The reason for this behaviour is not currently
understood however it is consistent with the behaviour across the jet-pr distributions,
in which the difference due to the choice of @, is considerably larger in the pr(j;)

distribution than in the pr(j3) distribution.

The pr(tt) distribution for each shower, Fig. 3.8, displays behaviour that cor-
responds to the behaviour of the pr(j;) distributions. We also see a small change,
due to the choice of @, , in the pr(t) distributions in Fig. 3.8. This distribution is
formally accurate to NLO, the choice of @), introduces higher-order effects and we
observe only a modest difference due to the choice of @ .

In summary, ps is a large scale compared to p; and ps and is larger than p, in

many events. In general, for yuy = us, we see a decrease in the predicted jet activity

using ), = p, compared to Q| = ug.

3.3 Results: Full Process

We present several experimental results measured by the ATLAS and CMS collab-
orations. The collision energy, /s, at which each result was measured and the final
states included are summarised in the text. Specific details of the experimental
analyses are available in the references provided. In studies of top-pair production
one generally evaluates a subset of events selected according to the decay modes,

hadronic or leptonic, of the W-bosons produced in the decays of the top quarks.
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Semileptonic events are those in which one final-state lepton, an electron or muon,
passes the analysis cuts, while in dileptonic events two leptons pass the analysis
cuts. All of the measurements presented in this section are taken in the ‘combined
channel’, i.e. including both electron and muon final states. The uncertainty on the

experimental measurements is shown by the error bars on these results.

We include MC predictions for each experimental result. The distributions are
measured in MC events using analyses, written in the RIVET framework, provided
by the experiments. As for the production-level process the MC events are generated
using MATCHBOX, however we now include particle decays and hadronization. Unless

otherwise stated, the hard process scale used to generate events is

mry +mryg

: (3.3.1)

HH =

This scale was chosen as it was found to produce reasonable predictions of several
observables sensitive to jet activity using MCQNLO-type matching. In particular we
compared predictions of several observables included in the analyses of Refs. [111,133]

obtained using py = pt123, ¢.e. the three scales defined in Section 3.1.3.

We wish to predict observables as accurately as possible, therefore we do not use
the benchmark settings that were used in the production-level investigation. Instead
the default angular-ordered shower and dipole shower tunes in HERWIG 7.1.1 are used
in all runs with the respective showers. The PDF set used is again MMHT2014nlo68cl

while ag is defined separately in the tune for each shower.

The angular-ordered shower can treat massive incoming partons while the di-
pole shower cannot. The mass of the bottom quark is important for the accurate
simulation of top quark decays, therefore we treat the bottom quark as massive in
the simulation and we use the five-flavour scheme in runs using the angular-ordered
shower and the four-flavour scheme in runs using the dipole shower. The masses of
the bottom quark and top quark are set to 4.2 GeV and 174.2 GeV, respectively,

while all other quarks are considered to be massless.

All predicted distributions that are not normalised to their integral are scaled
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to the appropriate NNLO cross section, as described for the investigation of the
production-level process in Section 3.2. The NNLO cross sections are 173.60 pb and

247.74 pb for 7 TeV and 8 TeV collisions respectively.

3.3.1 Predictions with Scale Variations

We first look at two observables for which we have considered analogous results in the
discussion of the production-level process in Section 3.2.1, the transverse momentum
of the top quark and the jet multiplicity in events. The experimental results, and LO
and NLO-matched predictions obtained using both the angular-ordered and dipole
parton showers, are shown in Fig. 3.9.

The transverse momentum distribution of the reconstructed hadronically decay-
ing top quark, pr(ty), is that measured by ATLAS [134] in semileptonic pp — tt
events at /s = 8 TeV. The central predictions obtained using both LO and NLO-
matched simulations agree with the data within its error bars. This reflects that the
distribution is well predicted by the LO ME.

The dominant uncertainty on the LO predictions is due to the variation of @) .
This is in contrast to the production-level result in which there was no dominant
source of uncertainty. We have confirmed that this difference is due to the use of
a different choice for uy and, accordingly, a different choice for ;. Although this
distribution is only slightly sensitive to the parton shower, the upper variation of the
larger hard veto scale used in these predictions allows the production of hard jets that
affect the distribution and give rise to the larger uncertainty envelope. The larger
uncertainty on the LO dipole shower prediction, compared to the angular-ordered
shower prediction, reflects the less restricted emission phase space in the dipole
shower. There is no single dominant source of uncertainty on the NLO-matched
predictions.

The jet multiplicity distribution, nies(pr > 25 GeV), for jets with pr > 25 GeV is
that measured by ATLAS [133] in semileptonic pp — tt events at /s = 7 TeV. The

central predictions obtained using the dipole shower all lie within the experimental
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Figure 3.9:

(Left) the pr distribution of the hadronically decayed top

quark and (right) the nje(pr > 25 GeV) distribution measured by ATLAS in
semileptonic pp — tt events at a collision energy of 7 TeV and 8 TeV, respect-
ively. The distributions measured in events generated using LO simulations
(LO®) and the MCQNLO-type (NLO®) and POWHEG-type (NLO®) match-
ing schemes with the angular-ordered (QS) and dipole (DS) parton showers are
also shown. The upper ratio plot displays the ratio of the given distribution
to the data. The lower two ratio plots are as described for Fig. 3.2.
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error bars across the distribution, while the angular-ordered shower predictions do
not display good agreement with the experimental results. In all bins however, the
uncertainty envelopes on the angular-ordered shower predictions do overlap with
the experimental error bars. Again, in general, the angular-ordered shower predicts
lower jet multiplicities than the dipole shower due to the additional angular-ordering
restriction on the emission phase space. Similarly the uncertainty envelope on the

dipole shower prediction is larger than that on the angular-ordered shower prediction.

For both showers, the NLO-matched predictions display a fair agreement with
each other. This was not the case in the production-level results and reflects the
different choice for puy, and accordingly @),. In particular, in the prediction ob-
tained using MCQNLO-type matching with the dipole shower the uncertainty due
to the variation of @), is significant and reflects the discussion in Section 3.2.1 and
Section 3.2.3 on the choice of the hard veto scale in MCQNLO-type matching. As
we stated in the production-level investigation, parton showers are not expected to
produce an accurate description of hard radiation and should not be expected to
accurately describe large jet multiplicities. Accordingly the uncertainty on all of the

predictions increases with increasing jet multiplicity.

In Fig. 3.10 we show the Hr distribution measured by CMS [135] in semileptonic
pp — tt events at /s = 7 TeV and the MC predictions for this distribution. The
observable Hrt is defined as the scalar sum of the transverse momentum of all jets

in each event

Hr = prjet (3.3.2)

jets

The LO central predictions accurately describe the data in the lower bins of
the distribution, however they undershoot the data in the upper bins. This is
because parton showers do not accurately describe the production of hard jets. The
central predictions made using the angular-ordered shower with both NLO-matching
schemes display very good agreement with the data and in those bins where the
central predictions do not lie within the experimental error bars the uncertainty

envelopes on the predictions overlap with the experimental error bars. The central



3.3. Results: Full Process 115
T: E 2 w0k
S ~ E
O 103 4 C
= E z 1
s EB:
o C < =
:10*45 —e— Data = E
3 E — L0®0s S 10 — LOeQs
Q) F — LO®DS = F — LOeDS
= . F
= s L i
E\\\‘\\\\‘\\\\‘\\\\\\\\\\\\‘\\\\‘\\\\\\\\ 1072\\\\\\‘\\\\ \\\\\\\‘\\\\\
E —e—0 O & QS E — LO$QS - @& DS
15 & 15
1E 1E
E e I E
05 E- LO& DS 05 g
1 v il it I T I IS el I N T IR SR IR B
L f — LO&Cs i 5| — L08QS B
B D
1 E WIPIIP/ /1NN, 1B
05 . . 05 .
GBS L e R ) T BN LA
E — E = )
15 E 15 E e
1B 1B
i T R TP T I O e 18 !
0’\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 01\\\\\\\\\\ Y N I ) B
200 300 400 500 60O 700 800 900 1000 1 2 4 5 6
Hr [GeV] AR (o, jbz)
PR 20e
3 % £
T 1073 g [
T E D=
el E a=} E
N L —e— Data = F
B 01 — NLO®QS S [ — Noegs
< E — NLO®QS = E — NLO®QS
I I I A WA N W N S T BRI R I BRI BRI
L5 E —— Data —__NLO® QS E —— NLO®QS —__NLO® QS
! : —
0-5?_’_NL®S E
0:\\\\\\\\\9‘\\\\\\\\\\\\‘\\\\‘\\\\\\\\ ;\\‘\\\\‘\\\\ \\\‘\\\\‘\\\\‘\
1 E —— NLO — HH E —— NLO®QS — HuH
D E
1B LA L L E
05 . . E o .
GBS L e T B EYTS L TR L
L5 £ — NIO®QS — n E — NO®QS — m
1E :_ﬁ
0.5 & . . . .
OE\\\\\"\JS\‘\\\\‘\\\\‘\\\\‘\\\\?\L\\\‘\\\\‘\\\\ \\\M\S\\‘\\\\ \\\\Q\L\\‘\\\\‘\
200 300 400 500 600 700 800 900 1000 1 2 4 5 6
Hr [GeV] ARy joz)
T OF zwE
S g F
1077 = Il
& E ~ 1e
oo} E 1) E
< E 3 E
E - —e— Data = r
T 107" —— NLO®DS S 10k —— NLO®DS
Q) F —— NLO®DS = F — NLO®DS
= F F
b b b b b b b e 102 Ly L I R B
E —e_ Data —— NLO® DS E — NLO®DS —— NLO®DS
15 15
1E £
05 £ NLO ® DS 05 £
1 s s s DR FUTR B FERRE R R I S I IR R IR B
E _—_ NLO®DS — E —— NLO®DS —
15 & 15 &
1E SEe 1E
0.5 = . 0.5 = - .
OE\\\\\’\ls\‘\\\\‘\\\\‘\\\\‘\\\\Q\L\\\‘\\\\‘\\\\ [)i\\ \}\S\\‘\\ L L1l \Q\L\\‘\\\\ L
E —— NLO®DS JE— E —— NLO®DS JE—
1.5 & 1.5 &=
1k :ﬁ LE
05 & (o . 0.5 & i
GBS L e B GELTESS L T
200 300 400 500 600 700 800 900 1000 1 2 4 5 6
Hr [GeV] AR(jby, fivp)

Figure 3.10: Left: The Hr distribution measured by CMS in semileptonic
pp — tt events at a collision energy of 8 TeV. The notation and ratio plots are
as described for Fig. 3.9. Right: The AR(jyy, jby) distribution, described in the
text, measured in simulated pp — tt events. The notation and ratio plots are
as described in Fig. 3.2 and Fig. 3.3 for the LO simulations and NLO-matched
predictions, respectively.
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predictions made using the NLO-matching schemes with the dipole shower display
worse agreement with the data, however the experimental error bars overlap with the
uncertainty envelopes on both predictions. The NLO-matched predictions describe
the data in the upper bins more accurately than the LO predictions. The variation
of ()., which directly affects the jet activity in events, contributes significantly to

the total uncertainty on all of the predictions.

Of the variations considered in this study, only the variation of ug directly affects
the simulation of decay processes. Some decay-sensitive observables, such as measures
of the separation of the decay products from different particle decays, are sensitive
to the hard process and it is important to investigate the size of the uncertainties on
such observables. In Fig. 3.10 we also show predictions of the separation of the two
hardest b-tagged jets in semileptonic pp — tt events at /s = 8 TeV. The separation
is defined as AR(jyy, juy) = \/ A¢® + An?, where A¢ and An are the difference in the
azimuthal angle and pseudorapidity respectively of the hardest and second-hardest
bottom-tagged jets. This observable is sensitive to both the simulation of the decay

and to the direction of the top quarks that decay to produce the bottom quarks.

We measure AR(jyq, Joe) using a purpose-built analysis written in the RIVET
framework. Events are required to include at least one final-state dressed electron
or muon, at least two light-flavour jets and at least two bottom-tagged jets, all with
pr > 30 GeV and |n| < 4.2. Dressed leptons are created by clustering each bare
lepton with any photons within a cone of AR = 0.1 around the lepton. Additionally

we implement a minimum missing transverse energy cut of 30 GeV.

As we do not use the benchmark settings to produce these predictions, it is not
informative to compare the predictions of the parton showers and matching schemes.
The dominant source of uncertainty on the LO predictions in the region AR < 7 is
the variation of (). This is because the relative orientation of the top quarks, and
hence the separation of the bottom-tagged jets, is sensitive to hard radiation from the
production process. The uncertainty envelopes on the NLO-matched predictions are

in general smaller than those on the LO predictions, and there is no single dominant
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source of uncertainty. This is because the hardest jet from the production process is
simulated to LO accuracy, rather than parton shower accuracy.

In summary we have compared experimental results to MC predictions for three
observables. Up to differences due to the differing scales used for uy in the production-
level and full process investigations, the behaviour of the distributions measured in
the full process simulations are consistent with those measured in the production-level
simulations. As in the production-level investigation, the full uncertainty envelope
on some predictions is not accurately reproduced by the variation of any single
scale and a full evaluation of the scale variations is therefore required to produce an
accurate estimate of the total uncertainty.

In addition we have also considered one observable, the separation of the bottom-
tagged jets, that is sensitive to the simulation of both the production process and the
decay processes. Our findings suggest that most of the uncertainty on the predictions
is due to the sensitivity to the production process. With few experimental analyses
that measure decay-process sensitive observables currently available, the evaluation
of the matching and shower uncertainty on the predictions of such observables is an

area for future investigation.

3.3.2 The Hard Veto Scale in MCQNLO-Type Matching

We first consider the transverse momentum distribution of the tt-pair, pr(tt). Pre-
dictions of the distribution measured by ATLAS [134] in semileptonic ¢{-events at
Vs = 8 TeV, obtained using the angular-ordered and dipole parton showers, are
shown in Fig. 3.11. The error bars show the statistical uncertainty on the predic-
tions. Up to limitations in the reconstruction of the top quarks, the prediction of
this distribution is entirely determined by the hard process and its parton showering.
Accordingly we find that both of the showers display very similar behaviour as in the
production-level case, Fig. 3.8. We refer the reader to the discussion in Section 3.2.3
for details.

In Fig. 3.11 we also show predictions of the jet multiplicity, njets(pr > 25 GeV),
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distribution measured by ATLAS [133] in semileptonic ¢t events at /s = 7 TeV.
Only jets with pr > 25 GeV are counted in this distribution. The full process
includes additional jets from the top quark decays and the hadronic W-boson decay,
therefore these results do not correspond exactly to the production-level distributions
in Fig. 3.4. Taking these differences in to account, the behaviour of the predictions
in the full process is consistent with the production-level results and we refer the

reader to the discussion in Section 3.2.3 for details.

In Fig. 3.12 we show predictions of the gap fraction, f(Qsum), and the Hrp
distribution measured in experiment. These observables probe the jet activity in
each event and were not considered in the production-level investigation.

The gap fraction is measured by ATLAS [136] in dileptonic tt-events at /s = 7 TeV.
It is a measure of additional jet activity in tt-events, i.e. jets which originate as quark
and gluon radiation as opposed to the decay products themselves. Only dileptonic
events are considered so that additional jets can be easily distinguished from the

decay products, i.e. two leptons and two bottom-tagged jets. The gap fraction is

defined as

1(Qsum)

FQsum) = =7 (3.3.3)

where N is the number of pp — tt events that pass the analysis cuts and n(Qgum) is
the number of these events in which the sum of the scalar transverse momenta of
the additional jets in a given rapidity range is less than the scale Q.. In particular
we present results for additional jets in the rapidity range |y| < 2.1.

Using pup = 1, we see very little difference in the predictions due to the choice of
@1, Q1 = pug or Q1 = pu,, for both showers. For the choice ug = ps the predictions
obtained using both showers with (), = u, display a decrease in the gap fraction
with decreasing Qg.m relative to the predictions obtained with @), = uyg. We observe
the opposite trend in the predictions obtained using puy = p3. This corresponds to
an increase in jet activity for ug = ps and a decrease for puyg = us, using Q1 = p,
compared to )| = ug, as we would expect following the discussion in Section 3.2.3.

The Hr distribution is measured by CMS [135] in semileptonic tf-events at
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Figure 3.11: Upper: The py distribution of the tt-pair measured by ATLAS in
8 TeV semileptonic pp — ¢t events. Lower: The nje(pr > 25 GeV) distribution
measured by ATLAS in 7 TeV semileptonic pp — tt events. In order to
investigate the effect of the choice for (), in MC@QNLO-type matching, the
distributions measured in pp — t¢ events generated using three options, y1 23,
for puy and two options, uy and p,, for @, with the angular-ordered (QS) and
dipole (DS) parton showers are shown. The scales used are specified in the
format (pm, @) and each of the scales is defined in the text. The ratio plots
display the ratio of the given distribution to that predicted using Q) = uy.
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Figure 3.12: Upper: The gap fraction measured by ATLAS in 7 TeV
dileptonic pp — tt events, in the veto region |y| < 2.1. Lower: The Hrt
distribution measured by CMS in 8 TeV semileptonic pp — tt events. The MC
predictions and ratio plots are as described for Fig. 3.11.
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/s =8 TeV. Using uy = p1 we see that the choice of @, Q1 = puy or Q1 = ., has
virtually no effect on the prediction of either shower. For the scale choice puy = ps
we see an increase in the predicted distribution at high- Hr using (), = p, compared
to using ), = pg, while for the scale choice ug = p3 we observe the opposite trend.

The behaviour of the predictions for the gap fraction and the Hr distribution are
both consistent with the behaviour of the pr(tt) and jet multiplicity distributions and
with the behaviour generally observed in the production-level process in Section 3.2.3.
In simulations using g = w1, the choice @), = pug has virtually no impact on the jet
activity in events compared to using (), = p,. In simulations using puy = po, a scale
that is smaller than pu, in all events, we predict higher jet activity using @), = u,

compared to (), = ug. Conversely when using puyg = s, a scale that is larger than

11, in most events, we predict a reduction in jet activity using @), = u, relative to

using Q1 = fin.

3.4 Summary

In this chapter we have investigated several sources of shower and matching uncer-
tainty in the simulation of the process pp — tt.

We compared predictions obtained using both LO and NLO-matched simulations
with the angular-ordered and dipole parton showers. We also considered the uncer-
tainty on these predictions through an evaluation of scale variations. In particular
we varied the hard process scale, the hard veto scale and the shower scale in simula-
tions of both the production-level process and the full process. We found that soft
and collinear emissions in the angular-ordered and dipole parton showers exhibit
similar behaviour, however they show differences in their treatment of hard radiation.
In several distributions the MCQNLO-type and POWHEG-type matching schemes
produce very similar predictions, however the MCQNLO-type matching scheme is

particularly sensitive to the choice of ) .

Up to differences due to the choice of uy, and accordingly the scale used for @,
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the predictions in the full process are consistent with the behaviour observed in the
production-level process. The uncertainty on some distributions was found to be
dominated by the variation of a single scale, while for other distributions this was
not the case. In general it is necessary to carry out a full evaluation of the scale
variations to accurately estimate the total uncertainty on predictions. We found
that the MATCHBOX module can be used to produce accurate predictions of many
observables in pp — tt events.

We also compared predictions obtained using two different choices for the profile
scale in the MCQNLO-type matching scheme. The two profile scales considered
were the default resummation profile scale and the hfact profile scale. We performed
this investigation in the production-level process only and we found that, in general,
using the hfact profile scale gives rise to an increase in jet activity compared to the
resummation profile scale. The choice of the profile scale is an important source of
uncertainty that should be considered and understood.

Finally we also considered the effects of using different functional forms for the
hard veto scale in the MC@QNLO-type matching scheme. We compared the default
choice, Q)1 = uy, to a new option, (), = p., using three different choices for puy. The
hard veto scale choice directly affects the jet activity in the production process and
we found that the effects of the scale choice were evident in distributions measured

in both the production-level process and the full process.



Chapter 4

Spin Correlations in Dipole

Showers

The distribution of the decay products outgoing from a top quark decay is sensitive to
correlations between the production and decay of the top quark. These effects have
been measured in pp — tt events at the LHC [137-144]. In order to accurately predict
such observables in the decays of heavy quarks, we must include spin correlations in

our MC simulation.

We did not present any spin correlation sensitive results in Chapter 3. Accurate
prediction of such results requires a full implementation of spin correlations in
HERWIGT, which was not previously available. There are three correlations that
must be included; the azimuthal correlation of parton shower branchings due to
the polarisation of gluons, the correlations between the parton shower and the hard
process, and the correlations between the production and decay of heavy particles,

including the correlations between the parton shower and particle decays.

The correlations between parton shower branchings and the correlations between
the parton shower and the hard process can be fully included in a MC event generator
using the algorithm of Refs. [88-91]. This algorithm is formulated such that the
complexity of the calculation grows only linearly with the number of parton shower

emissions. This algorithm uses a spin-density matrix approach, in which information
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about the correlations between particles in an event is propagated through the event
in ‘spin-density’ matrices and ‘decay’ matrices. This algorithm was extended in
Ref. [86] to correctly include the spin correlations between the production and decay
of heavy particles, including correlations between parton shower branchings and

particle decays.

Parts of the algorithm have previously been implemented in several MC event
generators. In HERWIG6 [145] the algorithm was used to implement the correlations
between parton shower branchings, between the hard process and the parton shower
and between the production and decay of heavy particles, however correlations
between the parton shower and decays were not included. The same algorithm is
also used in the EVTGEN package [146] for correlations in the decays of hadrons.
In HERWIG++ [3] and HERWIGT the algorithm was used to include spin correlations
between the production and decay of heavy particles, and in the decay of hadronic

resonances, however the correlations in the parton shower were not included.

In Ref. [87] the implementation of the full algorithm in the angular-ordered and
dipole parton showers in HERWIGT is described. In this chapter we consider the

implementation in the dipole shower in detail.

Some other MC event generators use alternative approaches to include some
spin correlation effects in the parton shower. In PYTHIA [75], the azimuthal angle
in ¢ — gg and g — qq splittings is generated non-isotropically to account for
gluon polarisation effects. The VINCIA [147] parton shower naturally includes some
interference effects through the use of helicity-dependent antenna functions [148,149].
Neither of these approaches, however, includes all of the effects incorporated in the

spin-density matrix treatment of Ref. [86].

The algorithm described in Ref. [86] is formulated for implementation in parton
showers that follow the evolution structure of the angular-ordered shower. The
evolution in the dipole shower is different and some modifications to the algorithm
are required. In Section 4.1 we first present a modified version of the algorithm which

is appropriate for implementation in the dipole shower. Following this we make
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some additional comments on the implementation of the spin correlation algorithm
in the dipole shower and we give the helicity-dependent splitting amplitudes that
are required to include correlations in the parton shower. We also address the
considerations required to account for the transformations between frames in the

shower evolution.

In Section 4.2 we calculate analytic expressions for some distributions that are
sensitive to spin correlations. We do this for spin correlations between parton shower
branchings and correlations between the hard process and the parton shower. In
Section 4.3 we compare the distributions predicted using both parton showers to these
analytic results in order to verify the correct implementation of the spin correlation
algorithm. Finally we consider some angular distributions measured in pp — tt
events, the primary motivation for this work, and compare the MC predictions to

the experimentally measured result.

4.1 The Spin Correlation Algorithm

The algorithm described in Ref. [86] is designed for implementation in the angular-
ordered shower. The shower evolution in the dipole shower is different to that in the
angular-ordered shower and several modifications to the algorithm are required for
implementation in the dipole shower. In particular, in the angular-ordered shower
each particle outgoing from or incoming to the hard process is showered separately
and the sequence of splittings progresses away from or towards the hard process in a
predictable fashion. On-the-other hand, as described in Section 1.2.3, in the dipole
shower each dipole chain is evolved separately and the sequence of splittings, with
respect to the hard process, is not similarly predictable.

In this section we present a step-by-step description of the modified algorithm.
We consider the general case of a hard process that is showered, followed by the
decays of unstable particles and their subsequent shower evolution. We only explicitly

consider parton shower branchings from final-state partons. The extension to include
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branchings from initial-state partons, discussed following the step-by-step description

of the algorithm, is implemented in the dipole shower.

1. The momenta of the particles incoming to and outgoing from the hard process

are generated according to the ME for the process
p;sm’lpggngMﬁmg;Al.‘.AnM*n’ln’Q;A’l.../\;L H Di)\i,\;’ (4.1.1)

i=1,n
where Mr1#2id-An ig the ME for the 2 — n process, k; is the helicity of the
ith incoming particle, ); is the helicity of the ith outgoing particle, p; " is the
spin-density matrix of the ith incoming particle and D;\ A s the decay matrix
of the 7th outgoing particle. At every stage in the algorithm, if a particle has
not undergone a parton shower branching or a decay then we set its decay
matrix to D;\ A §2X. The spin-density matrix of an unpolarised incoming
1

particle is p; " = 55’%”2, while for a polarised incoming particle it is

/ T(1+P 0
pi = (17 (4.1.2)
0 (1 —Ps)

where P5 is the component of the polarisation vector parallel to the beam
direction. The sign in front of P3 in Eq. (4.1.2) is changed for an incoming
antiparticle. All spin-density matrices are normalised such that their trace is

equal to one.

2. A branching a — bc from an outgoing particle a, and the values of the dipole

splitting variables that describe this branching, are selected.!

3. The spin-density matrix of the particle incoming to the splitting vertex is

calculated as

Ao, 1 K1RY K2Kh § i1 k9 A o AaeAn A g+ KGN AL A\
o = ﬁpl P2 M MFR2 e Ra e H Dz , (413)
p i#a

IThis is done according to the standard procedure described in Section 1.2.3.



4.1.

The Spin Correlation Algorithm 127

where
Np _ pllﬂn’lp;wﬁéang;)\l...)\a...)\nM*n’lné;)\’l..)\a...)\; H Dl)\z)\; (414)
i#a
The azimuthal angle ¢ of the branching is generated according to

PYSY

Par Vi M (2, )YV (2, 0) D Do (4.1.5)

where D? i is the decay matrix of the ¢th parton outgoing from the branch-

3 a)\ )\c
ing and V*"

is the helicity amplitude for the splitting a — bc given the
helicities A\,, A, and A, of the partons. The helicity amplitudes, which are

spin-unaveraged Altarelli-Parisi splitting functions, are given in Section 4.1.1.

Following the splitting, the decay matrix of the particle incoming to the split-
ting vertex is calculated as
D)\ PV V)\ )\bAC( QS)V*A )\ AL ( ¢) /\b/\bD)\ )\ (416)
NDQCD
where

Ao,

Npgop = Vg (2, ¢) Vi M2 (2, ¢) Dy DXXe (4.1.7)

If another branching with a scale above the IR cutoff can be generated, a
branching, and the corresponding dipole splitting variables, are selected. In
general there are two possible scenarios for this branching, dependent upon

the origin of the emitter:

(a) The emitter is outgoing from the hard process, in which case step 3 is

performed.
(b) The emitter, X, is outgoing from another parton shower splitting:

i. We first record the emitter as a ‘connecting-particle’. We identify the
parton incoming to the splitting vertex from which the last-identified
connecting-particle is outgoing and add this to the list of connecting-
particles. This is repeated until the connecting-particle outgoing from

the hard process is identified.
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ii.

iii.

iv.

vi.

The spin-density matrix of the connecting-particle outgoing from the

hard process is calculated according to Eq. (4.1.3).

The connecting-particle b outgoing from the branching, a — be, of the
last-considered connecting-particle, a, is selected and its spin-density

matrix calculated as

/ ]_ ’ IBVAY ’
P = oV (2, OV (2, ) DN, (418)
pQCD
where
Noacn = V(2 o)V 2, ) DX, (419)

plata is the spin-density matrix of the parton @ and D2<*¢ is the decay

matrix of parton c. This is repeated until the spin-density matrix is

calculated for the emitter, X.

The azimuthal angle of the branching of X is generated according
to Eq. (4.1.5) using the spin-density matrix of X calculated in the

previous step.

Following the splitting, the decay matrix of the connecting-particle

X is calculated according to Eq. (4.1.6).

The decay matrix of the connecting-particle incoming to the branch-
ing that produced the last-considered connecting-particle is calculated
according to Eq. (4.1.6). This is repeated until the decay matrix of

the connecting-particle outgoing from the hard process is calculated.

This step is repeated until a branching cannot be selected with a scale above

the IR cutoff.

5. If there are any unstable outgoing particles that have not yet been decayed,

one is chosen at random and its decay mode is selected.?

2The decay mode for each unstable particle is selected according to the branching ratios of the

particle.
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6. If the selected unstable particle is outgoing from a shower branching its spin-

density matrix is calculated according to the procedure in steps 4(b)i-4(b)iii.

Otherwise its spin-density matrix is calculated according to Eq. (4.1.3).

The momenta of the particles produced in the decay of the unstable particle
are generated according to
péo)\f)M)\U;/\l...)\TLM*)\(’);XI...)\'” H DZ)\V\;’ (4110)
i=1n
where )\ is the helicity of the unstable particle, \; is the helicity of the ith

particle outgoing from the decay, pSO/\O is the spin-density matrix of the unstable

BV
Z>\1

particle, D;\ is the decay matrix of the ith particle outgoing from the decay

and M*odAn ig the ME for the 1 — n-body decay.

. If any of the particles outgoing from the decay are coloured they are showered

following an analogous procedure to that described in steps 2-4, where the
hard process is replaced by the 1 — n-body decay system that consists of

the unstable particle incoming to the decay and the outgoing decay products.

Eq. (4.1.3) and Eq. (4.1.4) in steps 2-4 are replaced by

: 1 : ; b YAP VD VAP i
;\a,\a _ ~ p/\oAOM/\o,/\l.../\a.../\nM* 03AL A An HDil ' (4‘1_11)
pD i#a
where
/ . !\ / )\i)\’_
NpD — p)\o)\OM)\o)\l...)\a...)\nM*)\O,)\l...)\a...)\n H Dz ,L’ (4112)
i#a

for the calculation of the spin-density matrix of the ath decay product.

9. There are two possibilities for the decay process:*

(a) If there are no unstable particles, that have not yet been decayed, outgoing

from the decay process, we go to step 10.

3As in Section 2, ‘decay process’ refers to the system of particles consisting of the unstable
particle incoming to the decay and all particles outgoing from the decay, including parton shower
emissions.
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(b) If any of the particles outgoing from the decay process are unstable
and have not yet been decayed, one is selected and its decay mode is
chosen. If the selected particle is outgoing from a shower branching its
spin-density matrix is calculated according to the procedure described in
steps 4(b)i-4(b)iii, where the hard process is replaced by the 1 — n-body
decay system and Eq. (4.1.3) and (4.1.4) are replaced by Eq. (4.1.11)
and (4.1.12), respectively. Otherwise its spin-density matrix is simply
calculated according to Eq. (4.1.11). The selected particle is decayed and
showered according to steps 7-8, following which step 9 is performed for

the decay process.

10. The decay matrix of the unstable particle incoming to the decay is calculated

as
D% _ LMAo;Al...AnM*%;XI---Nn 11 DM, (4.1.13)
ND i=1,n
where
ND :M/\o;)\l.../\nM*)\();)\'l...)\;L H D;\"b)‘; (4114)

i=1n
11. There are two possible origins of the last-considered unstable particle, 7.e. the

unstable particle considered in step 10:

(a) It is outgoing from a decay process, which we now consider. If the
particle was produced in a shower branching, the decay matrix of the
‘connecting-particle’ outgoing from the 1 — n-body decay system is calcu-
lated according to an analogous procedure to that described in step 4(b)vi.

Step 9 and step 11 are now performed for this decay process.

(b) It is outgoing from the hard process or from the parton shower from the

hard process. Go to step 12.

12. If the particle was produced in a shower branching, the decay matrix of the
‘connecting-particle’ outgoing from the hard process is calculated according to

the procedure described in step 4(b)ii.
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13. Step 5 is repeated until all of the unstable particles outgoing from the hard

process have been dealt with.

Emissions from partons incoming to the hard process are also included in the
algorithm using the procedure described in Ref. [91]. In this case the roles of the
spin-density and decay matrices are reversed.

This algorithm works due to the normalisation of the spin-density matrices. In
the angular-ordered shower, in which parton branchings are generated using the
spin-averaged Altarelli-Parisi splitting functions, the normalisation used in each
step of the calculation is always equal to the full distribution used to generate the
previous step. As such the final distribution is equal to the full result, up to the
approximation used to factorise the full MEs into different components. In the dipole
shower, in which splittings are chosen according to the dipole splitting kernels, the
normalisation used in each step is equal to the full distribution used to generate the
correlations in the previous step.

This algorithm is somewhat more convoluted than that described in Ref. [86].
The reason for this is the treatment of spin-density and decay matrices in shower
splittings in step 4b. This treatment is used to ensure that the spin-density and
decay matrix of each particle outgoing from the hard process (n-body decay) under
consideration is correct following each splitting in the shower evolution of the hard
process (n-body decay).

This algorithm does not include any formal treatment for spectator partons or
the recoil momentum in splittings. In splittings from final-final, final-initial, and
initial-final dipoles the spectator is used to absorb the splitting recoil momentum.
In splittings from initial-initial and decay dipoles, a set of outgoing particles is used
to absorb the recoil momentum. In each splitting the momenta of one or several
particles are therefore modified in some way that is not described by the helicity
amplitudes used in the spin correlation algorithm.

All particles have associated ‘basis states’, for fermions these are spinors while

for vector bosons they are polarisation vectors. One consideration that we do make
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is to ensure that any change in the momentum of an incoming or outgoing particle
is accompanied by the appropriate transformation of its basis states. In this way the
basis states of each particle correspond to the momentum of the particle at every
stage in the shower evolution. This is required for the correct calculation of the basis
state mappings for emitter partons described in Section 4.1.2. We investigate the

effect of particle recoils on the prediction of distributions in Section 4.3.

In the following subsections we address the outstanding requirements for the
implementation of this algorithm in the dipole shower. In Section 4.1.1 we provide

s . . . ) .
e and in Section 4.1.2 we make essential considerations

the helicity amplitudes V.
regarding the rotations of the basis states of emitter partons due to transformations

between frames in the shower evolution.

4.1.1 Helicity Amplitudes for Shower Branchings

The spin correlation algorithm described in this chapter requires the computation
of the helicity amplitudes for parton shower branchings in the quasi-collinear limit.
The derivation of the helicity amplitudes is described in detail in Ref. [87], where
the results are given in terms of the evolution variable used in the angular-ordered
shower. In this section we state the helicity amplitudes, rewritten in terms of the
transverse momentum, pr, of the emitted parton as required for use in the dipole

shower.

The helicity amplitudes are calculated in a frame where the emitter lies along the
positive z-axis. This is consistent with the ‘splitting frames’, the frames, described

in Section 2.1, in which the transverse momentum vector for each splitting is defined.

The full helicity amplitude for a branching 0 — 12 is written in the form
V22 (pp, 2, ¢) = GNP (pr, 2)e R0 Mi—e) (4.1.15)

where the helicity of the ith parton is \; = +1 for gluons and \; = j:% for quarks,

z is the light-cone momentum fraction carried by parton 1 and ¢ is the azimuthal
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A | A || g—gg g —qq
. 1 m
+ 1+ [+ e ey
23/2 m2
T+ - = \/1 ~ mr
(1_2)3/2
+ - + NE 1 — Z \/1 — m
N R 0 0
N 0 0
(1—2)%/2
S R - (1—=z \/1 m2+p
23/2
- - + T Vi-—z \/ - m2+p
_ _ _ 1 m

Table 4.1: The helicity-dependent functions G395 (pr, 2) for ¢ — gg and
g — qq branchings. In the g — gg branching, m is the mass of the quark.

/\0 /\1 )\2 =+ /\2 = —
+ 1 P _ =z J
Vi—z\| p3+(1-2)?m? VI—z\/ p2+(1-2)2m?
m2
| 0= 0
m2
T 0 (1-2)% 2\/ A
- _ z Pa
VI=z\/ p2+(1-2)2m? m pr+( 1 Z)Qm2

Table 4.2: The helicity-dependent functions G39*'*2(pr, 2) for ¢ — qg branch-
ings, where m is the mass of the quark.

angle of parton 1 in the splitting frame.* The first factor, G35 (py, 2), is a helicity-
dependent, branching-specific function and the second factor is a phase-factor which
is responsible for the ¢-dependence of the helicity amplitudes. In Eq. (4.1.15) we
have included an explicit dependence on the transverse momentum of the emitted
parton that was not included in the description of the spin-correlation algorithm in
Section 4.1. This dependence only exists in the case of a branching that produces a

massive parton and was omitted for conciseness.

The helicity-dependent functions G3** (pr, z) for g — gg and g — ¢@ branch-

ings are given in Table 4.1. The functions for ¢ — ¢gg¢g branchings are given in

Table 4.2.

4Such that the momentum of parton 2 is given by Eq. (2.1.1) in a final-state branching and
Eq. (2.1.2) in an initial-state branching.
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4.1.2 Basis State Rotations

In Section 4.1.1 we stated that the helicity amplitudes are derived in a specific frame,
which coincides with the splitting frames used in the dipole shower. The splitting
frame of a dipole, or of an emitter, is defined by the momenta of the emitter and the
spectator partons. It follows that, in general, every splitting in the dipole shower is
calculated in a different splitting frame.

Similarly all particles are considered to be produced in some frame. If the particle
is produced in the hard process or is outgoing from a decay, its ‘production frame’
is the frame in which the hard process or decay was calculated. Otherwise its
production frame is the splitting frame of the dipole from which it was emitted.

Consider a branching from a given emitter. The branching is calculated in the
splitting frame of the emitter and we make a specific choice of the basis states x/
of the emitter in this frame, where i is a spin-index. The production frame and
splitting frame of the emitter can be related by a Lorentz transformation. Following
a transformation from the production frame to the splitting frame of the emitter,
the basis states used in the calculation of the production, y,, can differ from those,
X;, used in the calculation of the splitting. We must consider the rotation between
these two sets of basis states.

In particular the spin-density matrix of an emitter is calculated in its production
frame, however it is required as an input to the calculation of its branching in its
splitting frame. Similarly the decay matrix of the emitter is calculated in its splitting
frame, however it is required for calculations in its production frame. We must treat
these matrices appropriately to account for the rotation between the two sets of
basis states. To do this we find a ‘mapping’ between the two sets of basis states and
apply this mapping to the spin-density and decay matrices as required.

To derive the applications of the mappings to the spin-density and decay matrices
required to account for the rotation of basis states, we consider the ME for a
branching from a particle with momentum p. This ME consists of an amplitude, P,

for the production of the particle, an amplitude, IC, for the branching and a result
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for the spin sum of the particle states. We replace this spin sum with an explicit
sum over basis states. In the case of a fermion with wave function ¥,, we replace
the spin sum using

prm=> 0,0, (4.1.16)

while for a vector boson with polarisation vector €, we use

MoV Voq b
— g+ pn A pnt = Z eler. (4.1.17)
p-n a

In the following we consider a general particle with basis state y, and write both of

these sums as
> Xax!- (4.1.18)

We consider the treatment separately for final-state radiation (FSR) and initial-state
radiation (ISR). The explicit construction of the mappings defined in this section, as
required for implementation in HERWIG7, is described for spinors and polarisation

vectors in App. B.

FSR
The full ME for a splitting from a final-state emitter is
M = KxaX!P, (4.1.19)
such that the spin-summed squared ME is
M = I PP i K K xe- (4.1.20)

We normalise by the spin-summed squared MEs for the production and branching

processes to give

1 1 —
|M |2W|2|M|2 ZPSI)SRngSR7 (4]‘21)
P K

where Mp = xIP, Mp = Ky, and

1
P = =—==XIPP"xs, (4.1.22)
(Mol
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1
Di® = —=x|K'Kxa- (4.1.23)
| M|

The spin-density matrix of the emitter is calculated in its production frame,
however we require it as an input to calculations in its splitting frame. We first write
Xo in terms of y/ as

Xa = CaiXss (4.1.24)

where c,; is a mapping between the two basis states, such that we can write the

distribution in Eq. (4.1.21) as

1 1 — 1
|M ‘2 |_/\/l’2|M|2 = prSRWCZjX?ICTICCaiX;a (4125)
P K <
1
= pZSR/WX}T/CT/Cxé- (4.1.26)
My

The spin-density matrix required for the calculation of the branching in the splitting

frame of the emitter is

Pl = Pl CaiChy, (4.1.27)

and an analogous mapping can be calculated for the decay matrix of the emitter.

ISR

The full ME for a splitting from an initial-state emitter is
M =Px.xIK, (4.1.28)
such that the spin-summed squared ME is
[M]* = XL o[ PP X (4.1.29)

We normalise by the spin-summed squared MEs for the production and branching

processes to give

B E—
Y |2|M|2’M‘2 = ooy Dyt (4.1.30)
K P
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where Mp = Py,, Mp = XK and, recalling that the roles of the spin-density and

decay matrices in the treatment of ISR are reversed relative to FSR,

1

plER — Y FXZICICTX,,, (4.1.31)
K
1

Dyt = T ‘QXZP*PXCL- (4.1.32)
P

The decay matrix of the emitter is calculated in its production frame however
we require it as an input to the calculation of the branching in its splitting frame.

To do this we write the distribution in Eq. (4.1.30) as

1 1 1
7272]/\/1\2 = ﬁczixllClCchijDgR, (4.1.33)
(Mic|” [Mp| M|
1
B M _XIKKTx; DY, (4.1.34)
K

where the decay matrix, mapped to the splitting frame of the emitter, is

DY = Ditck ;. (4.1.35)

a

An analogous mapping can be calculated for the spin-density matrix of the emitter.

4.2 Examples

It is instructive to calculate the correlations in some simple cases. We use these
analytic results in Section 4.3 to test the implementation of the spin correlation
algorithm in the dipole shower. In Section 4.2.1 we consider the correlations between
branchings in the parton shower and in Section 4.2.2 we consider the correlations

between the hard process and the parton shower.

4.2.1 Correlations in the Parton Shower

We calculate the correlation of the angle between the planes of two successive parton

shower branchings [88], ¢.e. 0 — 12 followed by 2 — 34. The final angular distri-
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butions are independent of the exact form of the spin-density matrix of the particle
incoming to the first splitting. In order to simplify the following calculations we set

this spin-density matrix to %5’\0’\6, where \g is the helicity of the particle.

The only non-zero correlation is due to the polarisation of an intermediate gluon.
We first consider the branching ¢ — ¢qg. Neglecting the mass of the quark, the

spin-density matrix of the radiated gluon, calculated according to Eq. (4.1.8), is

l i ZleQiqﬁl
2 1422
Py = | b (4.2.1)
_zie”?01 1
1427 2

where z; and ¢; are the light-cone momentum fraction and azimuthal angle of the
quark, respectively. Similarly for the branching g — gg the spin-density matrix for
the radiated gluon is

2,2i¢p
1 zye'?1

2 T 21—z (1—21))2
Py = i ( 11( 1)) ] (4.2.2)

2(1—z1(1—21))> 2

We contract these spin-density matrices with the appropriate helicity amplitudes

for the subsequent branching of the gluon to obtain the distribution

1+ A Bcos(2A¢)], (4.2.3)

o |
where A¢p = ¢ — ¢; is the difference in the azimuthal angle of the planes of the two

branchings and the coefficients A and B, calculated neglecting quark masses, are

given in Table 4.3. The distribution is normalised to the integral over A¢.

4.2.2 Correlations Between the Hard Process and the

Parton Shower

We consider the decay of a Higgs boson to produce two gluons followed by the

branching of each of the gluons into a quark-antiquark pair, i.e. h° = gg — qqq'q-

The LO ME for the decay of the Higgs boson, calculated in the infinite top-mass
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First Second A B
Branching | Branching
g—aq9 | 9—ad e e
z: —z 2
¢—a9 | 999 i s,
N = a0 22 —22z3(1—22)
999 9799 | G227 | T 20 -2)

B (22(1—22))*

9—99 9799 | G=zi0==07 | O-ra(i—22)°

Table 4.3: The coefficients A and B for calculating the correlation between
the azimuthal angles of successive parton shower branchings according to
Eq. (4.2.3). These depend on the branching processes of the first and second
branchings. The light-cone momentum fractions in the first and second branch-
ings are z; and 29, respectively.

limit,? is
Mgy = —P1 P26} - €+ P2 €11 63, (4.2.4)
where p;—1 2 and €, 2 are the 4-momenta and polarisation vectors of the outgoing

gluons, respectively. We do not consider the normalisation of this ME as it does not

affect the correlations of interest. The non-zero helicity amplitudes for h® — gg are:

++ Mh i
Mh0_>gg - — 2 (S 9 (4.2.5&)
2
__ mp o
Mo,y = ——2%2 ¢ (4.2.5D)

where ¢ is the azimuthal angle of the first gluon.

The spin-density matrix of the first gluon is calculated according to Eq. (4.1.11),
where the spin-density matrix of the Higgs boson is simply equal to one, and the
azimuthal angle of the branching is calculated according to Eq. (4.1.5). Following

the splitting the decay matrix of the gluon, D, is calculated according to Eq. (4.1.6),

1 —2i
2 a(thTlamq)e &
D =

a(z1, pry, mg)e* ! 3

, (4.2.6)

where ¢, is the azimuthal angle of the quark ¢ in a frame in which the first gluon

5Any changes from the inclusion of the finite top mass would cancel in the normalised distribu-
tion.
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lies along the positive z-axis and

2

m2 ’
1—221(1—21) (1_7?1(21+Z)T%>

where 21, pr; and m, are the light-cone momentum fraction, transverse momentum

(4.2.7)

a(zlapTh mq) =

and mass, respectively, of the quark ¢ in this frame.

We can now calculate the spin-density matrix, p, of the second gluon according to

Eq. (4.1.11), now using the decay matrix of the first gluon as input to the calculation,

1 —2ip1+41
b) a(Zl,pTl,mq>e 1 ¢

p= - : (4.2.8)
a(z1, pry, mg)e® =1 3
The azimuthal angle, ¢, of the second splitting is generated according to the distri-

bution

m2/
1—22(1— 1] — —4
[ 22( 22) ( mg/ ‘f'pT%)]

X [1 4 4a(z1, pry, mg)a(za, pre, my) cos (4 — 2¢1 — 2¢2)] (4.2.9)

calculated according to Eq. (4.1.5), where 2z, pr, and m, are the light-cone mo-
mentum fraction, transverse momentum and mass, respectively, of the quark ¢’ in
the frame in which the second gluon lies along the positive z-axis. If we rotate the

quark produced in the first branching into this frame its angle is ¢] = 2¢ — ¢;.

We choose to neglect the mass of the quark. Multiplying the distribution in
Eq. (4.2.9) by the spin-averaged splitting function for the first branching, we get the

full distribution for the process
[1—22 (1 —21)][1 — 229 (1 — 29)] [1 + 4a(z1)a(z2) cos (2 [p2 — ¢1])] . (4.2.10)

Integrating over z; and z5 between 0 and 1 and normalising the resulting distribution
to the integral over the azimuthal angle, A¢ = ¢o — ¢/, between the planes of the

two branchings gives

817T [3+2cos” (Ag)] . (4.2.11)
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4.3 Results

4.3.1 Correlations in the Parton Shower

The analytic result for the distribution of the angular difference between the planes
of successive parton shower branchings is given in Eq. (4.2.3). This expression can be
expanded for each of the four sequences of branchings that give rise to correlations
using the coefficients in Table4.3. In this section we present the predictions of these
distributions obtained using the dipole shower and, for comparison, the angular-
ordered parton shower. The angular difference between two successive parton shower
branchings is measured in the splitting frame of the second branching. This test
verifies the implementation of the helicity amplitudes in the parton showers. In the
dipole shower it also probes the implementation of the basis state mappings between
splittings.

We test the cases of FSR and ISR separately. In the ISR case the first splitting
is identified as that closest to the incoming hadron and the intermediate parton
between the splittings is space-like. In the dipole shower we can divide FSR and
ISR further according to the type of dipole considered. Specifically FSR is emitted
from final-final and final-initial dipoles while ISR is emitted from initial-initial and
initial-final dipoles. We include a separate result for each of these four types of

dipole. We do not consider radiation from decay processes in this test.

For the purpose of these tests we implement an artificial restriction on the
splittings allowed in the dipole shower. Following the first splitting we only allow
subsequent splittings from dipoles in which the spectator is the spectator of the
previous splitting and in which the emitter was produced as a new parton in the
previous splitting. This restriction has two purposes. First, by forbidding subsequent
emissions from emitters with different ancestors incoming to or outgoing from the
hard process, it allows us to probe only the correlations in the shower, i.e. the
correlations in the hard process do not affect the results. Second, by using the same

spectator in subsequent splittings, the frame of the second splitting is a suitable
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frame in which to measure the angular difference between the splittings.

The results are shown in Fig. 4.1 and Fig. 4.2 for FSR and ISR, respectively. We
have chosen to measure the azimuthal-difference for splittings in which the light-cone
momentum fraction in the first and second branchings lies in the range 0.9 < z; < 1.0
and 0.4 < 2o < 0.5 respectively, as this is the configuration in which the correlation
is strongest. All of the results shown are for the case of massless quarks.

Each plot shows the analytic result and the parton shower predictions. In each
plot we have included the prediction obtained using the angular-ordered shower with
spin correlations switched off. In each case this produces a flat line at 1/27 and
we have confirmed that the dipole shower also predicts a flat line. In each case the
dipole shower predictions display good agreement with the analytic result and with

the angular-ordered shower predictions.

4.3.2 Correlations with the Hard Process

In this section we consider results that probe the correlations between the parton
shower and the hard process. These tests verify that correlations are passed correctly
between the hard process and the parton shower. In addition these tests also probe
the treatment of spectators and splitting recoils in the dipole shower, mentioned
briefly in Section 4.1.

The analytic result for the distribution of the azimuthal angle between the planes
of the g — qg branchings in h° — gg — qqq'q’ is given in Eq. (4.2.11). This analytic
result and the predictions of the angular-ordered and dipole parton showers are
shown in Fig. 4.3. In addition we include the result obtained from a sample of
events generated according to the LO ME using MADGRAPH5__ AMC@NLO [125].
All quarks are treated as massless and our analysis requires two gluon splittings to
different quark flavours to enable perfect identification of the quark pairs.

The dipole shower prediction displays excellent agreement with the angular-
ordered shower prediction. The parton shower predictions exhibit a fair agreement

with the analytic result and the LO prediction, however some differences remain
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Figure 4.1: The analytic result for the difference in azimuthal angle between
the branching planes of subsequent final-state (upper left) ¢ — gg and g — gg,
(upper right) ¢ — gg and g — qq, (lower left) ¢ — gg and ¢ — gg and
(lower right) ¢ — gg and g — qq splittings compared to the distributions
predicted using the angular-ordered (QS) and dipole parton showers. The
predictions obtained using only final-final (DS-FF) and final-initial (DS-FI)
The predictions of the
angular-ordered (CorrOff) shower without spin correlations are included for
comparison. The momentum fraction in the first and second branchings lies in
the range 0.9 < z; < 1.0 and 0.4 < 25 < 0.5 respectively.

dipoles in the dipole shower are shown separately.
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Figure 4.2: The analytic result for the difference in azimuthal angle between
the branching planes of subsequent initial-state (upper left) ¢ — ¢g and g — gg,
(upper right) ¢ — gg and g — qq, (lower left) ¢ — gg and ¢ — gg and
(lower right) ¢ — gg and g — qq splittings compared to the distributions
predicted using the angular-ordered (QS) and dipole parton showers. The
predictions obtained using only initial-initial (DS-II) and initial-final (DS-IF)
dipoles in the dipole shower are shown separately. The predictions of the
angular-ordered (CorrOff) shower without spin correlations are included for
comparison. The momentum fraction in the first and second branchings lies in
the range 0.9 < z; < 1.0 and 0.4 < 25 < 0.5 respectively.
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Figure 4.3: The analytic result for the difference in azimuthal angle between
the planes of the two branchings in h° — gg — qGq’q’ compared to the dis-
tributions predicted using the angular-ordered (QS) and dipole (DS) parton
showers. The angular-ordered shower (QS-CorrOff) and dipole shower (DS-
CorrOff) predictions without spin correlations are included for comparison.
The result obtained from a sample of LO events generated using MAD-

GRrAPH5__AMCQ@NLO (LO) is also shown.

due to the cutoff on the transverse momentum used in the parton showers. The
analytic result has no cutoff and the LO result includes a cut on the invariant mass
of the quark-antiquark pairs which does not affect the shape of the distribution.
The transverse momentum cutoff removes some of the region z — 0,1 where the
correlation is smallest giving a slightly larger correlation effect overall.

The above result probes the the treatment of FSR. In order to test the correlations
between ISR and the hard process we consider the Higgs boson production process
gg — h° followed by the backward splitting of each of the two gluons into an incoming
quark and an outgoing quark. In order to obtain a finite LO result we require that
the minimum transverse momentum of the outgoing quarks is 20 GeV.

The predictions for the distribution of the difference in the azimuthal angle
between the planes of the branchings predicted using the dipole and angular-ordered
parton showers are shown in Fig. 4.4 and Fig. 4.5, respectively. For comparison we
also include the result obtained from a sample of events generated according to the

LO ME using MADGRAPHS5__AMC@NLO.
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Figure 4.4: The difference in azimuthal angle between the planes of two initial-
state ¢ — ¢¢ branchings in gg — h° predicted using the dipole shower (DS).
The dipole shower (DS-CorrOff) prediction without spin correlations is also
included. Predictions obtained using the dipole shower restricted to allow
branchings from II dipoles only and with a modified handling of splitting
recoils, as described in the text, are shown with (DS-II) and without (DS-II-
CorrOff) spin correlations. The result obtained from a sample of LO events
generated using MADGRAPHS5__AMCQ@NLO (LO) is shown for comparison.
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Figure 4.5: The difference in azimuthal angle between the planes of two initial-
state g — ¢q branchings in gg — h° predicted using the angular-ordered (QS)
parton shower. The angular-ordered parton shower (QS-CorrOff) prediction
without spin correlations is also included. The result obtained from a sample
of LO events generated using MADGRAPH5__AMCQ@NLO (LO) is shown for
comparison.
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The results obtained using the dipole shower are affected by the treatment of the
splitting recoil momentum and we include several results in Fig. 4.4 to explain the
effects. We first note that the prediction produced using the dipole shower without
spin correlations is not flat. The recoil in splittings from initial-initial dipoles is
distributed amongst all outgoing particles other than the emitted parton, while in
splittings from initial-final dipoles the spectator gains a transverse component to its
momentum in the splitting frame. The momentum of the outgoing quark produced in
the first splitting is therefore changed in a non-trivial way in the second splitting and
this gives rise to a directional preference of the second splitting relative to the first
splitting. This behaviour necessarily affects the prediction when spin correlations

are included and gives rise to the corresponding distribution in Fig. 4.4.

In order to demonstrate that the effects seen in the dipole shower predictions
are indeed due to the treatment of the recoil momentum in splittings, we have also
included results obtained using a modified version of the dipole shower. In this
modified shower we only allow splittings from initial-initial dipoles and we modify
the behaviour of these splittings such that the splitting recoil is entirely absorbed
by the outgoing Higgs boson in both of the splittings. With these modifications the
direction of the quark produced in the first splitting is not modified in the second
splitting and when spin correlations are not included the predicted distribution is
a flat line. As such the prediction with spin correlations included displays better
agreement with the angular-ordered parton shower and LO predictions. There are
differences in shape between the dipole shower prediction and the LO prediction due

to corrections beyond the collinear limit.

Similar problems with the default recoil scheme in dipole parton showers were
observed in Ref. [150] where it was shown that the same change in the recoil strategy

used here resolved issues with the logarithmic accuracy of the parton shower.

In comparison to the dipole shower predictions, the predictions obtained using the
angular-ordered parton shower exhibit more straightforward behaviour. In Fig. 4.5

we find that when spin correlations are not included in the parton shower the
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predicted distribution is simply a flat line. With spin correlations included the
angular-ordered parton shower prediction is similar to the LO prediction, again with

some differences in shape due to corrections beyond the collinear limit.

4.3.3 Spin Correlations in ¢t Production at the LHC

The results presented up to this point verify that the implementation of the spin
correlation algorithm in the dipole shower functions correctly. In this section we
consider the spin correlations in top quark decays in pp collisions at the LHC. In
particular we consider the correlations between the decay products of the top quark
and antiquark decays in pp — tt events.

Fig. 4.6 shows two angular distributions measured by CMS [144] in dileptonic
pp — tt events at a centre-of-collision energy of 8 TeV. The first is the absolute
value of the azimuthal separation, |Agy+,-|, of the charged leptons measured in
the laboratory frame. The second is the cosine of the opening angle, ¢, between
the two charged leptons, each separately transformed into the rest frame of its
respective top quark/antiquark parent following an initial transformation into the
centre-of-momentum frame of the tt-pair. The second measurement requires the
reconstruction of the ¢t system from the data. The uncertainty on the experimental
measurements is shown by the error bars on these results.

We include the distributions predicted using LO simulations with the angular-
ordered and dipole parton showers, with and without spin correlations included. In
the angular-ordered shower the top quark decays are corrected to NLO in QCD while
in the dipole shower no such correction is applied to obtain these predictions. These
results are obtained using an analysis, written in the RIVET framework, provided
by the experiment and the reconstruction of the opening angle ¢ uses parton-level
information from the MC events. Error bars representing the statistical uncertainty
on these predictions are included but are too small to see.

The predictions obtained using the dipole shower, with and without spin correla-

tions included, display good agreement with those obtained using the angular-ordered
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Figure 4.6: (Left) the azimuthal separation of the charged leptons and (right)
the opening angle between the charged leptons, transformed to the frames
described in the text, measured by CMS in 8 TeV dileptonic pp — tt events
and predicted using the angular-ordered (QS) and dipole (DS) parton showers.
The predictions of the angular-ordered (QS-CorrOff) and dipole (DS-CorrOff)
parton showers without spin correlations are also shown. The ratio plots show
the ratio of the given MC prediction to the experimental result.

parton shower. In the |A¢,+,- | distribution the parton shower predictions, including
spin correlations, display reasonable agreement with the experimental result. The
parton shower predictions accurately describe the measured cos ¢ distribution in all
but the lowest bin. It is clear that if spin correlations are not included in the parton

showers, they fail to describe the experimental results.

4.4 Summary

Spin correlation effects are often unobservable in average distributions, however
there are cases, such as the decays of heavy quarks, where they are important.
Their implementation in HERWIG7T is therefore an important part of improving the
accuracy of the simulation. In this chapter we have presented a modified version of
the spin correlation algorithm of Refs. [86,88-91] and implemented it in the dipole
shower.

The spin correlation algorithm is also included in the angular-ordered parton
shower [87]. In order to verify the correct functioning of the spin correlation al-

gorithm in the dipole shower we have compared predictions obtained using both
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of the parton showers. We have also compared the parton shower predictions to
analytic calculations or predictions obtained using a LO ME, through which we
have confirmed that the spin correlation algorithm functions correctly in both of the
parton showers.

The handling of splitting recoils in the dipole shower is not formally included in
the spin correlation algorithm. We have discussed these limitations and presented
results that show where these effects are evident. Despite these limitations we find
that the dipole shower, and the angular-ordered shower, produce a fairly accurate
prediction of two angular observables, measured by CMS in pp — tt events, that are

sensitive to spin correlations.



Chapter 5

Parton Shower Reweighting

In Chapter 3 we performed an evaluation of the matching and shower uncertainties
in the MC simulation of pp — tt events. In general it is important to assess the
uncertainty on predictions from MC event generators. The method typically used to
evaluate uncertainties arising from scale choices in the parton shower is to perform
a full MC simulation of the process in question for each set of scales of interest.
Clearly this method becomes very computationally intensive if there are multiple

scale variations to be evaluated, as is often the case in a phenomenological study.

In this chapter we present a generalisation of the veto algorithm presented in
Section 1.2.2 that enables us to evaluate the effect of changing parameters in the
parton shower via a reweighting of the central result, rather than a full resimulation
of the events. The modifications to the veto algorithm are completely process-
independent, therefore this reweighting method can be applied to processes that
involve massive quarks. We restrict ourselves to considering variations of the shower
scale ug, the argument of the strong coupling and the PDFs in the parton shower,
however any change that can be written as a modification of the splitting kernel
can be evaluated using this reweighting method. Using this approach, the hard
process generation and hadronization steps are performed only once for each set of
variations of the shower parameters which can lead to a significant reduction in run

time compared to performing several separate runs.
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The first approach [151] to the evaluation of differences in predictions due to
variations in the parton shower through the calculation of weights on an event-
by-event basis required the calculation of a separate weight, in every splitting, for
each variation of each parameter. The implementation of this approach in a MC
event generator is not straightforward as the weights are not calculated via the veto
algorithm. Furthermore, the method presented in this chapter only requires the

calculation of a separate weight, in every splitting, for each set of variations.

The calculation of event weights in the veto algorithm was introduced for final-
state radiation in Ref. [152]. Related work on modifying the veto algorithm to
address a number of applications has been presented e.g. in Refs. [109,153], while
detailed studies regarding negative splitting kernels and effects of the IR cutoff have
been addressed in Ref. [154].

The modified veto algorithm presented in this chapter is implemented in both the
angular-ordered and dipole parton showers and for both final- and initial-state split-
tings. At the time that the modified algorithm was implemented in HERWIGT [155],
there was a strong demand from the experimental community for the implement-
ation of such methods to enable faster evaluation of the uncertainties on MC pre-
dictions. Accordingly similar capabilities were implemented in the PyTHIA [156]
and SHERPA! [157,158] MC event generators around the same time. More recently
an approach that uses a neural network to predict the effects of varying shower

parameters has been developed [159].

In Section 5.1 we present the modified veto algorithm and show that the re-
weighting procedure correctly reproduces the results of running the MC simulation
with different parameters. In Section 5.2 we discuss the application of the modified
algorithm to incorporate variations of the shower scale. Following this in Section 5.3
we present results to verify that the implementation of the modified veto algorithm in

HERWIGT does indeed reproduce the results obtained using the traditional method

!The implementation in SHERPA also includes the evaluation of uncertainties arising from the
variation of parameters in the ME using reweighting methods, an area for future development in
HERWIGT.
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of rerunning the simulation with different parameters. Finally in Section 5.4 we
describe some technical considerations regarding the practical implementation of the
modified veto algorithm in a parton shower, including the introduction of a ‘detuning
parameter’ that can be used to improve the rate of convergence of the reweighted
results, albeit at the expense of a reduction in the efficiency of the veto algorithm

for the central prediction.

5.1 The Weighted Veto Algorithm

The standard veto algorithm is described in Section 1.2.2, along with a proof that it
reproduces the probability distribution dSp in Eq. (1.2.4), which should be referred
to for details. We modify the algorithm to use a general acceptance probability in
the accept/veto step for each trial splitting which, for a branching at scale ¢ with

associated splitting variable(s) x, satisfies
0 <elk,ylg,x) <1, (5.1.1)

and which, in addition to q¢ and x, can depend on the starting scale of the algorithm, k,
and the associated parameter point y. This is achieved by introducing a weight that
is updated in every accept/veto step. In this approach we can relax the requirement
that the splitting kernel P is positive and remove the restriction R(q,z) > P(q,x).

We consider the same simple case as in Section 1.2.2 in which a single type of
splitting from a single parton is trialled. We start with a weight w = 1 and the
generation of the splitting scale and variables together with the evolution of the

weight proceeds as follows:

1. A trial splitting scale and variables, ¢ and x, respectively, are generated ac-

cording to Sgr(k,y|q, z; p, x,) as described for the standard veto algorithm;

2. If the scale ¢ < pu, no emission is generated and the cutoff scale u and associated

parameter point x, are returned with weight w;
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3. The trial scale and splitting variable(s) are accepted with probability e(k, y|q, )

and the returned weight is

1 P(q,x)

oyl ) Rlg.a) (5-1.22)

w X

4. Otherwise the weight evolves as

1 )X<1_P(q,x)

X
1 —e(k,ylq,x

w

) , (5.1.2b)

and the algorithm continues with k& = ¢.

In each event the weight w is propagated through the shower evolution and applied
to the measurements from that event. In general the acceptance probability € can
depend both on the point under consideration and the previously vetoed point, in
principle allowing the algorithm to be biased to traverse certain sequences more
often than others. In general the algorithm is not guaranteed to terminate, however

this is not an issue for the applications we are considering.

In order to prove that this algorithm gives the correct result we note that the
probability density for the algorithm to traverse a sequence (¢, 1| ... |qn, Tn|q, x) of

n — 1 veto steps to return ¢, x from an initial condition Q) = ¢, r¢ = 2 is

dSI(%sz(QM 1| qns Talq, x5, 1y,

. d,, Ar(qu, ) . r—
= g | SR i ) (513)

+ €(qn, 2nlq, ) mR(q, 2)0(qn — q)0(q — u)}

- AR(QI; Qi)
X ——R iy Lg
i:Hz lAR(Q17 ¢i—1) (4 :)

X (1 = e(qi—1, Ti-1|qi, i) 0(qi—1 — ¢:)0(q; — M)] dg; d%a;,
= dgqd?e [Ar(q1, 11)6(q — p)d(x — x,) (5.1.4)

+ €(qn, Tulq, ) Ar(q1, 9)R(g, 2)0(q1 — ¢)0(q — )]

X H [R(qi, z:) (1 — €(qi—1, 21| @i, 2:)) 0(qi—1 — @:)0(qs — q)] dgs d’z;.

1=2
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The weight accumulated through this sequence of steps is

(n)

wP,R,e(QIJx1’ |Qnaxn|Q7x;Maxu) (515)
n 1 P(va)

— H : (1 - Pl xi)) o ) Cealen) X Ry 47
i=2 6(%’71,%71’%%) R(Qi,%‘) 1 q< .

Summing over all possible series of veto steps and performing the integration for

each intermediate step produces the probability density

dSPRe(Qlyxﬂ'-~|Qn7$n|Q7x;/~L7xu> (516)

Z/ dSRe(Qlax” |Qnaxn|q7‘r ;u’l‘u) wg—_’g%e(qlaxﬂ |QTL7$TL|Q7$ Maxu>
n=1"Y42:%2,--,qn,Tn

Using the result

ASS g a] - |Gns Talg, w3 g1, ) WER (a1, 21 - s Tl g 2 1, 2,) (5.1.7)
= dgd®z [Ar(qr, 1)0(q — p)o(x — x,) + P(g, ) Ar(qr, 9)0(qr — ¢)0(q — )]

X H (g5, z:) — P(qi, 7)) 0(qi1 — ¢:)0(q; — q) dg; A,

as for the standard veto algorithm the difference R(q,x) — P(q,z) exponentiates

when performing the integration and sum over the intermediate steps and we find

dSpre(q, 1] . |Gns Tulq, ©; p, 2,) = ASp(qu, x| - - - G, Tulg, x5 p ), (5.1.8)

i.e. the correct distribution is produced.

As for the standard veto algorithm this can be extended to correctly handle
competing processes using the competition algorithm, whereby a trial emission is
generated for every possible branching and that with the highest scale is selected.
In the weighted veto algorithm the weight includes the contributions from all of the

trial emissions, including those which are not selected through competition.

5.2 Scale Variations in Parton Showers

The weighted veto algorithm described in the previous section provides a method of

performing the parton shower for a default splitting kernel while at the same time
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calculating the weights for different choices of the kernel. Prompted by the variations
considered in Chapter 3 and motivated by a desire in the broader community for a
faster evaluation of uncertainties we restrict ourselves to considering variations of
the shower scale g, i.e. the scale used as the argument of the strong coupling and
the PDFs, a standard measure of parton shower uncertainty. More generally the
method allows for any variation which can be expressed as a change of the splitting

kernel.

In this case we choose the acceptance probability

e(q, x|k, y) = (5.2.1)

for the default choice of kernel P(g,x). With this choice the unweighted result then
produces the result of the standard veto algorithm for the default kernel. This choice
ensures that in our case the weighted veto algorithm will terminate. A variation of
the splitting kernel is introduced by changing P — P’ in Egs. (5.1.2a) and (5.1.2b),
while keeping the acceptance probability in Eq. (5.2.1). The reweighted result then
reproduces the result for this alternative choice of the kernel. The strong coupling
and any PDFs are implicitly included in the splitting kernels such that variations of
[ts can be written as variations of the kernel. In general, weights can be calculated

on an event-by-event basis for an arbitrary number of kernel variations.

5.3 Results

The algorithm of Section 5.1 has been implemented as described in Section 5.2 in
the angular-ordered and dipole parton showers. In this section we present results
obtained using both parton showers which show that the reweighted results correctly
reproduce the results obtained through a complete rerunning of the simulation. The
angular-ordered and dipole parton showers differ in the technical implementation of
the veto algorithm in the program, thus it is valuable to test the implementation of

the modified veto algorithm in both showers.
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Figure 5.1: The distribution of 1 — 7" in parton-level ete™ — ¢q events at
Vs = 91.2 GeV predicted using the angular-ordered (QS) and dipole (DS)
parton showers. The main plots show the results obtained from rerunning
the simulation using upward (v/2pug) and downward (ug/+/2) variations of the
shower scale. The ratio plots show, for each scale variation, the ratio of the
result obtained using the reweighting method to that obtained from rerunning
the simulation.

Fig. 5.1 shows the distribution of 1 — T, where T is the thrust, in efe™ — ¢q
events at /s = 91.2 GeV predicted using the the angular-ordered and dipole parton
showers. Fig. 5.2 shows the distribution of the transverse momentum of the Higgs
boson in gg — h° events at /s = 13 TeV predicted using the angular-ordered and
dipole parton showers. All of these predictions are measured at the parton level, i.e.
following the parton shower and without hadronization, without any ME corrections

applied to the description of hard radiation.

In addition to the central predictions, results obtained by rerunning the event
generator using scale variations of pg/v/2 and v/2pug are also shown. For each scale
variation we include a plot of the ratio of the reweighted result, obtained using
the modified veto algorithm, to the corresponding result obtained by rerunning the
simulation. Up to statistical fluctuations and effects due to the rare occurrence of
exceptionally small or large weights, discussed in Section 5.4, the reweighted results
display excellent agreement with those obtained by running the event generator

separately for each scale variation.

The results shown in Fig. 5.1 and Fig. 5.2 confirm that the weighted veto al-
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Figure 5.2: The transverse momentum distribution of the Higgs boson in
parton-level gg — h° events at /s = 13 GeV predicted using the angular-
ordered (QS) and dipole (DS) parton showers. The main plots show the results
obtained from rerunning the simulation using upward (v/2us) and downward
(ps/v/2) variations of the shower scale. The ratio plots show, for each scale
variation, the ratio of the result obtained using the reweighting method to that
obtained from rerunning the simulation.

gorithm functions correctly in both parton showers. As an example of its application
in the simulation of massive quarks, in Fig. 5.3 we show the distribution of the
weakly-decaying scaled B-hadron energy measured by SLD [110], described in Sec-
tion 2.2.1. For each of the parton showers we show a central prediction and two
reweighted results that show the effects of the scale variations pg/v/2 and v2pug in
the shower. The error bars on the data points show the uncertainty on the exper-

imental measurement while the error bars on the MC predictions show statistical

uncertainty.

5.4 Technical Considerations

Three considerations should be made when using the reweighting approach to calcu-

late the scale uncertainty in the parton shower:

1. The time taken to calculate the result of the scale variations using the reweight-
ing approach should be less than running the event generator separately for

the different scale choices considered. In general this will be the case if the
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Figure 5.3: The scaled B-hadron energy distribution measured by SLD [110].
The central predictions obtained using the angular-ordered (QS) and dipole
(DS) parton showers and the corresponding reweighted results for upward
(v2ps) and downward (pug/+/2) variations of the shower scale are shown.

other stages of the event generation, for example the hard process evaluation,
take significantly longer than the generation of the parton shower, or if de-
tector simulation is included. In simple processes without detector simulation

however, the time taken for the two approaches can be comparable.

2. If the weight variation is large then a large number of events need to be
simulated in order for the reweighted result to converge, within an acceptable

error, on that generated by directly simulating the events.

3. If there are regions of phase space which would be populated in a simulation
using a varied scale but not using the central scale, these regions of phase space

will not be populated using the reweighting approach.

Table 5.1 shows the fractional difference in the time taken to perform LO simu-
lations of gg — h° events, using a central shower scale and two variations, by direct
simulation and using the reweighting approach. We compare the time taken with
hadronization, and hadron decays, switched on and off and with and without MPI.
With MPI switched on, we also compare the effects of varying the shower scale only
in the showering of the hard process and in the showering of both the hard process

and secondary interactions.
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Shower | Hadronization | No MPI MPI
& Had. Decays Hard Only All
QS Off -0.18 0.35 0.09
On 0.30 0.51 0.35
DS Off 0.47 0.63 0.54
On 0.60 0.65 0.60

Table 5.1: The fractional difference, (7'(direct) — T'(reweighting))/7'(direct),
in the time taken to simulate 10000 gg — h° events at /s = 13 TeV with the
angular-ordered (QS) and dipole (DS) parton showers using a central shower
scale pg and two variations, ug/v/2 and v/2usg, by direct simulation and using
the reweighting approach. Events are considered with and without hadroniza-
tion and hadron decays and with and without MPI. With MPI included, events
are considered both with (All) and without (Hard Only) varying the shower
scale in the shower evolution of the secondary interactions.

The dipole shower exhibits considerably larger time-savings using the reweighting
approach, compared to directly rerunning the simulations, than the angular-ordered
shower. This difference is due to the different technical implementations of the
veto algorithm in the two showers. The dipole shower uses an adaptive-sampling
approach in which only one acceptance probability is calculated and shows this
significant time-saving because, for each trial splitting, only one calculation needs

to be performed to update the weight for each variation.

In contrast in the angular-ordered parton shower the calculation of the acceptance
probability in Eq. (5.2.1) is split into a number of different components. For example,
in a trial splitting from an initial-state parton three separate overestimate functions
are defined. One function overestimates the strong coupling, one overestimates the
Altarelli-Parisi splitting kernel and the other overestimates the contribution from
the ratio of PDFs and momentum-fraction factors, for details refer to the discussion

of initial-state branchings in Section 1.2.2.

Three corresponding acceptance probabilities are constructed and the veto is ap-
plied separately for each. In the standard veto algorithm the calculation is organised
so that the most time-consuming piece, the evaluation of the PDFs and the corres-
ponding overestimate, is performed only if the tests on the other two acceptance

probabilities are passed. In the weighted veto algorithm, however, the evolution of
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the weights requires that all of the acceptance probabilities are evaluated for each

trial emission, both for the central scale and the variations.

Using the reweighting approach, the shower evolution can therefore be slower
than performing separate simulations if the time taken for the evaluation of the three
acceptance probabilities is significant compared to that for the rest of the shower
evolution. When all of the parts of the simulation are included however, even for the
simple hard process considered in this test we find that the reweighting approach is
significantly faster. This performance improvement will increase when more complex,

and hence time-consuming, processes are simulated.

In Step 4 of the modified veto algorithm the veto probability is divided out of
the event weight. If the veto algorithm for the unweighted central prediction is very
efficient, i.e. if €(q, x|k, y) ~ 1, then the weight distributions of the reweighted results
can become very broad. While, for the central prediction, a very efficient algorithm
is desirable, it may at the same time force us to generate a lot more events to obtain

convergent results for the reweighted distributions.

The situation can be improved by explicitly making the veto algorithm for the
central prediction less efficient by introducing a ‘detuning’ parameter, A > 1, to
increase the overestimate function, R — AR. This can produce a faster convergence
of the reweighted results. Despite the increase in the run time required by the less
efficient veto algorithm, using reweighting is still expected to be faster than perform-
ing a full simulation for each variation. Detuning parameters are implemented in

the reweighting mechanisms in both the angular-ordered and dipole parton showers.

Fig. 5.4 shows the distributions of the weights generated by the modified veto
algorithm using different values of the detuning parameter. The dipole shower is used
and ‘up’ (v2ug) and ‘down’ (ug/+/2) variations of ug are considered. The number of
negative weights generated for the ‘down’ variation is reduced significantly by using
A > 1 at the expense of a moderate increase in run time (the run time with A\ = 4
was roughly twice as long as using no detuning). The increase in run time when

the detuning parameter is used must be compared to the time taken to simulate
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Figure 5.4: Distributions of the weights produced using different values of the
detuning parameter in the weighted veto algorithm in the evaluation of (left)
‘up’ and (right) ‘down’ variations of pg in the dipole shower in the simulation
of gg — h° events at /s = 13 TeV.

a larger number of events without detuning to obtain a similar statistical error on
the reweighted distributions. We note in the case that the overestimate function
is larger than the splitting kernel for all of the variations considered, no negative

weights are produced.

5.5 Summary

We have presented a modified veto algorithm that enables the computation of weights
for any variations in the splitting kernels used in the veto algorithm at the same time
as the computation of the result of the standard unweighted veto algorithm. We have
applied the algorithm to enable us to assess the uncertainty due to variations of the
scales in the parton shower without resimulating the events for each scale variation
of interest. In all but the simplest processes this new approach is significantly faster
than performing separate simulations for each scale variation of interest.

If the veto algorithm for the central, unweighted, result is very efficient then the
distribution of the weights calculated for the variations can be very broad. We have
therefore introduced a ‘detuning’ parameter that can be used to produce a faster

convergence of the reweighted results at the expense of a less efficient veto algorithm.
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The application of the modified veto algorithm to the evaluation of scale variations
is implemented in the angular-ordered and dipole parton showers. In general the
algorithm can be applied for any variation that can be expressed as a modification

of the splitting kernels and further applications are an area for future development.



Chapter 6

Heavy Quark Pair Production in

Parton Showers

Higgs boson production in association with a tf-pair, where the Higgs boson decays
to a bb-pair, is a process of significant interest at the LHC. In order to study this
process we must have a good theoretical understanding of the background processes
involved. One such background process is pp — ttbb, where the bb-pair is produced

in a g — bb vertex.

Due to the presence of the bottom quark mass in the calculation of the LO cross
section for such processes, it involves potentially large logarithmic contributions. It
is important for these logarithms to be well understood before we move to calculating
the cross section at NLO. In this chapter we present some preliminary work towards a
new method to use parton showers to subtract these logarithms in the LO calculation

and resum them to all orders.

In order to use a parton shower to subtract and resum these logarithms in
the calculation, they must accurately reproduce them. In Section 6.1 we therefore
evaluate how accurately the angular-ordered and dipole parton showers in HERWIG7
reproduce the logarithms. In Section 6.2 we summarise our findings and outline the
principle behind our new approach to dealing with these logarithms using parton

showers.
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6.1 Heavy Quark Multiplicities in Parton

Showers

In order to understand how well parton showers describe the ¢ — bb branching
process, or more generally the branching process to a heavy quark pair, ¢ — QQ,
we compare analytic calculations for heavy quark multiplicities to predictions from
parton showers. The heavy quark multiplicity in, for example, a gluon jet is the

mean number of heavy quark pairs in a gluon jet

QQ N,

. Nys
nglgonjet _ ﬂ, (611)

where Ng is the number of heavy quark pairs in a sample of N, gluon jets. Similarly
one can calculate the heavy quark multiplicity in quark jets or in a given process.
We first calculate the heavy quark multiplicity in gluon jets to lowest order in
perturbation theory. We compare this analytic result to the equivalent analytic
results obtained using the splitting kernels and phase-space limits in the angular-
ordered and dipole parton showers. Following this we compare the analytic results
of Ref. [160] and Ref. [161] for the heavy quark multiplicity in gluon jets and
electron-positron collisions, respectively, to numerical results obtained using the

angular-ordered and dipole parton showers.

6.1.1 The Leading Order Multiplicity in Gluon Jets

Consider the production of a gluon and its subsequent decay into a heavy quark pair.
In the calculation of the LO result for the heavy quark multiplicity in a gluon jet,
we are not concerned about the details of the gluon production process, therefore
we factorise the production and decay processes. The LO result for the heavy quark
multiplicity in a gluon jet is then simply the LO ¢ — QQ decay rate. We construct

the following expression for the differential decay rate dI’

d3K d3pQ dSPQ FEEE—
mpab, T -qo| A'KON(K —po — pg 1.2
(2m)*2EK (2m)32Eq (27)32 EQng -0l (K —po—pg), (6.1.2)
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where Ex and K are the energy and momentum of the gluon, respectively, (EQ> Eg
and (pQ> pg are the energy and momentum, respectively, of the (anti)quark and
‘./\/l - _,QQ‘Q is the spin- and colour-summed and averaged squared ME for the branch-
ing process.! In the factorisation of the production and decay processes, the term
d*K0*(K — pg — pg) is introduced to implement momentum conservation in the
decay process. This term also gives rise to the phase-space factor for the production
of the gluon, which we therefore include as a factor on the left-hand side of the

equation.

The spin- and colour-summed and averaged squared matrix element is

T 2 1 4Tgrg? 2m?

This includes the factor of (1/K?)? from the gluon propagator, which is independent
of the details of the production process. Performing the integral over the quark

momenta one obtains [160, 162, 163]

dK? ag 2m? 4m?
dlI' = — (14 — 1——. 6.1.4
/PQJ'Q K? 6m ( N K2> ( )

The same result can be obtained by calculating the branching probability using

the quasi-collinear Altarelli-Parisi splitting function P(z, K?) [64]

ag dK2 2
= — Pz, K 1.
dP or T0? dzP(z, K7), (6.1.5)
g dK2 2m2

where z is the light-cone momentum fraction carried by the quark. Integrating over

z between the integration limits

7t =

DO | —

4 2
(1i 1—[7?2), (6.1.7)

reproduces Eq. (6.1.4).

In practice ag is evaluated at the scale K?, however it is useful to take ag

fixed and integrate over K2 to obtain the logarithmic structure of the heavy quark

IThe superscript asterisk on the g indicates that it is off-shell 4.e. it has a non-zero virtuality.
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multiplicity. Integrating over K? between the threshold 4m? and the upper-limit on

the virtuality of the gluon jet Q3 we obtain

. - 22+ T—42\ 1
pfoniet aslln< L M>_3m(4u2+5)] (6.1.8)

6m 242
where p = %

6.1.2 The Angular-Ordered Shower

In the previous section we found that the branching probability calculated with the
quasi-collinear splitting function reproduces the LO decay rate for a gluon to decay
to a heavy quark pair. This quasi-collinear splitting function is used in the angular-
ordered parton shower, however the angular-ordering requirement implements an
additional limit on the emission phase space. We therefore recalculate the heavy

quark multiplicity as predicted by the angular-ordered shower.

The differential branching probability in the angular-ordered shower is

ag d(f ~2
= ——dzP 1.1
dpP o dzP(z,q°) (6.1.10)
ag dg? 2m?
= — Tr|1—22(1— _ A.11
o 3 dz R< 2( Z)+z(1—z)q~2 , (6 )

where ¢ is the ordering variable used in the angular-ordered shower. The integral is
more easily performed by transforming the integration variable to K2 = z(1 — 2)g>.

The angular-ordering requirement imposes the limit

KZ

= < 6.1.12
2(1 _ Z) — qmax7 ( )

where Gnax is the upper limit on ¢, which gives an additional constraint on z

1 4K
2F = 3 (1 + 1 ) : (6.1.13)

q T 9
qmax

With this additional limit, we calculate the integral over the light-cone momentum
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fraction

2
Qg dmax K2 2m?
/dP B % [/‘jmaxm K? / dZTR (1 - 22(1 N Z> K> )
Gmaxm dKQ 2m2
/W / 2T (1 = 22(1 - 2) + 5 )] . (6.1.14)

g /qm‘”‘ dK? 4K? K? +3m
- o Jmax™ K qr2nax qmax K 2
(jmaxm dK2 4m2 2m2
+Am2 o\ e (1 + I@)] ' (6.1.15)

Performing the integral over K?, we obtain

/d7> - Z‘f; l(1 —642) In (ﬂ) 10 (2 1)

+n (1= 4p;—2p5+1) + é,/l — 4 g (145 — 23)] , (6.1.16)

as 23 3 5 9 3 4
N [ Inpg — 12-|—3,uq—§;Lq+3uqlnuq+l4/3uq+(9(uq )] , (6.1.17)
where p; = =™-. In order to compare this result directly to the LO result in

dmax

Eq. (6.1.9), we consider the decay of a Higgs boson, h°, to two gluons, ¢g; and g,
followed by the decay of ¢; into a heavy quark pair, Q1Q;. We write the sum of
the momenta of the outgoing particles as Q. In the LO process h° — Q1Q1¢s,
the maximum possible virtuality of g; is Q?, ie. Q2 = @2, this corresponds to
the limiting case that g, is soft. In the angular-ordered shower we use ¢2,, = Q2
therefore p; = o and Eq. (6.1.9) and Eq. (6.1.17) can be directly compared. While
the leading-logarithmic term in Eq. (6.1.17) agrees with that in Eq. (6.1.9), the
subleading terms are different due to the restricted emission phase space in the

angular-ordered shower.

6.1.3 The Dipole Shower

The splitting kernel used to describe ¢ — QQ splittings in the dipole shower is
the same quasi-collinear splitting function used in the angular-ordered shower and

in Eq. (6.1.6). Splittings in the dipole shower populate all of the available phase



6.1. Heavy Quark Multiplicities in Parton Showers 169

space, i.e. there is no additional cut on the phase space analogous to that defined in
Eq. (6.1.13) for the angular-ordered shower, however the recoil treatment introduces
an additional factor into the branching probability relative to Eq. (6.1.6). We
therefore recalculate the heavy quark multiplicity as predicted by the dipole shower.
Recoil effects have previously been discussed for the case of splittings involving only

massless partons in Ref. [78].

We consider a ¢ — QQ splitting from a dipole that consists of a final-state gluon
emitter and, for simplicity, a massless final-state spectator. Using the results of
Section 2.1.3, we work in terms of the transverse momentum, pr, and the light-cone

momentum fraction, z, of the emitted heavy quark. The branching probability is

1 1 1
dp=—(V — dp?.d 6.1.18
P 167r2< ) [pgf +m?  2(1-— z)s] pr €2, ( )

where the invariant mass, s, of the dipole is expressed in terms of the upper limit

on the transverse momentum pr .y as s = 4 (p?nmax + m2) and the spin-averaged

splitting kernel is

22(1 — 2)m?
V =38 T |1 —22(1— — . 6.1.19
(Vr,2)) = SrasTi |1 - 22(1 = )+ 225 220 (6119)
The limits on z are
1 2 2
SO N e (6.1.20)
2 pT,max +m

which we use to perform the integral over the branching probability

ag 22(1 — z)m?

d :—/’ d2/dT 1—22(1 — z) 4 22— 2 121
fap = 2| [ e (1-z0 -0+ 2020 e

1 1
(pgr +m? 4z(1 — 2) (p%max + m2) )] ’

 ag 1 1(1+ 2)3/21 2+ ph — 21+ pd LA e
(6.1.22)
Qg
~ oo {— In pup — ( —1In 2> + Z:lﬂD + O(/fD)] ) (6.1.23)
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m
PT,max

where up = . In order to compare this result to the LO result in Eq. (6.1.9),
we consider the same process, h° — g1g2 — Q1Q192, as in Section 6.1.2. Noting that
s = @Q*, we have pi .. = (Q°—4m?)/4. We can therefore write pfy = 4p%/(1 — 4p?),
such that In (up) = In (1) + In(2) + 2% + O (u*). The integrated dipole shower

branching probability, written in terms of u, is

4
/dP ~ 25 {— Inp— - +3u*+0uh|, (6.1.24)
3T 3

As for the angular-ordered parton shower, the leading-logarithmic term in this result
agrees with that in Eq. (6.1.9), however the subleading terms are different, in this

case due to the inclusion of recoil effects in the splitting.

6.1.4 Results: Heavy Quark Multiplicities in Gluon Jets

We have shown that the angular-ordered and dipole parton showers both correctly
reproduce the leading-logarithmic term in the LO prediction of the heavy quark
multiplicity in gluon jets, however they do not accurately reproduce the subleading
terms. It is therefore important to compare some predictions obtained using the
parton showers to analytic predictions calculated to a well-defined level of accuracy.

In Ref. [160] the resummed multiplicity of heavy quarks in gluon jets was cal-
culated to LL accuracy by integrating the product of the ¢ — QQ decay rate for
gluons with virtuality K2, Eq. (6.1.4), and the multiplicity of gluons with virtuality
K? inside a gluon, over the virtuality K2. This improved on a previous calculation in
Refs. [162,163] which used an incorrect expression for the gluon multiplicity. Fig. 6.1
shows the result of this analytic calculation? for the charm and bottom quark pair
multiplicities in gluon jets as a function of the energy @ of the gluon jet.

We also include the distributions predicted using the angular-ordered and dipole
parton showers in Fig. 6.1. These results are obtained using the default input
parameters of HERWIGT for each shower. The charm and bottom quark masses

are set to 1.25 GeV and 4.2 GeV respectively, while the light-quark masses are set

2Eq. (1.1) and Eq. (1.2) Ref. [160]
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Figure 6.1: The resummed analytic (left) charm and (right) bottom quark pair
multiplicities in a gluon jet with energy @), calculated to leading logarithmic
(LL) accuracy. The uncertainty on this result is estimated by varying the
parameter A by a factor of two (A/2,2A) and by varying the quark mass by 5%
m=+5%. The multiplicities predicted using the angular-ordered (QS) and dipole
(DS) parton showers, with their default settings, are shown for comparison.

to zero. All of the MC results presented in this chapter are obtained using the
default tunes of HERWIG 7.1.2. The inputs to the analytic calculation are chosen to
match those of the MC simulations, in particular we use a two-loop running ag with
A = 348 MeV [52] and the quark masses used in the computation of the analytic
result are those stated above.

In order to provide some measure of the uncertainty on the analytic results we
independently vary A by a factor of two and the quark masses by 5%.% While the
variation of the quark masses gives rise to only a very small uncertainty, the variation
of A produces a much larger uncertainty band.

The parton shower results are measured by counting the number of charm and
bottom quark pairs produced in h® — gg decays using an analysis written in the
RIVET framework [120]. The events are generated at parton-level, ie. without
hadronization, and the results are multiplied by a factor of % to account for the
production of two gluon jets in the decay. The multiplicity distribution predicted
using the dipole shower displays good agreement with the analytic result in both
distributions. It lies outside the error bands on the analytic result only at low @)

in the bottom quark multiplicity distribution. The angular-ordered shower predicts

3These are the variations used in Ref. [161].
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lower heavy quark multiplicities than the analytic calculation.

The variation between the results of the two parton showers, which we have
shown correctly reproduce the leading-logarithmic behaviour in ¢ — Q@ splittings,
demonstrates that the subleading terms, which differ between the two showers,
can have a significant impact on predictions. In fact, the level of agreement or
disagreement of the parton shower predictions with the analytic result in Fig. 6.1 is
somewhat accidental, as there are some additional considerations applicable to the
treatment of ¢ — QQ splittings in the parton showers that are not included in these

results.

Both of the parton showers implement a minimum cut on the transverse mo-
mentum of shower emissions. This is simply the infrared cutoff that separates the
perturbative treatment in the parton shower from the non-perturbative hadroniza-
tion model. This cutoff is not necessary in g — QQ splittings because the mass of the
quark naturally implements a lower cutoff on the scale of the emission. Furthermore
the cut on the minimum transverse momentum modifies the integration limits in the
calculations in Section 6.1.2 and Section 6.1.3. With a minimum cut, pr min, on the
transverse momentum of the quarks, the lower bound on the allowed virtuality of
the gluon in Egs. (6.1.14)-(6.1.15) becomes 4 <m2 + pgrﬁmm) In the dipole shower the
minimum cut on the transverse momentum directly changes the integration limits

in Eq. (6.1.21).

The results obtained using prmin = 0 are shown in Fig. 6.2. As this change
increases the available phase space for ¢ — QQ splittings we expect it to produce an
increase in the multiplicity distributions. The impact on the dipole shower prediction
is smaller than on the angular-ordered shower prediction because the cutoff in the
dipole shower tune (0.45 GeV) is smaller than in the angular-ordered shower tune
(1.22 GeV). In the bottom quark multiplicity distribution the predictions obtained
using prmin = 0 and the default choice are in very close agreement, as the relative
difference induced in the lower integration limit by the transverse momentum cutoff

is small. In particular the dipole shower predictions for the bottom quark multiplicity
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Figure 6.2: The LL analytic results for the (left) charm and (right) bottom
quark pair multiplicities in a gluon jet are as described for Fig. 6.1. The
multiplicities predicted using the angular-ordered (QS) and dipole (DS) parton
showers with their default settings and several modifications are shown. Results
for both showers using pr min = 0 (No cut) and the invariant mass of the heavy
quark pair for the argument of the strong coupling (K2 scale) are included. In
addition the dipole shower prediction obtained using ‘strict ordering’ is shown.
These modifications are described in the text.

with and without this modification overlap.

The argument of ag for final-state splittings in both parton showers is chosen to
be the transverse momentum of the emitted parton.* This choice eliminates some
higher-order logarithmic corrections to the splitting kernels which become large in
the soft limit. This motivation is not applicable to ¢ — QQ splittings, as the soft
limit is not relevant. We therefore investigate the effect of using an alternative choice,
the invariant mass of the quark-antiquark pair. This change is implemented in gluon
splittings to both massless and massive quark pairs. The results obtained using this
choice for the argument of ag, and with pp ., = 0, are shown in Fig. 6.2. This
change decreases the predicted quark multiplicities because, for a given ¢ — QQ
splitting, the strong coupling is evaluated at a larger scale, i.e. it is smaller for a
given splitting.

Finally an additional consideration should be made for the dipole shower. Based
on the principle of formation-time ordering [164], it is argued in Ref. [161] that an

additional restriction on g — QQ splittings should be made in pr-ordered showers.

4In the angular-ordered shower this is true in the limit that all of the partons in the splitting
are massless.
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In particular, if we consider a gluon produced in a splitting with formation-time
7, which splits into a massive QQ pair with formation-time Tog, the condition of

‘strongly-ordered’ formation times, that is 755 > 7,, requires

Pre > /Moo, (6.1.25)

where pr 4 is the transverse momentum of the gluon and , /Mg is the invariant mass

of the QQ-pair. In practice we implement the ‘strict ordering’ requirement

Pr,g = /MgG- (6.1.26)

In the process h’ — gg, if the first splitting in the shower is a ¢ — QQ splitting, we
use the energy of the gluon, in the centre-of-momentum frame of the h° — gg decay,
in place of the transverse momentum of the gluon. As this restricts the emission
phase space, it leads to a decrease in the predicted multiplicity. The results obtained
using this additional restriction, and the two changes described above, are shown in
Fig. 6.2. With this change the dipole shower predicts lower charm and bottom quark
multiplicities than the lowest predictions of the angular-ordered shower, except for
the bottom quark multiplicity in very low-energy gluon jets.

In summary we have found that the heavy quark multiplicities in gluon jets
predicted using the angular-ordered and dipole showers differ significantly, which
demonstrates that the subleading terms in the branching probabilities in the showers
can significantly affect predictions. We have also shown that the heavy quark
multiplicities predicted using the parton showers depend strongly on several choices
made in the parton showers, which naturally affect the level of agreement between

resummed LL analytic results and the parton shower predictions.

6.1.5 Results: Heavy Quark Multiplicities in ete™

Collisions

In ete™ collisions heavy quarks are predominantly produced in the production

process ete” — QQ, however it is also interesting to consider their production
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through gluon splittings. In Ref. [161] the resummed multiplicity of heavy quarks in
ete” — qq, calculated to next-to-leading logarithmic (NLL) accuracy, is matched to
the LO result for the process ete™ — ¢ — ¢gQQ, i.e. where the light-quark pair is
produced at the electroweak vertex and the heavy quark pair is produced at a gluon
vertex. In order to match the resummed and fixed-order results, the resummed result
is expanded about the threshold for quark pair production. The O(a%) term of this
expansion is subtracted from the fixed-order result and the resummed NLL result
is added to this. The subtraction of the first term of the expansion avoids double

counting between the fixed-order and resummed results.

Fig. 6.3 shows the analytic result® for the charm and bottom quark multiplicities
in efe” — ¢q events, as a function of the centre-of-collision energy /s. The distri-
butions predicted using the angular-ordered and dipole parton showers with their
default input settings are also shown. The same inputs are used for the analytic
calculation and parton showers as described for the case of gluon jets in Section 6.1.4.
The parton shower results are measured by counting the number of charm and bot-
tom quark pairs produced in eTe” — ¢g events using an analysis written in the
RIVET framework and the events are again generated at parton-level. Both of the

parton shower predictions display very poor agreement with the analytic results.

Fig. 6.4 shows the parton shower results obtained using the modifications de-
scribed in Section 6.1.4. These modifications give rise to similar changes in the
predictions as discussed in Section 6.1.4. Across much of the distribution, neither of
the parton showers produces a result that lies within the error bands on the analytic
result for the bottom quark multiplicity. Considering the charm quark multiplicity,
both parton showers produce a result that lies within the error bands on the analytic
result across much of the distribution, however the modifications made in each of
the showers to obtain these results are different. This emphasises the impact of the

differing subleading terms in the branching probabilities in the two parton showers.

5Calculated by adding the LO result and the full resummed result and subtracting the expansion
of the resummed result around the threshold for quark pair production. These results are given in
Eq. (6), Eq. (23) and Eq. (26) of Ref. [161], respectively.



6.1. Heavy Quark Multiplicities in Parton Showers 176

0.10 : o 0.05 -
— qs / —as /
— Ds / — Ds /;
--- NLL / --- NLL /
0.081- NLL - (A2, 21) V 1 0.041 NLL - (A2, 210 i
NLL - m = 5% / NLL - m = 5% 7

o
=3
=)

L
o
=3
@

Nee/Nevents
Nps/Nevents

o
=3
5
L
o
<)
N

0.02

L L . .
102 103 O'OQO‘ 102 10°
VS [GeV] Vs [GeV]

005

Figure 6.3: The resummed analytic (left) charm and (right) bottom quark
pair multiplicities in eTe™ events at centre-of-collision energy /s, calculated
to next-to-leading logarithmic (NLL) accuracy. The uncertainty on this result
is estimated by varying the parameter A by a factor of two (A/2,2A) and by
varying the quark mass by 5% m + 5%. The multiplicities predicted using
the angular-ordered (QS) and dipole (DS) parton showers, with their default
settings, are shown for comparison.
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Figure 6.4: The NLL analytic results for the (left) charm and (right) bottom
quark pair multiplicities in ete™ events are as described for Fig. 6.1. The
multiplicities predicted using the angular-ordered (QS) and dipole (DS) parton
showers with their default settings and several modifications are shown. Results
for both showers using pr min = 0 (No cut) and the invariant mass of the heavy
quark pair for the argument of the strong coupling (K?scale) are included. In
addition the dipole shower prediction obtained using ‘strict ordering’ is shown.
These modifications are described in the text.
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6.2 Summary and Outlook

We have shown that both the angular-ordered and dipole parton showers accurately
reproduce the LL term of the heavy quark multiplicity in gluon jets. We compared
a resummed LL calculation of the heavy quark multiplicity in gluon jets and a
resummed NLL calculation of the heavy quark multiplicity in electron-positron col-
lision events to results obtained using the parton showers. The predictions obtained
using the default settings in the parton showers display varying levels of agreement
with the analytic results. We have further shown that choices which can be made in
the parton showers can significantly affect the predictions.

This is preliminary work towards a new approach to deal with large logarithms
present in LO calculations of processes that include a g — QQ vertex. We will need
to take the findings of this chapter into account when choosing which options to use
in each of the parton showers when we use them for this application.

To outline our planned development, consider the simplest process in which a
g — bb splitting occurs, h® — gg — gbb. Our approach will involve subtracting
from the LO description of the process h® — gbb, the first order of the shower
approximation to this process. This subtraction will remove the large logarithmic
term in the LO calculation. The resummed rate of bb-production is obtained by
showering the process h® — gg. By generating both h° — gg events and events
according to the subtracted cross section for the process h® — gbb, we expect to be

able to resum the logarithms in the LO calculation.



Chapter 7

Summary and Conclusions

In this thesis we have presented several improvements to the simulation of heavy

quarks in the HERWIGT event generator.

We first described a revised treatment of massive quarks in the dipole shower
that addressed several shortcomings of the existing treatment. By considering pre-
dictions of observables that are sensitive to the treatment of massive quarks, we
demonstrated that this revised treatment significantly improves the description of

processes involving heavy quarks.

We further extended the dipole shower to handle the decays of heavy coloured
particles, where we followed the example of the top quark. We validated this new
feature by comparing the description of the hardest emission from the top quark
decay obtained using the dipole shower, the angular-ordered shower and the dipole
shower with a corrected real-emission from the decay process.

Taking advantage of the developments in the dipole shower, we undertook an in-
depth study into the simulation of top pair production at the LHC using HERWIGT.
In addition to performing LO simulations, we generated events using the MCQNLO-
type and POWHEG-type NLO matching schemes in the MATCHBOX module and

both the angular-ordered and dipole parton showers were used.

Using like-for-like settings in the parton showers and NLO matching schemes we

performed simulations of the production-level process, with stable top quarks, which
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we used to compare the performance of the parton showers and the NLO matching
schemes. We placed particular emphasis on the evaluation of uncertainties, first
considering the uncertainty on predictions from scale variations, where we found that
the uncertainty on predictions is not uniformly dominated by the variation of a single
scale. As such a full evaluation of the scale variations is necessary to reliably estimate
the total uncertainty on predictions. Following this we characterised the uncertainties
due to the choices of the profile scale and the hard veto scale in MCQNLO-type
matching schemes and found that these choices can have a considerable impact on
the predicted jet activity in events. We found the behaviour of simulations of the
full process, including top quark decays and hadronization, to be consistent with

our observations in the production-level case.

We have adapted an algorithm, implemented in the angular-ordered shower, to
include spin correlations in the dipole shower. In particular, spin correlations are
included between the hard process and the parton shower, between branchings in
the parton shower and between the parton shower and decay processes. Through
comparison to analytic results we have verified that the algorithm functions correctly
in both parton showers and identified recoil effects that can impact the distribu-
tions predicted using the dipole shower. Using these spin correlation algorithms
the angular-ordered and dipole parton showers can both produce fairly accurately
predictions of the angular-distributions of top quark decay products measured in

top pair production events at the LHC, which are sensitive to spin correlations.

We have presented a modified veto algorithm which enables the computation of
event weights for any variations in the splitting kernels used in the standard veto
algorithm at the same time as the computation of the result of the standard veto
algorithm. We applied the modified algorithm to the evaluation of uncertainties due
to scale variations in the parton shower. In particular the modified algorithm enables
the uncertainties due to scale variations in the parton shower to be evaluated in a
single run of the event generator, rather then performing a separate run for each

scale variation. We found that, for all but the simplest processes, this approach can
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significantly reduce the computation time required to evaluate scale variations in
both the angular-ordered and dipole parton showers.

Finally, we performed an investigation into the accuracy of the description of
g — bb splittings in the angular-ordered and dipole parton showers. We first com-
pared a LO analytic calculation of the heavy quark multiplicity in gluon jets to the
corresponding analytic calculations for both parton showers and confirmed that both
correctly reproduce the leading-logarithmic contribution. We considered a number of
modifications to the parton showers and found varying levels of agreement between
the numerical predictions of the parton showers and analytic results for the heavy
quark multiplicities in gluon jets and in electron-positron annihilation. This work
was preliminary work towards a new method to treat the large logarithmic terms
present in LO calculations for processes that include a bb-pair produced in a g — bb

vertex.



Appendix A

Derivation of the Massive Dipole

Splitting Kinematics

A.1 Final-Initial Dipole

As stated in Section 2.1.1, given that the incoming spectator in a final-initial dipole
is necessarily massless we can straightforwardly write the splitting kinematics using

the standard quasi-collinear Sudakov parameterisation

I
P = Db (A.1.1)
Tijp
mf — szf + p?
¢ = Zﬁij -+ J pTﬁb + kT, (A]_Q)
Sij,bR
m?2 — (1 — z)*mZ, + p?
= (1= 2)pi; + 2 s — ke, Al3
4q; ( Z)p] + Sij,b(l _ Z) Do T ( )

We can now derive the expression for x;;;, given in Eq. (2.1.12) by inserting the
above expressions for the splitting momenta into Eq. (2.1.4). Using this result we
can express the coefficient of p, in Eq. (A.1.2) and Eq. (A.1.3) in terms of z; and

x;;p to obtain the expressions in Eq. (2.1.10) and Eq. (2.1.11).



A.1. Final-Initial Dipole 182

A.1.1 Phase-space Limits

We derive the limits on the variables pr and z from the lower limit on x;;; given in
Eq. (2.1.15). Using the expression for z;;;, given in Eq. (2.1.12) we can rearrange

the inequality z;;;, > x5 to obtain

1- s
Py < ( . - ) sijpz(1—2) — (1 — z)mi — zm? 4 2(1 — z)m;;. (A.1.4)

s *
Differentiating the right-hand side of this inequality and solving for z, we derive the
upper limit on p4 given in Eq. (2.1.16).

The limits on z given in Eq. (2.1.18) are derived by rearranging the inequality

Tijp > x5 to obtain a quadratic expression in terms of z and solving this for z.

A.1.2 Single-Particle Phase Space

The first term in the expression for the branching probability in Eq. (2.1.19) is the

propagator for the branching and can be written as

1 1
— _ , Al15
(@i +q;)* — m?j (1 = 245)2P55 - @ ( )

The dot product p;;- g, simply cancels with the term in the single-particle phase space,

Eq. (2.1.20), to give the expression for the branching probability in Eq. (2.1.21).

In order to convert the phase-space integration from the dipole splitting variable

z;j» to the variable pp we rearrange the expression for z;;;, in Eq. (2.1.12) to obtain

1 —x;;
pr = sij,bﬁz(l —2)— (1 —2)m? - szQ +2(1 — z)m?j. (A.1.6)
Lijb
Differentiating this expression with respect to x;;; gives
d.fEi' 2 d 2
S N P 2 (AL
Tijp (1 — zi5) pr+ (1 —z2)mi +z2mi — 2(1 —2)mg; | pp

from which the result in Eq. (2.1.22) follows.
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A.2 Initial-Final Dipole

In order to derive the expressions for the splitting momenta in Section 2.1.2 we
choose to work in the rest frame of Q' = @ + ¢, = ¢; + g and align pj, along the
negative z-axis. We first define two vectors, vp and v,, that consist simply of a unit

temporal and z-component, respectively, in our chosen frame. The vector vg is

1
UE:\/&

where the second equality holds only in the chosen frame. In order to define the

Q' = (1,0,0,0), (A.2.1)

second vector we first write,

;-
~ " Pk =
- (pk - Q,QQ') = (0,0,0.1f3)). (A2
To construct the vector v, we simply calculate the magnitude of this vector and note
that
. 1
Q= (% +m7), (A.2.3)
to obtain

B ver (m _e 'ﬁka> (A.24)
qj - Q"
— (0,0,0,1), (A.2.5)

where again the final equality is true only in the chosen frame.

In our chosen frame the transverse components of the momenta of the splitting
products are given entirely by the four-vector kt. We therefore simply need to find
expressions for the energy, ¢©, and the z-component, ¢, of the momentum of each
of the splitting products n in our chosen frame such that we can write the splitting

momenta as

I
Qo = paja (A26)
Tik,a
4 = q;ve + ¢vs — kr, (A.2.7)

G = g ve + ¢iu. + kr. (A.2.8)
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The coefficients ¢ and ¢? are given by,

Ql “Qn
E_E _ . .
G = |G| cos b, = Inde —dn e, (A.2.10)
4

where 0,,, is the angle of separation between ¢, and g,. The expression for ¢> follows
from the fact that we can write Q' = (1 — Zjx,4)qs + Pg, from which, given the limits

ON Zjkq, it is clear that g, necessarily lies along the z-axis in our chosen frame.

Using the definition of u; in Eq. (2.1.23) and the result Q* =mi + 2q; - qi we

find expressions for q]E and ¢,

&
Q

=y (A.2.11)
Ql

{Qj cqr(1 —2uy) — miu]] . (A.2.12)

-3

Q/
Inserting the above expressions, and those in Eq. (A.2.1) and Eq. (A.2.4), into

Eq. (A.2.7) and using the results

1—2ipa\ B
Q' = (”‘“) Paj + D, (A.2.13)
Tjk,a
1-— Ljk.a
2¢; - @ = Sajp | —— |, (A.2.14)
Tik,a

we obtain the expression for ¢; given in Eq. (2.1.30). The corresponding expression

for g is then most easily found using g, = Q' — ¢;.

To derive expressions for u; and xj;, in terms of pr and z we write ¢; in the
quasi-collinear Sudakov parameterisation, Eq. (2.1.2), using the light-like vector

2
~ my
n=p,— —'kpaj. (A.2.15)

Saj.k
Comparing this result to Eq. (2.1.30) we find the expressions for u; and i, given
in Eq. (2.1.32) and Eq. (2.1.33), respectively. We note that we could equally start
from the quasi-collinear parameterisation of the splitting momenta and insert these

expressions into the definitions of the dipole splitting variables to obtain the same
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expressions for the splitting momenta.

A.2.1 Phase-space Limits

We derive the limits on the variables pr and z from the lower limit on z;;, given in
Eq. (2.1.37). Using the expression for zj;, given in Eq. (2.1.33) we can rearrange

the inequality z ;. > x. to obtain

P2 < ngk [saj,k (1 - I) + mi] Tl — - 2). (A.2.16)

e Te

Differentiating the right-hand side of this inequality and solving for z, we derive the
upper limit on p4 given in Eq. (2.1.38).
The limits on z given in Eq. (2.1.40) are derived by rearranging the inequality

Tjka > Te to obtain a quadratic expression in terms of z and solving this for z.

A.2.2 Single-Particle Phase Space

The first term in the expression for the branching probability in Eq. (2.1.41) is the

propagator for the branching and can be written as

1 1

_ — A2.17
2(](1 * g5 2Qa s Pruy ( )

The dot-product ¢, - pr cancels with the term in the single-particle phase space,
Eq. (2.1.42), to give the expression for the branching probability in Eq. (2.1.43).

In order to convert the phase-space integration from the dipole splitting variables

uj and xj;, to the variables pr and z we calculate the Jacobian

ou; OTjpa  OUj OXjkq
Tossu o, = | g ke T4 Pika) (A.2.18)
TR Re ) Opg Oz 0z Opg
such that we can perform the replacement
, dpt
dujdajp, — (JpzT’Zﬁuj@jkya)pT—zdz. (A.2.19)

T
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The partial differentials of u; can be written as

Ou, T 0Tk 1
= — 4+ Tjpg———, A.2.20
T (s B L ey (A.2.20)

ou; T O%jkg r

= ’ k. A2.21
02 (—2) 09z U _ap (A.2.21)

Inserting these expressions into Eq. (A.2.18) we obtain

Ljk,a ax'ka ng‘ 8$'ka

J, ik = T S it A.2.22
eusie = 5 (1-2)| 0 (1-2) O (A-222)

We write the partial differentials of xj;, with respect to pr and z as

0%k a 1 1 l—z+71)—22(1—2)s)*
Tika _ e — = (1 ( ) ( Saji . (A.2.23)
DPr 2

Op aj.k \/(1 —z+7r)? —drz(1 — z)s,
b 1 1 L—z+7r)+2r(l —22)s)*"
Otika __ 1 1, ) £ 2 — 220 | (A.2.24)
0z 2848 T \/(1 —z4r)2—drz(1— z)szkk
where for convenience we have defined
9
s = (Sage = M) (A.2.25)

Sajk

Inserting these expressions into Eq. (A.2.22) we find the following expression

J oo _ Tika (1= 2 +7) = drz(1 - 2)s ]71/2 . (A.2.26)

DT Z—UG,T ik ] aj.k
T ’ Sa‘]’k )

Rearranging Eq. (2.1.33) we can express the square-root term as

2
my,

\/(1 —z+r)? —drs, (1 —2) = UL lUj + Tjka = 2UjTjka (1 -
j

)] (A2.27

Saj,k

from which the result in Eq. (2.1.44) follows.

A.3 Final-Final Dipole

A.3.1 Formulation 1

In order to derive the formulae in Egs. (2.1.50)-(2.1.52) we follow a procedure ana-

logous to that used to derive the splitting momenta for splittings from initial-final
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dipoles. We work in the rest frame of the dipole, that is the rest frame of (), with

pi; aligned along the positive z-axis.

We first define two vectors, vg and v,. The vector vg is

vy = \}EQ ~ (1,0,0,0), (A3.1)

where the second equality holds only in the chosen frame. In order to define v, we

write

Pr —
S

- (pe- E2Q) = 0.0,0.15), (A32)

which we normalise to give

vy = — vis ) (ﬁk L jk Q) (A.3.3)

2,92
A (s,mk,mij

=(0,0,0,1), (A.3.4)

where again the second equality is true only in the chosen frame.

We can write the splitting momenta as

4 = q vg + g v, + kr, (A.3.5)
q; = QJEUE + qjv. — kr, (A.3.6)
Gk = Gy vE + GG, (A.3.7)
where
E Q *gn

= A.3.8
W=7 (A.3.8)

.. _ _E_E
G = || cos O = I Lt —dn k. (A.3.9)

(a5)? — mi

where 0, is the angle of separation between ¢ and ¢,. Using the results
2¢i - 4 = Yij kS, (A.3.10)

2¢; - @ = zi(1 — yij1)5, (A.3.11)

2qj - gy = (1 — 2)(1 — yij) s, (A.3.12)
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we solve Eq. (A.3.8) and Eq. (A.3.9) for ¢;, ¢; and ¢, and construct the expressions
in Egs. (2.1.50)-(2.1.52)

A.3.2 Formulation 2

The expressions for x;; and x; given in Eq. (2.1.70) and Eq. (2.1.71) are derived
from the momentum conservation requirement p;; + pr, = ¢; + ¢; + qx. We first note
that we can write the momenta of the emitter and the spectator in terms of the

light-like momenta n;; and n; as

- m?j
Sijk
2
N m
Dr = Mg + —knij, (A.3.14)
Sijk

such that we can rewrite the left-hand side of the momentum conservation require-

ment as

The right-hand side of the momentum conservation requirement can be expressed as

2 2
¢+ q; +q = (Iij + mk) ni; + (Ik + QZ] ) N (A.3.16)
k

Tk Sij, TijSijk
Equating the coeflicients of ny and n;; in Eq. (A.3.15) and Eq. (A.3.16) and solving
for z;; and z, we obtain the expressions given in Eq. (2.1.70) and Eq. (2.1.71).
In order to obtain an expression for the dipole splitting variable y;; 5 in terms of

z and pr we start from the definition of y;; in Eq. (2.1.46) and write

Yijk = (2% : Qj) =

W | =
W | =

( 2 —m? — m?) , (A.3.17)

ij 7

from which the result in Eq. (2.1.75) follows.
In order to derive the expression for x;;xys;;, in Eq. (2.1.79) we first use the
explicit formulae for the splitting momenta to write

212
kaij

LijTkSij k

2(q;i +qj) - @ = TijTpSijk + (A.3.18)
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We obtain a second expression, written in terms of y;; 5, by rearranging Eq. (2.1.46)
to give

2(¢i+ ) - a = (1 —yijn) 5. (A.3.19)
Equating Eq. (A.3.18) and Eq. (A.3.19) and rearranging the resulting equation we

obtain the expression for z;;z;s;;x given in Eq. (2.1.79).

A.3.3 Phase-space Limits

We derive limits on the variables pr and z from the upper limit on y;;; given in

Eq. (2.1.81). We rearrange the inequality y;; (2, pr) < y+ to obtain
pr < z(1—2) (\/E - mk)2 — (1 —z)m; — zm;. (A.3.20)

Differentiating the right hand side of this inequality and solving for z, we derive the
upper limit on p2 given in Eq. (2.1.85).
The limits on z in Eq. (2.1.86) are derived by rearranging the inequality y;; x(z, pr) <

Y+ to obtain a quadratic expression in terms of z and solving this for z.

A.3.4 Single-Particle Phase Space

The first term in the expression for the branching probability given in Eq. (2.1.87)
is the propagator for the branching and can be written as

1 B 1
(¢ + ¢;)° — m?j 5Yij k (1 + WM)

SYij,k

(A.3.21)

The expression for the branching probability in Eq. (2.1.89) follows.

In order to convert the phase-space integration from the dipole splitting variables

z; and y;; 1, to the variables pr and z we calculate the Jacobian

0z Oyijr 0z OYijk

Jpgp,zﬁzi,yij,k = apgr 82 8z ap?r )

(A.3.22)
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such that we can perform the replacement

d 2
dy;jrdz; — (Jpgpzﬁzi’yij’k) p?F];DQsz. (A.3.23)
T

Using the expression for z; given in Eq. (2.1.76) we write the partial differentials

of z; with respect to pr and z as

0z; 1 OYiik 1 0(2q; - qk)l
== 12¢; - q LIS , A3.24
opt s [ U —yyn? 0% (1—yys) 003 ( )
0z 1 1 OYijk 1 9(2qi - q1.)
— 2 |2g; - J . (A325
0z 5 [ ¢ Qk(l —yijk)? 0z + (1 — vyijk) 0z ( )

Following some cancellations we find

1
5(1 — yijr)

0(24; - qx) Oyijr O0(2Gi - @) OYijk

op3. 0z dz  Opk

J 2 =

P12 —205Yij,k

(A.3.26)

Starting from the expressions in Eq. (2.1.75) and Eq. (2.1.78), the results needed

to compute the Jacobian are

OYijk 1
= = A.3.2
% 52(l—2) (A.3.27)
Oyijre 1 , (1—22)  m? m?
o | 2 T T A.3.2
0z S [ pTz2(1 —2)2 22 (1—-2)2] (4.3.28)

S

9(2¢; - qr) mj > o 0 (ijTrSijk)

b S U T2/ I : i TRSii — ) (AL3.29
2 (injxksij,wz (pT + ml> Tij Xk Sijk + 2 P ( )

0(24; - ar) _ [1 o mi (2 +mg)] O (ytesie) | mi (A.3.30)
apgf (Zl'ijl'ksij’k>2 T ! ap?I‘ ZIZ'jl’kSij,k7

where

8($ijxk§ij,k) _ ayij,l; § [(1 - yij,k)§+2mi] 7 (A.3.31)
9 (z|p1) 9 (z|p7) 2 \/(1 — Yij k)82 — 4miQ3;

which is found by differentiating the expression for x;;xys;;, given in Eq. (2.1.79).

Using these results we can write the Jacobian in the compact form

1 1
5(1 — yik) 52(1 — 2)

212
mszij

TijlESijk

J 2 =

Pry2—Zi5Yig,k

. (A3.32)

— TijTkSijk

It is instructive to separate those terms that depend on the mass of the spectator

parton, so that the behaviour of the phase-space integral in the limit of a massless
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spectator is made explicit. We rewrite Eq. (2.1.79) to give
(xz‘jxksij,k)2 = 5(1 — yijn) (@ijRsije) — sz?j, (A.3.33)

which we use to rewrite Eq. (A.3.32) to obtain

22
J s S P mii |

P2 ,2— 24 Y5k §Z(1 — Z) 8(1 - yz'j,k) LijlkSizk

(A.3.34)

The final expression for the phase-space integration given in Eq. (2.1.90) follows

simply from the above expression for the Jacobian.



Appendix B

Construction of the Basis State

Mappings

B.1 Spinor Mappings

We consider the construction of the mapping c¢,; for the basis states of an incoming
quark. It is straightforward to generalise the result to both incoming and outgoing

quarks and antiquarks. HERWIGT uses the spinor conventions defined in Ref. [165].

We consider the spinor uy(p) of an incoming quark with 4-momentum p, energy
E, 3-momentum p and spin A. The quark is an emitter and we work in its splitting

frame, in which it lies along the z-axis. The explicit form of the spinor is

0 E—|p]
u_%(p) = B+l , u%(p) = ’ ) (B.1.1)
0 E +p]
E — |p] 0

The transformation from the production frame of an emitter to its splitting frame

is defined up to a rotation about the z-axis. The effect of a rotation by an angle ¢
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about the z-axis on a spinor is given by the rotation matrix

e 0 0 0

0 € 0 0
R(¢) = | . (B.1.2)
0 0 e 0

0 0 0 €*

It follows that if the splitting frame and the frame reached by transforming from the
production frame of the emitter differ by a rotation ¢ about the z-axis, the spinor
uq(p), defined in the production frame, can be written in terms of the spinor u}(p),

defined in the splitting frame, as

u_s(p) =eul,(p),  uilp) = e us(p). (B.1.3)
We need a mapping c¢,; such that
Ua(p) = Caitiy(p)- (B.1.4)

This mapping is a 2 X 2 matrix in spin-space and from Eq. (B.1.3) it is clear that

we can write
id '
1(p e 0 u 1 (p
1P)) _ | y®)| (B.L.5)
(p) 0 e ™)\ ui(p)

u 1
2

1
2

In practice we calculate the elements of the mapping as

—
S
~—
|

S,

<
<

ol N
—
s
~

(B.1.6)

:\
Iy
&
@
<
NN
S

where the superscript on the spinors is the spinor-index and runs over 0, 1,2, 3.

B.2 Vector Boson Mappings

It is straightforward to obtain an explicit expression for the mapping c,; for a vector

boson. We rewrite Eq. (4.1.24) explicitly for this case

€4 = Cai€,. (B.2.1)
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Multiplying both sides of this equation by €, and recalling that € - €/ = —1 we find

Cai = —€q " €. (B.2.2)
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