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Kurzfassung

Ein allgemeines Subtraktionsschema zur stérungstheoretischen Berechnung von Quantenkorrekturen zur
zweiten Ordnung in der Quantenchromodynamik

David Heymes

Die verléssliche Interpretation von Messergebnissen am Large Hadron Collider (LHC) is nur moglich,
wenn genaue Vorhersagen im Rahmen des Standardmodels der Teilchenphysik existieren. Ein
wichtiges theoretisches Werkzeug fiir diese Vorhersagen ist die stérungstheoretische Behandlung der
Quantenchromodynamik (QCD). Dieses erlaubt préazise Abschitzungen von Wechselwirkungsquer-
schnitten von stark wechselwirkenden Teilchen.

Die Koeffizienten der storungstheoretischen Reihe nach der fiihrenden Ordnung besitzen infrarote
Singularitdten in verschiedenen Beitragen. Zwei Ursachen dieser Singularitdten konnen unterschieden
werden. Entweder gehen masselose, virtuelle Teilchen in Schleifenbeitrdgen auf ihre Massenschale
oder zusétzliche, masselose Teilchen im Endzustand werden weich oder kollinear zu weiteren mas-
selosen Teilchen. In der Summe der einzelnen Beitrége heben sich die Singularitdten auf, wenn in
der Rechnung ein entsprechendes Regulierungsschema verwendet wird.

Fiir die erste Ordnung der storungstheoretischen Reihe existieren allgemeine Subtraktionsschemata,
die es erlauben den physikalischen Wechselwirkungsquerschnitt zu berechnen. Singularitidten, die
dimensional reguliert werden, heben sich vor der Phasenraumintegration analytisch auf. Die Integra-
tion kann schliellich mit Monte Carlo Methoden ausgefithrt werden.

In der zweiten Ordnung der storungstheoretischen Reihe ist die Struktur der infraroten Singularitdten
weitaus komplizierter. Verschiedene Schemata wurden vorgeschlagen, um physikalische Vorhersagen
zu dieser Ordnung fiir einzelne Prozesse zu machen.

In der vorliegenden Dissertation wird die allgemeine Formulierung des Subtraktionsschemas STRIP-
PER (SecToR Improved Phase sPacE for Real radiation) im Detail behandelt. Dieses Schema basiert
auf einer numerischen Aufhebug der infraroten Divergenzen. Im Rahmen von STRIPPER ist eine
prozessunabhéngige Berechnung der zweiten Ordnung maoglich.

Im Weiteren wird die Implementierung des Schemas diskutiert, die es erlaubt Prozesse am LHC
zu der gegebenen Ordnung zu simulieren. Der Leitgedanke hinter der Implementierung ist die
prozessunabhéngige Subtraktion von der Berechnung der prozessabhingigen Matrixelemente zu
trennen. Baumniveau Matrixelemente sind in der Software implementiert. Ein- und Zweischleifen
Matrixelemente konnen einfach hinzugefiigt werden. Erste Tests der Implementierung werden
diskutiert.






Abstract

A general subtraction scheme for next-to-next-to-leading order computations in perturbative Quantum
Chromodynamics

David Heymes

Accurate and robust theoretical predictions are essential in order to perform a reliable inter-
pretation of measurements at the Large Hadron Collider with respect to the Standard Model of
Particle Physics. A major theoretical tool to provide precise predictions for scattering cross sections
of strongly interacting particles is perturbative Quantum Chromodynamics (QCD). Starting at
next-to-leading order in the perturbative series the calculation suffers from infrared singularities
in different parts of the calculation. There are two origins of these singularities. Either massless
virtual particles in loop contributions go on-shell or additional massless particles in the final state
become soft or collinear. Using an appropriate regularization method singularities cancel in the sum
of different contributions. At next-to-leading order subtraction methods are established, that allow
to calculate the physical cross section in dimensional regularization using Monte Carlo methods.
Singularities cancel analytically before the integration is performed.

At next-to-next-to-leading order in the perturbative series the infrared singular structure is more
involved and different schemes have been proposed to provide physical predictions for individual
processes.

In this thesis, the general formulation of the sector improved residue subtraction scheme is pre-
sented, a framework to compute next-to-next-to-leading order corrections in perturbative QCD.
This approach, named STRIPPER (SecToR Improved Phase sPacE for Real radiation), relies on
the numerical cancellation of regularized infrared singularities and provide a process independent
framework to calculate physical cross sections.

In a second step, the explicit implementation of the subtraction scheme in a Monte Carlo event
generator is outlined. The main idea of the implementation is to separate the process independent
subtraction scheme from the process dependent evaluation of matrix elements. While tree-level
matrix elements are already available, one- and two-loop matrix elements can be included easily.
Finally, first partial tests of the software for top-pair production in hadron collisions are presented.
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CHAPTER 1

Introduction

The main task of the particle physics community in the era of the Large Hadron Collider (LHC) is
the reliable interpretation of measurements with respect to the Standard Model of particle physics.
The LHC has been built as a discovery machine for the Higgs boson and new physics. The discovery
of the Higgs boson in 2012 [4, 5] has completed the list of Standard Model particles that are observed
in nature. However, no traces for physics beyond the Standard Model have been observed so far.
The main focus of the physics program for the LHC Run II, from 2015 to 2018, is therefore [6, 7]:

e Precision measurements of the properties of the Higgs boson

e Searches for physics beyond the Standard Model

For both programs, precision predictions within the Standard Model play an essential role, but not
in the traditional sense of precision particle physics.

Traditionally, precision physics is related to lepton colliders and precision measurements of elec-
troweak parameters. In contrast to hadron colliders, the center-of-mass energy at lepton colliders can
be fine tuned to study specific observables or processes. For example, the most precise measurement
of the Z boson mass, mz = (91.1875 & 0.0021) GeV, has been obtained by the experiments at LEP!
and SLC? [8]. It is improbable that a hadron collider like the LHC can compete in this context in the
near future. Due to the large pile-up of events at different energy scales in a hadronic environment,
precision studies of a single observable at a specific energy scale are challenging. In contrast, the
high number of possible events at different energy scales, free a lot of space for new discoveries. In
conclusion, Hadron colliders are built as discovery machines.

As already mentioned, no new particle has been observed during Run I, apart from the Higgs
boson. New phenomena will be possibly detected as small deviations from the Standard Model
predictions. This demands a new form of precision particle physics at hadron colliders, which
is complementary to the traditional form: Discovery precision particle physics. Models that try
to describe physics beyond the Standard Model can only be excluded, if the Standard Model
background is precisely known. (An example can be found in [9].) In this sense, a precise knowledge
of the Standard Model is essential to discriminate between Standard Model events and signals that
originate possibly from new physics.

1 Large Electron Positron Collider
2 Stanford Linear Collider



2 1 Introduction

Precision physics at hadron colliders requires a considerable effort from the experimental col-
laborations as well as the theoretical community. In order to offer predictions for hadrons collisions,
perturbative Quantum Chromodynamics (QCD) is a reliable tool in order to estimate theoretical
uncertainties for a specific class of processes. QCD is the fundamental Quantum field theory that
describes the strong dynamics of colored particles, namely quarks and gluons. They build the
constituents of the proton. In the high energy regime, which will be quantified later in this work, the
strong coupling as < 1 and a perturbative treatment of the theory is possible. In this regime, the
hadronic cross section to produce a specific final state factorizes into parton distribution functions,
that describe the probability of finding a quark or a gluon inside the proton, and a partonic cross
section, that describes the hard scattering of quarks and gluons.

The theoretical uncertainty of a prediction for hadron colliders depends on several ingredients.
It depends on the error on the parameters that are needed for the process under consideration.
By parameters the free parameters of the Standard Model are meant, e.g. masses and coupling
constants. They are usually measured in separate experiments, like the mass of the Z boson in the
above example, or in the same experiment using different processes.

The second source of uncertainty are the parton distribution functions. They describe the dynamics
of quarks and gluons inside the proton at low energies. In this regime, a perturbative treatment
of QCD is not possible and a direct calculation of these functions is in general not viable. The
parton distribution functions are extracted from different experimental results using precise QCD
predictions. In this regard, two cases have to be distinguished: Either parton distribution functions
serve as an ingredient of the hadronic cross section in order to predict its theoretical value, or the
experimental measurement of a cross section and the calculation of the partonic cross section are
used in order to determine the parton distribution functions [10-13].

The remaining source of uncertainty is the perturbative expansion of the partonic cross section in
as. The knowledge of the number of coefficients in the perturbative series determines the value and
the theoretical uncertainty of the prediction. This topic is addressed in the present work.

The computation of the leading-order contribution to processes relevant for the LHC is completely
automated and neither conceptual nor computational problems for the evaluation of high multiplicity
processes exist. Predictions are provided in form of general purpose event generators (see for example
[14, 15]).

Starting at next-to-leading order the calculation suffers from soft and collinear (infrared) divergences,
which appear in different parts of the calculation. They arise either in the one-loop matrix element
of the virtual contribution or in the real contribution as one additional final state parton becomes
unresolved. However, using an appropriate regularization, the singularities cancel in the final
result. An automation of this calculation is much more involved compared to the leading order
case, since one-loop matrix elements have to be evaluated and the singular structure has to be
handled in a general manner. A general framework to handle phase space singularities is provided by
subtraction methods [16, 17]. They provide a process independent recipe to evaluate cross sections
at next-to-leading order in the strong coupling as. Nowadays, all ingredients can be evaluated
automatically and multi-purpose computer programs have been used to calculate the next-to-leading
order cross sections for most of the processes that are relevant at the LHC (see for example [14, 18]).
The complexity of the next-to-next-to-leading order correction of the cross section increases tremen-
dously with respect to the next-to-leading order correction. On the one hand, two-loop matrix
elements have to be evaluated. While the general structure of arbitrary one-loop matrix elements is
known, two-loop matrix elements have to be evaluated on a case by case basis. Up to now, only
matrix elements for 2 — 2 processes have been evaluated. On the other hand, the complexity also



increases due to the involved infrared singular structure. Singularities appear in all ingredients, that
have to be evaluated.

Initial state collinear singularities have to be treated by appropriated collinear renormalization
terms. In the double-virtual contribution explicit infrared singularities arise in the two-loop matrix
element. The real-virtual contribution contains a one-loop matrix element and an additional parton
in the final state, which can become soft or collinear. The one-loop corrections can be calculated
using tools that have been developed for next-to-leading order calculations. Singularities, due to the
additional final state parton, have to be regulated by an appropriate subtraction method.

The final ingredient is the double-real contribution, which contains tree-level matrix elements that
contain up to two unresolved partons in the final state. This contribution requires the development
of a subtraction scheme that regularizes up to two unresolved partons.

In this work, the whole structure of higher order QCD corrections up to next-to-next-to-leading
order will be addressed. In particular, the subtraction scheme STRIPPER! is presented. It fulfills
all requirements necessary to calculate cross sections up to next-to-next-to-leading order in pertur-
bative QCD. It is implemented as a general framework to calculate fully differential cross sections
for arbitrary processes, if the matrix elements are provided. The implementation of the scheme
is an important step towards fully automated computations at next-to-next-to-leading order in
perturbative QCD.

The first idea has been developed in [19] and has been successfully applied for the first time to
the calculation of the total cross section of top quark pair production [20]. The four-dimensional
formulation of the scheme has been first outlined in [1] and will be presented in detail in this work.
The present work is organized as follows. In chapter 2 precision measurements at the LHC are
discussed. Three examples are given in which next-to-next-to-leading order corrections have been
necessary in order to interpret the data correctly. These examples provide a general motivation for
precision calculations beyond next-to-leading order.

In chapter 3 the foundations of fixed order calculations in perturbative QCD are reviewed. The
main focus lies on perturbative predictions at next-to-next-to-leading order. Techniques to evaluate
one- and two-loop matrix elements are summarized. Finally, an overview of subtraction and slicing
methods at next-to-next-to-leading order is given. Their limitations and differences are discussed in
the end of the chapter.

Chapter 4 contains the main part of the work. The four dimensional formulation of the subtraction
scheme STRIPPER is fully outlined. In this formulation the subtraction scheme can be used as a
general framework to calculate cross sections at next-to-next-to-leading order in the strong coupling.
The numerical verification of the scheme is presented at the end of the chapter.

In chapter 5, the realization of the subtraction scheme in a C4++-program is discussed. The relation
between physical concepts and C++-classes is described. Topics related to the implementation of
the subtraction framework that go beyond its first theoretical description are discussed afterwards.
First partial contributions for differential cross sections in tt-production in proton collisions at
next-to-next-to-leading order verify the functionality of the software at the end of the chapter. A
full phenomenological study of processes using the presented implementation is beyond the main
scope of this work and is left for the future.

Several aspects of precision QCD are not covered in the present work. For example matching
parton showers to fixed order calculations or analytic resummation techniques provide additional

1 SecToR ImProved phase sPacE for Real-radiation



4 1 Introduction

important tools to understand LHC measurements. Nevertheless, they are beyond the scope of this
work and are not discussed.

It should be mentioned that at the discussed level of precision next-to-leading order electroweak
corrections can become as important as next-to-next-to-leading order QCD corrections. A recent
calculation and further references can be found in [21]. The discussion of electroweak corrections is
however not directly related to the main topic of this work.



CHAPTER 2

Precision measurements at the Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) has just started its Run 2 and collects data at a center-of-mass
energy of 13 TeV since April 2015. During Run I, which started in early 2010 and continued until end
of 2012, the two main experimental collaborations, ATLAS! and CMS?2, collected around 25fb~! of
proton-proton data for a center-of-mass energy /s = 8 TeV. The luminosity at the CMS experiment

was about [6]

1dN
L=——r =T 103 em™2s71 (2.1)

and of similar order for the ATLAS experiment [7]. The integrated luminosity over the whole first
run at 7 and 8 TeV is depicted in the left plot of Fig. 2.1. The right plot shows the predicted total
cross sections for some Standard Model benchmark processes as well as the total cross section for
proton proton collisions. For a center-of-mass energy /s < 4 TeV, cross sections are also given for
proton antiproton collisions, in order to compare the number events at the Tevatron to the number
of events at the LHC. The number of events per second for different center-of-mass energies can be
extracted directly from the plot. For example, the number of events for the production of a top
quark pair is considered. At the Tevatron, with a peak luminosity of circa 1032cm~2s7!, 1073 top
pairs have been produced per second. Hence, in one year 10* events could be recorded. At the LHC
at 8 TeV, about 0.1 pairs have been produced per second. During the run in 2012, about 10° top
quark pairs have been produced. A upgrade to 14 TeV will produce one tt-pair per second and in
one year 107 events could be produced.

Similarly for the production of a Higgs boson via gluon fusion o44. The cross section at 8 TeV is
about 19 pb [23]. Hence, more than half a million Higgs bosons have been produced in 2012 in this
channel, and led to its discovery. Since, the total cross section at 14 TeV is more than twice as big
as at 8 TeV [23], the number of events that will be counted during Run II will be more than one
million per year.

The given numbers exemplify that the LHC is also a precision experiment for testing the Standard
Model. Due to the large number of events, the experimental statistical error for benchmark processes
lies in the percent regime or even below.

In the following, examples of measurements from Run I at the LHC are considered. It will be shown
that in those cases predictions at next-to-next-to-leading order in perturbative QCD have been
necessary to match the experimental precision.

1 A Toroidal LHC ApparatuS
2 Compact Muon Solenoid
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Figure 2.1: Left [6]: The integrated luminosity of the LHC taken at the CMS experiment during the three
years 2010 (green), 2011(red) and 2012 (blue) of Run I. Right [22]: Total predicted cross sections for several
benchmark processes at proton-(anti)proton colliders as a functions of the center-of-mass energy +/s. The
discontinuity for some of the cross sections is due to the switch from a proton-antiproton cross section below 4
TeV to a proton-proton cross section above 4 TeV. The total cross sections for t¢ and bb are denoted by o; and oy
respectively.
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In particular the total cross sections for the productions of two vector bosons is a prime example.
The comparison with fixed order theory predictions is shown in the left plot of Fig. 2.2. Focusing
on the production of a W-pair helps to understand specific features that can occur in higher order
predictions. The cross section for the production is measured to be [26]

oy (TTeV) = 52.4 4+ 2.0(stat) & 4.5(syst.) & 1.2(lum.) pb , (2.2)

at 7 TeV using an integrated luminosity of 4.92 fb~!. The measured value at 8 TeV for a dataset of
integrated luminosity of 19.4 fb=1 is [27]

oy (8TeV) = 60.1 & 0.9(stat) & 3.2(syst.) & 1.6(lum.) pb . (2.3)

The increase of luminosity lowers the statistical error by more than a factor of 2. The theoretical
prediction at 7 TeV at next-to-leading order slightly underestimates the experimental result, if only
the statistical error is considered. This behavior is understood if the theoretical prediction at different
perturbative orders is examined. The plot on the right hand side of Fig. 2.2 shows the prediction for
the total cross section at leading order, next-to-leading-order and next-to-next-to-leading order as a
function of the center-of-mass energy of the protons. The diagram is taken from [25], in which the
behavior of the perturbative expansion is explained. The leading order prediction completely fails to



O_ b T T T T T T T T
[p ] | pp = WTW—+X

—o— ATLAS s 1

Mar. 2015 CMS Preliminary
T T T T

CMS measurements 7TeV CMS measuremen‘( (stat;stat+sys) o+

vs. NLO (wio) theory 8 TeV CMS measurement (stat,stat+sys)  —+—e—— 7

VY, (WNLO th) _— 1.06+0.01£0.12 5.0t

Wy o 1.16 £0.03+0.13 5.0fb*

zy o 0.98+0.01+0.05 5.0fb™ gg - H—-> WW* s NLO

zy o 0.98+0.01+0.05 19.5fb? 20 added to all predictions =~ --reeeeeees L.O 7

WW+WZ —_— e — 1.05+013£0.15 4.9t ) ) ) ) ) ) ) )

ww ———— 1.11+0.04£0.10 4.9fb? 1.15 b ' / ' ' ' ' ' 77‘77777‘ E

WW, (WNLO th) —B— 1010024008 19.4fbt O/ONLO e

wz ot 117 £0.07£0.07 4.9 L1 — E

wz et 112+0.03£0.07 196 f 105 b —— 8+ 3

7z e 099+0.14+007 49! 100 E E

2z i 1.00£0.06 £0.08 19.6 fo!

L | L L L L | L L 0.95 kB I I I 1 1
o o e 2 " Production Cross Section Ratio: G, / G 7 ] V5 [TeV] 13 14
p:/icer.chigo/pNj7 exp ! Otheo

Figure 2.2: Left [24]: Summary plot of the CMS measurement of the total cross section for vector boson pair
production in comparison with (next-to-)next-to-leading order QCD predictions. The used data set is specified in
the last column. The theory uncertainty is depicted by the yellow band. An overall agreement is observed. Right
[25]: The theoretical prediction for the total W W~ cross section as a function of the hadronic center-of-mass
energy. Results of the leading-order (blue), the next-to-leading order (red) and next-to-next-to-leading order
(green) calculation are shown. The error band is due to the variation of factorization and renormalization scale.

describe the data at both energies of the colliding protons. The next-to-leading order contribution
enlarges the cross section by 50% — 60% with respect to the leading order contribution, while the
theoretical uncertainty stays unchanged at the order of 2% — 5%. The next-to-next-to-leading order
introduces another correction of about 10% and a first slight decrease of the theoretical uncertainty
is observed. Owing to the fact that the higher order corrections do not lie within the error band of
the previous order, the scale uncertainties at leading and next-to-leading order do not represent the
correct theoretical error due to missing higher order contributions. This is a characteristic feature of
this process. New partonic channels emerge at next-to-leading order and at next-to-next-to-leading
order of the perturbative series. They contribute significantly to the total cross section and shift the
prediction towards the measured value. Beyond next-to-next-to-leading order no additional channels
arise and the given theoretical error estimate can be taken as the first reliable uncertainty of the
final prediction and is in good agreement with the measured value.

An observable, that has been measured with incredible precision at the CMS and ATLAS
experiments, is the total cross section for top quark pair production. The combined value measured
for leptonic decay channels of the top quark reads [30-33]

oo (8TeV) = 240.6 £ 1.4(stat) £ 5.7(syst.) = 6.2(lum.) pb (2.4)

where data sets of 5.3 — 20.3 fb~! have been included. The statistical error is of the order 0.5%
and the uncertainty is dominated by the systematical error and the error on the luminosity. In
the left plot of Fig. 2.3, the recent measurement of the total cross section at the LHC and the
Tevatron are compared to the next-to-next-to-leading order prediction [34]. It can be observed
that the Standard Model prediction agrees very well with the measured value. For this observable,
a next-to-next-to-leading order prediction is required in order to keep up with the experimental
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Figure 2.3: Left [28]: The theoretical prediction for total production cross section of ¢t for proton-proton
collisions (green) and proton-antiproton collisions (blue) at next-to-next-to-leading order, including next-to-next-
to-leading logarithmic soft gluon effects. The prediction is compared to measurements at the LHC and Tevatron.
Right [29]: Factorization and renormalization scale dependence of the total cross section at leading order (blue),
next-to-leading order (red) and next-to-next-to-leading order (gray).

precision. This can be seen in the right plot of Fig. 2.3, which is taken from [29]. It shows the
theoretical uncertainty due to variation of the factorization and renormalization scale for each order
in perturbation theory. In contrast to the previous example, the scale uncertainty significantly
reduces, if higher orders of the perturbative series are included. Additionally, the central value
of the theory prediction lies within the error band of the previous order. This indicates a good
convergence of the series and a reliable estimation of the theoretical error. The scale uncertainty of
the final prediction has been estimated to be about 5%, an inclusion of soft gluon effects through
next-to-next-to-leading logarithmic resummation reduces this uncertainty to about 3%. Additional
theoretical uncertainties, due to the top quark mass, the strong coupling and the used parton
distribution functions are of the same order [29].

In addition to the inclusive observables discussed so far, higher order corrections can have an impact

on the shape of differential distributions. As an example, the differential cross section measurement
for the Drell-Yan process pp — Z/~4* — [l is considered [35], where the final state leptons [ are either
electrons or muons. The measurement, which is differential in the invariant mass of the lepton pair
my; below 66 GeV, is shown in Fig. 2.4. This measurement includes data from the early 2011 7 TeV
run of integrated luminosity of 1.6 fb~! in the region m; = 26 — 66 GeV (left plot), the statistical
error is determined to lie below 1%. An even lower region could be probed using 2010 LHC data of
integrated luminosity of 35 pb~! (right plot). The data is compared to three different theoretical
predictions, where all of them include higher order electroweak corrections (HOEW) and photon
induced contributions (PI). The next-to-leading order QCD prediction does not describe the measured
data in both cases in the low my; region. The inclusion of additional radiation to the next-to-leading
order prediction in terms of a parton shower matched to the next-to-leading order prediction [37,
38] describes the data already more accurately. Nevertheless, the theoretical error in this case is still
of the order 10% — 20% in the low my; region. The next-to-next-to-leading order prediction [39-42]
provides the first satisfactorily description of the data, while the theoretical uncertainty, which is of
the order 5% — 10% in the first bin, remains larger than the overall experimental error.
The three given examples show that higher order QCD prediction up to next-to-next-to-leading order
are required. Next-to-leading order predictions in perturbative QCD are nowadays standard. Highly
elaborated automated tools exist for a automated calculation (see also section 3.3.1), including
several massive particles and processes of high multiplicity.
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Figure 2.4: [35] Measured differential cross section d‘i‘;’” in two regions below the Z mass peak: 26 GeV <

my < 66GeV (left) and 12GeV < my; < 66 GeV (right). The data is compared with theory predictions at
next-to-leading-order and next-to-next-to-leading order, which were obtained using the software FEwz [36], and a
next-to-leading order prediction matched to parton showers using POWHEG[37]. Electroweak effects (AMOEW)
and photon induced contributions (AF") are included.

The list of known corrections at next-to-next-to-leading order for hadron collisions is rather short.
The production of a Higgs boson can be calculated differentially and dedicated software exists [41,
43-46]. Recently the total cross sections for single Higgs production via gluon fusion has been
calculated at next-to-next-to-next-to-leading order accuracy [23]. The Drell-Yan cross section and
single vector boson production has been calculated and is available differentially [40, 41, 47]. The
first calculation of a next-to-next-to-leading order cross section including colored particles in the
final state, has been the total cross section for t¢-production [34]. The first differential distributions
have been presented in [48]. Partial results for dijet productions in hadron collisions have been
presented in [49, 50], where currently only the purely gluonic contributions have been fully computed.
The calculations of vector boson pairs at next-to-next-to-leading order accuracy can be found in
[25, 51-53]. All channels for the differential cross section of Higgs+jet and W+jet productions have
been presented [54-56].

The mentioned examples, represent only a tiny part of Standard Model physics that can be tested
at the LHC. Completely differential next-to-next-to-leading order calculations for several additional
processes are demanded. For example, calculating the cross section for dijet production at this order
of accuracy could be used to constrain the gluon parton distribution function. The list of known
next-to-next-to-leading order prediction includes only up to two particles in the final state. This
is due to the lack of two-loop amplitudes for 2 — 3 processes and efficient tools to compute real
corrections.

Another important issue is, how results can be made accessible for the experimental community.
The tools and theoretical frameworks that have been applied to most of the precision predictions
mentioned in this chapter will be summarized in the next chapter. Up to now no general tool exists
that allows to compute differential next-to-next-to-leading order corrections on a process independent
basis. In this work, the theoretical basis of the subtraction scheme STRIPPER is explained and
its implementation discussed. This implementation serves as a general framework to calculate
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differential cross sections, in principle, for arbitrary processes.



CHAPTER 3

Precision predictions in perturbative QCD

3.1 Foundations of perturbative QCD

3.1.1 The strong coupling

QCD is a renormalizable Yang-Mills quantum field theory with gauge group SU(N.), where N, =3
is the number of quark color charges observed in nature. The corresponding Lagrangian is

1 1 a ac aoc (6
Laop = — B 10— 260 (DA™Y + (9" (5 Dy + 9o Az) c
+ Z Upi (6i5id + g2 A"t — diym) by (3.1)
!

where the gauge is fixed covariantly. The last sum includes all quark flavors f € {u,d,c,s,b,t}, where
the number of quark flavors is ny = 6. The fields ¢* and ¢ are Faddev-Popov ghost and anti-ghost
fields respectively [57]. The indices {a,b,c} are color charge indices in the adjoint representation,
running from 1 to N2 — 1, and {i,j} the color charge indices in the fundamental representation,
running from 1 to N.. The QCD field strength tensor is defined as
Ff, = 0,A% — 9,A% + gd frre Ab A (3.2)
The above Lagrangian is expressed through bare fields A% 1 ;, bare mass parameters mg)e and
the bare strong coupling constant g2, which is conventionally replaced by the QCD fine structure
constant (90)2
0 s
ag == (3.3)
The theory needs to be renormalized, in order to be predictive. If physical quantities are calculated
in perturbation theory in the strong coupling a2, integrals will be divergent as internal momenta
become large. They are ultraviolet(UV)-divergent. This is not a conceptual problem, since it reflects
the fact that the theory is an effective field theory which is applicable only up to an unknown energy
scale A. Introducing A as a cutoff renders the theory finite and predictive. However, predictions
at some energy scale £ < A should not depend on the cutoff scale. In order to achieve this the
bare parameters of the theory have to depend on this energy scale A and are infinite as A — oo.
Renormalizing the theory at an arbitrary scale ,u%{ ~ E?, the renormalization scale, means to
replace these divergent parameters by the physical parameters at this scale, which are measured.
Consequently, the physical parameters depend on the energy scale ,u%{, whereas a final prediction

11
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should be independent of the renormalization scale.
In practical applications of perturbative QCD, it is more convenient to use dimensional regular-
ization [58] rather than introducing a UV-cutoff A. In dimensional regularization the theory is
formulated in d = 4 — 2¢ space time dimensions and UV-divergences appear as poles in the regulator
€. The UV-limit, A — oo corresponds to ¢ — 0.
The relation between renormalized and bare parameters can be formulated order by order in pertur-
bation theory and is given by multiplicative renormalization constants Z(as). For the coupling it
reads explicitly

ay = (1§ Za, s (1) (3.4)

where the introduction of the renormalization scale M%{ ensures that oy is dimensionless in d = 4 — 2¢.
The scheme that defines the particular form of Z,, beyond the singular term, is called renormalization
scheme. Different schemes define different renormalization scales. The modified minimal subtraction
scheme MS is widely used in applications and will be exclusively used in this thesis. At leading
order the renormalization constant for the strong coupling reads

as Bo 2
Zo, =1— ﬁ? + 0(a2), (3.5)
where [y = %C 4 — %n #Tr. We can use the renormalization group (RG) equation for the strong
coupling to obtain the dependence of the coupling constant on the scale. The RG equation is a

consequence of the fact that the bare coupling cannot depend on ,u%{

d 0 d Qg g\ 2 g\ 3
N dlogu%{as dloquRas = Blas) = —as ((47r> fo + (E) b+ (E) P+ ) ’

(3.6)

where the QCD pS-function can be calculated using Z,, and taking the limit ¢ — 0.

This function is negative which implies that the strong coupling strength decreases for high energies.

This effect is known as asymptotic freedom and was discovered by Gross, Wilczek and Politzer [59-61].

The coefficients up to B3 can be found in [62, 63]. If the coupling constant at some scale pg is known

the RG equation is used to obtain the coupling at some arbitrary scale y. The first order solution is

as (o) _2r 1

1+§—£log (ﬁ) B0 log (A(fcp)

as(p) = (3.7)

The energy scale parameter Aqcp indicates the pole of the function, known as the Landau pole. A
perturbative treatment of QCD is only valid if > Aqcp. Fig. 3.1 depicts the world average of
the value of as(Q), extracted from different measurements at different energy scales Q. The line
depicts the theory prediction in Eq. (3.7) of the running. Using the RG equation, the different
values are combined at () = mz = 91.1876 + 0.0021 GeV, the mass of the Z boson. It is used to fix
AQCD ~ 213 MeV.

At low energies quarks and gluons are strongly coupled and only appear as colorless bound states,
the hadrons. In the following quarks and gluons are denoted as partons. Possible treatments of
QCD in the low energy regime are direct numerical computations on a space-time lattice or effective
field theory treatments of the bound states, e.g. chiral perturbation theory.

Only when the energy scale is large with respect to Aqcp, partons can be treated as free asymptotic
states and a perturbative treatment of the theory in oy < 1 is possible.
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Figure 3.1: The measured value of a5 in comparison with the theoretical prediction of the running. The values
are extracted at different energies Q and subsequently evolved to the scale of the Z boson mass. The averaged
value at this scale includes all the measurements [64]

3.1.2 Massless QCD and decoupling of heavy quarks

The renormalized masses ms(u) of quarks are scale dependant and can be defined in the MS
scheme. As they do not exist as asymptotic free states a direct measurement of light quark masses
is not possible. However, it is possible to estimate the renormalized mass parameter by comparing
experimental results to theoretical predictions. The quark masses are given in Tab. 3.1. The typical

My (2.3 +£0.7) MeV MS
mg (4.8 £ 0.5) MeV MS
ms (95 + 5) MeV MS
me (1.275 4 0.025) GeV MS
my, (4.18 4 0.03) GeV MS
my  (173.21 £0.51 £0.71) GeV  measurement

Table 3.1: The light quarks masses {u,d,c,s,b} are MS - mass estimates. The top-quark mass is directly
measurable [64].

energy scales of hard processes at hadron colliders are much larger than light quark masses, where
we denote the number of light quark flavors by n; and the number of heavy quark flavors by ny.
For the LHC, typically n; = 5 quark masses are negligible and only the top quark is considered as
massive. The QCD Lagrangian is replaced, by an effective massless QCD Lagrangian, where the
number of active flavours is n;. The top quark decouples from the theory, if the typical scales are
smaller than m;. If the scales are comparable to my, the top quark is kept as a massive fermion.

Consequently, we eventually deal with two different Lagrangians, the first one contains n; active
massless quark flavours and the other contains n; + 1 active quark flavors. The renormalized coupling

a&"l) in the n; - flavor theory, can be related to the coupling of the theory containing one massive
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quark al"*Y . The relation reads [65]

o™ (1) = G, (0" me) al ) (as) (3.8)

where (,, is the heavy quark decoupling constant and is known up to four loops [66, 67].

3.1.3 Perturbative QCD at hadron colliders

The hadronic cross section in high energy collisions factorizes in a long distance contribution, the
parton distribution functions (PDFs), and a short distance contribution, the partonic cross section

1
Ohhy (Pr, P2) ZZ// da1dws fasn, (21, 1) fony (@2, 1) Gap(1Pr, 22 Po; (1), i, 117)
ab 0

) (3.9)
QCD

+ O( 0 ).

The PDFs f,;,, are non-perturbative objects. They describe the dynamics of the parton a inside
a hadron h. In a first approximation, they are the probability distribution of finding a parton of
flavor a and momentum fraction p; = z; P; inside the hadron, where P; is the hadronic momentum.
These functions are extracted experimentally.

The partonic cross section G, describes the hard interaction of free gluons and quarks at a hard
scale (). The cross section is collinearly renormalized, such that initial state collinear singularities
are absorbed into the parton distribution functions.

It is worth to notice that the factorization formula (3.9) has not been demonstrated for general
hadronic cross sections. General proofs exist for Deep Inelastic Scattering (DIS) and Drell-Yan
processes. A summary can be found in [68]. As the formula suggests, factorization is only applicable
when @ > Aqcp, in other words, when the soft and the hard scale describing the process are well
separated.

On a partonic level, we can calculate cross sections directly using QCD perturbatively. The partonic
cross section for a generic inclusive scattering process with n partons in the final state a+b — n+ X

is defined through
11
Gap = / d®,, (M, | M) B (3.10)

= 28 Ny

where a and b are incoming massless partons, n denotes the number of outgoing colored particles for
the specific observable and N, is the average factor for color and spin of the incoming partons. Even
though the work mainly focuses on n partons in the final state, non-QCD particles can be included
into the final state without changing the content of this work. The partonic center-of-mass energy is
5 = (p1 + p2)?, where p; and po are the momenta of the incoming partons. F), is a measurement
function that defines a specific observable under consideration and is a function of the final state
momenta. The only requirement on this function is that it has to describe an infrared safe observable,
i.e. it has to be insensitive to collinear and soft final state partons

Fn — Fn—l; if pi — 0 (311)
Fn — Fn—l; if pl'Hpj s (312)

where p; and p; are final state parton momenta. The precise definition of renormalized matrix
elements [M,,,) and the phase space measure d®,, is given in Appendix A.
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The expansion of the partonic cross section in a,(u%) reads

Gap =060 460 15 4. (3.13)
The partonic cross section, which is not directly accessible experimentally, can be used to calculate
the hadronic cross section using the factorization formula (3.9). Even though the PDFs are
non-perturbative objects, their dependence on the factorization scale u% can be extracted using
perturbative QCD

d
[ — 2 fan (z.08) = ;fbh(ﬁ 112) Pra <€> . (3.14)

This equation, so called DGLAP equation, allows to resum large logarithms in the PDFs.

3.2 Fixed order calculations

The partonic cross section can be written as an expansion in g (3.13). Each contribution of this
expansion can be decomposed according to the multiplicity of the final state. At leading order in
the cross section reads

11
b =00 = 53 N / A&, MO M) F,, | (3.15)
where the tree-level contribution of the matrix element is ]M%O)). The leading order contribution is
called the Born approximation. At this order the phase space integral is completely finite and can
be evaluated using Monte Carlo methods directly. The measurement function F,, ensures that no
final state parton becomes soft and no final state parton becomes collinear to another parton.

At next-to-leading order (NLO) three ingredients contribute to the partonic cross section

60 = 6R 4 5V 1 4G (3.16)
where
o= s [ ABus OCLL) P (317)
SNy
6y, = % ]Vlab / d®,, 2Re (MO MYV F,, | (3.18)
G = 222 (15) 8 [z [P0 o8 + PO @] . 19

The real radiation contribution c’}“}fb contains one additional particle in the final state. The measure-

ment function F,,;1 allows this massless particle to become unresolved, i.e. soft or collinear. This
results in a logarithmic singularity of the phase space integral. Using dimensional regularization,
the phase space integral can, in principle, be solved. The infrared-singularities appear as poles in
the dimensional regulator ¢ = (4 — d)/2.

The virtual contribution, 62’[), consists of the n-particle phase space integration of the interference

term of the tree-level matrix element and the one-loop matrix element \Msll)). In dimensional
regularization the one-loop matrix element contains explicit poles in the dimensional regulator, the
infrared-singularities of the loop integral.

The collinear factorization contribution (}Sb is the convolution of the Born cross section with the
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leading order splitting functions. It ensures that the partonic cross section &,y is collinearly renormal-
ized at the factorization scale ,u,%. It contains an explicit collinear infrared-pole in the dimensional
regulator €.
Each of the three contributions diverges separately as ¢ — 0, but the sum is finite. As stated by
the Kinoshita-Lee-Nauenberg (KLN) theorem [69, 70], virtual poles cancel the soft and final state
collinear poles of the real radiation. Initial state collinear singularities in the real contribution are
absorbed in the parton distribution functions by collinear renormalization.
At next-to-next-to-leading order (NNLO) the partonic cross section can be separated into five
contributions

5B — GRR L GRV | 5VV 1 501 502 (3.20)

The first three terms read explicitly

. 11 0 o
GRR T, / A, 40 (MO M) Py (3.21)
ol 11 0 1

Utl;{bv - %Nab /d¢n+1 2Re <M$L-3-1’M1(1—‘,)-1> Fn+1 ) (322)

11
5 = — ©)17(2) (1) e (1)
b = Sa N / d&,, (2Re (MM + (vl vt >) F, . (3.23)
~RR

The double-real radiation contribution, &, contains two additional partons in the final state, that
can generate soft and collinear poles in the dimensional regulator ¢ after integration over the phase
space. The real-virtual contribution, 62}/, contains explicit poles of the one-loop matrix element
and additional real poles are obtained after integrating the phase space of the additional unresolved
parton in the final state.

The double-virtual contribution, é};/bv, contains the square of the one-loop matrix element and
the interference of the tree-level matrix element and the two-loop matrix element. Just explicit
infrared-poles of the loop integrals in dimensional regularization are present.

At this order, two contributions of the collinear renormalization of different final state multiplicity

are present. They read in terms of factorization ,u% and renormalization scale ,u%{

6% (p1.p2) = 27?8 (MR) Z/ dz PO (2) 6% (2p1,p2) + PV (2) szic(pthz)} : (3.24)
(p1.p2) = %% <Z§> zcj/oldz [Pc(g)( )63 (zp1.2) + P (2) ac(Pl,Zp2)}
-+ﬁfi@®%2414ﬁk>@mm+%%><mmﬂ

(

G [(h) (3 >

(52 2;< ) 2 / az (P @ L)) (2) 6 (zprp) + (P @ PR ) (2) 3E(r.2m0) |
()fﬂ%)Zﬂ@m PO) P o5 e 7)) 3.25)

Z/mpm )68 (prp2) + P () 68 (p1.2m2)|
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where
1
(f©9) (@) = //0 dy dz f(4)g(=) 6z — y2) . (3.26)

The explicit form of the splitting functions is given in [71]. The finiteness of the sum of the five
contributions is ensured by the KLN theorem.

As the discussion above suggests, the complexity of fixed order calculations raises significantly at
each order of perturbation theory. On the one hand, this is due to the increasing number of loops in
the matrix elements of the virtual contributions. On the other hand, phase space integrals for high
multiplicities can only be performed using Monte Carlo integration techniques. Increasing the number
of unresolved partons in the final state, the number of singular phase space configurations increases
as well. Hence, methods to extract phase space singularities before any numerical integration is
performed are required.

In the following section, techniques to calculate one-loop and two-loop matrix elements are summa-
rized.

Section 3.4 discusses methods to regulate the real radiation contributions at next-to-leading and
next-to-next-to-leading order. These subtraction and slicing methods allow a numerical integration
over the phase space. Subsequently, a summary of the properties of the discussed methods is
presented.

3.3 Virtual contribution

In this section, techniques to calculate virtual contributions to the cross section are discussed. First
the evaluation of one-loop integrals is summarized, as they appear in the virtual contribution of
the next-to-leading order cross section, as well as in the real-virtual and double-virtual part of
the next-to-next-to-leading order cross section. While the general problem of evaluating arbitrary
one-loop integrals is solved theoretically for arbitrary numbers of final state particles, a numerical
stable and efficient implementation of one-loop matrix elements is challenging for high multiplicities.
A more detailed review on this topic can be found in [72].

Afterwards, the calculation of two-loop amplitudes is discussed. In contrast to the one-loop case,
no general solution has been found yet to calculate two-loop integrals for arbitrary processes. In
the past years a lot of effort has been devoted to develop new ideas. Some virtual contributions for
processes that are phenomenologically relevant for the LHC can be calculated.

3.3.1 One-loop matrix elements

A general one-loop integral contributing to |J\/[,(11)> in a renormalizable Quantum field theory has the

following form
d4 N(1)
I = 3.27
N /(47r)dD0D1---DN_1 ’ (3:27)
where N denotes the number of external particles attached to the loop. The integral is said to be
the N-point integral. The number of propagator denominators D; is equal to the number of external
legs attached to the loop. The denominators are defined as

Dj = ((1+ q:)* —m} +ie) (3.28)
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where m; is the mass of the corresponding particle in the loop, where for massless quarks and gluons
N

m; = 0. External momenta py, are ordered and fulfill momentum conservation, »_ p; = 0. Hence,
i=1

i
the momenta in the denominators are ¢; = > pg,.
j=1

The numerator N(1) is in general a function of the loop-momentum contracted with external vectors.
Therefore, the integral is in general a tensor integral of rank r. The integral of rank r = 0 is said to
be a scalar integral. For an arbitrary process the highest rank of a contributing integral, comes from
a diagram, where all external momenta p; are the actual external momenta of the particles in the
process. Such a diagram is called ring diagram.

Given the Feynman rules for a non-abelian gauge theory, the highest rank of such an integral can
be determined. If it is assumed that the diagram contains only gluons, each three-gluon vertex
contributes at most one power of the loop momentum to the integral. Hence, the highest rank of
such an integral is rmax = N. Allowing fermions as well, the result is the same, since each fermion
propagator will contribute one power of the loop momentum, while the fermion-vector boson vertex
does not. Scalars in the theory do not change this counting likewise.

A loop integral is ultraviolet-divergent, if » > 2N — 4. Hence, integrals with N > 5 are ultraviolet
finite.

In theories with massless particles one-loop integrals are infrared-divergent, when internal massless
propagator go on shell. Both forms of singularities are logarithmic and generate poles in the €, when
the integral in d = 4 — 2¢ dimensions is evaluated.

It was proven that any tensor integral I can be written in a minimal basis of scalar integrals as [73]

In = cailai + c3.ils + ol + el + R+ 0(e) (3.29)

where I.; are scalar N-point functions of some configuration i of external momenta, where the
scalar integrals are normally referred to as tadpoles (N = 1), bubbles (N = 2), triangles (N = 3)
and boxes (N =4).

The reduction of tensor integrals of any order N to scalar integrals of NV < 4 is possible because of
the dimensionality of space-time d = 4. Four external linear independent vectors build up a basis in
four dimensions. Because of energy momentum conservation, at least five external momenta are
needed to obtain such a basis. All remaining vectors and the loop momentum can be expressed in
such a basis. It has been shown that scalar N point integrals, with NV > 5, can be reduced to the
mentioned minimal basis of scalar integrals [73-75].

If no singularities are present and regularization is not needed, the expansion is true with R = 0.
But since the calculation is performed d = 4 — 2¢ dimensions, a so called rational term R remains.
Hence, the problem of calculating one-loop matrix elements or integrals is reduced to the problem
of reducing the tensor integrals to the above basis of master integrals and subsequently finding the
coefficients cy.; and the rational part R.

Traditionally, the reduction of integrals can be performed by the Passarino-Veltman method [76].
The key idea is to expand the tensor integral into form factors of all possible tensor structures of
external momenta that are allowed by Lorentz covariance. Contracting this expansion with the
different tensor structures results in a system of linear equations for the form factors. In each step of
the reduction the form factors corresponding to a rank r tensor integral are related to form factors
corresponding to lower rank tensors and eventually lower number of external legs. Inverting the
system of linear equations leads therefore ultimately to the result for the integral.

However, numerical instabilities, due to vanishing Gram determinants arise, when using this method
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naively. Improved techniques for tensor reduction have been developed and have proven their
applicability to multiparticle processes [77, 78]. Even though these techniques lead to fast and stable
numerical codes [79, 80], large algebraic expressions have to be handled and limits the applicability
of these techniques.

A different approach to reduce one-loop integrals and to get the coefficients and the rational part in
Eq. (3.29) is the OPP (Ossola-Papadopoulos-Pittau) method [81]:

The integrand numerator of any N-point one-loop amplitude (3.27) can be parameterized as

N-1 N—1
N = Y [dlioi1sizsis) + d(l; ig,i,ia,is)] D;
10<t1<i2<13 1#40,11,12,13
+ Z 10711712 + C l 20721722 H D
10<t1<i2 1#£10,81,02
+ Z (io,i1) + b(l; 70,i1)] H D; (3.30)
i0<i1 i#i0,i1
N-1

—I-Z a(io) + a(l;io)] HD

iF#i0
P(l) 1:[ D; .

This is only a rewriting of Eq. (3.29), where the coefficients d, ¢, b and a correspond to the coefficients
of the box, triangle, bubble and tadpole diagrams respectively. The rational term R contains all
coefficients that still depend explicitly on the loop momentum, which are d, &, b, @ and P. The
dependence on the loop momentum of the rational terms can be explicitly determined [81, 82].
The above formula can be applied to the full one-loop matrix element, rather than to individual
Feynman diagrams. Then, the values of the constant coefficients can be determined by evaluating
the amplitude integrand, i.e. both sides of Eq. (3.30), at specific values of . This leads to a system
of linear equations for the coefficients. The OPP procedure selects the loop momenta in such a way
that 4, 3, 2 or 1 of the possible denominators D; vanish. In this way the linear system is triangular
and can be solved recursively.

At this point it becomes clear that the OPP procedure is related to unitarity. The vanishing of a
propagator effectively sets the virtual particle on-shell. In the language of diagrammatic unitarity
the specific propagator is cut and Cutkosky rules are applied for the cut propagator [83]
m — 26 (p? — m?) . (3.31)
Applying this procedure to both sides of the one-loop matrix element of the form (3.27) in the
OPP expansion Eq. (3.30). The Lh.s. can be calculated by just tree level diagrams, since at least
one propagator is cut. Selecting the cuts in such a way that on the r.h.s. only one of the master
integrals in Eq. (3.29) survives, it is possible to determine the coefficients. This is particularly easy
for the box-integral coefficients: Correspondingly four propagators are cut, that results in a product
of tree-level amplitudes on the L.h.s. and the box coefficient d(ig,i1,i2,i3). The loop momentum is
completely fixed by four d-functions. Recursively, the coefficients d, ¢, b and a can be determined
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using four-dimensional loop momenta. This part of the amplitude is therefore called cut-constructible.
The whole procedure is called generalized unitarity.

Using unitarity to reconstruct one-loop amplitudes from tree-level amplitudes was first considered
in [84]. For numerical programs an efficient way to calculate tree-level amplitudes for on-shell
complex momenta in d-dimensions is needed. This is widely done using recursion relations between
amplitudes of different number of external legs based on [85].

Different automated tools exist to compute one-loop amplitudes, the virtual contribution to a NLO
cross section, using either traditional tensor reduction methods [86-89] or generalized unitarity in
combination with the OPP method [18, 89-94] or a complete numerical approach[95].

3.3.2 Two-loop matrix elements

Two-loop matrix elements are notoriously more difficult to calculate than one-loop matrix elements.
New and different methods have to be applied. This section focuses on techniques that have been
employed to calculate two-loop four-point matrix elements contributing to cross sections in hadron
collisions at next-to-next-to-leading order QCD.

A general two-loop integral contributing to |M7(12)> can be written as

- / A%k Y Nk
) @2md(2n)dDiDy--- Dy’

(3.32)

where the propagator denominators D; and the numerator N(/,k) depend in general on the loop
momenta [ and k, the external momenta p; and the masses m;, with ¢ = 1...N. As in the one-loop
case, I is in principle a complicated tensor integral of the loop momenta.

A software for the numerical evaluation of dimensional regularized multi-loop integrals based on
sector decomposition exists [96]. There are attempts to find a common basis for arbitrary two-loop
integrands by applying generalized unitarity in multi-loop calculations [97, 98], but finding such a
d-dimensional representation as in the one-loop case is not yet in sight.

The approach is therefore on a case by case basis. First the tensor integral is converted into scalar
integrals of the form

, /ddk 41 S(k,1) (3.33)

(2m)4 (2m)? DY D2 -~ Dt

where in this case scalar means that the numerator 8 in Eq. (3.33) only depends on scalar products
of external momenta and loop momenta.

One method to achieve this, is to project directly on the tree-level matrix element and sum over
spin and color degrees of freedom <M£LO)]M£L2)> of the external particles, e.g. [99-104] or expand the
integrand in all possible Lorentz covariant structures, that respect the symmetries of the considered
process. Corresponding projection operators return the coefficients of the expansions containing the
scalar integrals, e.g. [105]. A different method is to insert specific helicity states for the external
particles to obtain scalar integrals [106, 107].

The set of denominators {D; --- D;} defines a topology of an integral. Relations among integrals of
the form (3.33) can be found using integration-by-parts (IBP) [108]:

d d
/ (;iwécd (2d7r)ld aiu v fkLpi}) =0, (3.34)

d d
| Gz fd b =0, (3.35)
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where the vector v* can be any of the vectors in the integral and f(l,k,{p;}) is a generic integrand
of the form (3.33). Equations (3.34) and (3.35) represent non-trivial linear relations among different
scalar integrals. The IBP relations are just the consequence of the vanishing of the integral of a
total derivative with respect to a loop momentum. On top on the IBP relations additional relations
among different types of integrals can be obtained using Lorentz invariance (LI) [109]

I(py +0p1,....pn +0pN) = I(p1,....pN) » (3.36)
where ¢ defines an infinitesimal Lorentz-transformation for the external momenta
p1— p1+0pr=pi +0bpl, with of = 4}, . (3.37)

After performing a Taylor-expansion in the infinitesimal parameter ¢, the antisymmetric form of the
relation between different integrals reads

(p’fapal# - plfajly + - +1956§1# —p/fajly> I(p1 +0p1,....pN +0py) =0. (3.38)
This results in non-trivial relations only when the derivatives act on the integrand rather then
the full integral itself. The IBP and LI relations do not yet provide any information about the
integrals themselves, but can be used as a starting point to reduce the set of integrals to a limited
number of master integrals. This reduction can be automated in terms of the Laporta algorithm
[110]. Automated tools that perform this reduction are publicly available, e.g. [111, 112]. However,
depending on the number of integrals and the number of parameters, which are independent
kinematic invariants and particle masses, the reduction demands high computational resources.
Besides, the set of master integrals is not unique and not are priory known.

In the following, the set of N master integrals is denoted by the N-dimensional vector I for
convenience. After the reduction has been performed, the main task is to solve the master integrals.
Since all remaining integrals are linearly related to the master integrals, the full two-loop amplitude
is known, if the master integrals are known.

Different approaches exist to get analytic results for loop integrals and a summary of methods can
be found in [113]. The mathematical structure of multi-loop integrals is summarized in [114]. Here,
one method is outlined that led to results for some benchmark processes at the LHC. The method
of differential equations has been first discussed in [115-117] and extended to 2 — 2 processes in
[109]. In contrast to other methods, the Feynman integral is not calculated directly, but differential
equations in the available independent parameters are derived. The parameters are particle masses
and invariants, which are built from the external momenta. The set of these momenta and masses is
denoted by {z;}. The derivative of a master integral, with respect to one of the parameter results
again in a scalar Feynman integral that can be related to the set of master integrals using the IBP
and LI relations. The result is a system of coupled first order differential equations in each variable

0I(e{x;
CA2D) _ Aj(e o) e o) (3.39)
J
where A; is a N x N matrix. In order find a solution to the differential equation, a boundary
condition has to be provided. Usually this condition is obtained in a kinematic regime of the
invariants, where the integral can be solved exactly. The result is required as a Laurent expansion
in €. Hence, the differential equations are expanded in € and coupled differential equations order by
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order in € are obtained.

In [103, 104] the differential equations for the two-loop master integrals to top quark pair production
were solved using a numerical approach. In this case, two parameters are independent, the Mandel-
stam invariant x; = t and the top quark mass o = m;. The center-of-mass energy has been set to
one and could be recovered in the final result. This amounts to a general rescaling of the integrals.
First, boundary conditions in the high energy limit were derived in a semi-numerical approach. The
boundary conditions serve as starting points to integrate numerically the differential equation along
a chosen path in the plane of parameters (m?,t) to obtain the result for a given master integral for
each point on a grid representing the domain of the function.

In order to solve the differential equation analytically, the basis of special function needs to be
determined, in which the result can be represented. For 2 — 2 processes with one mass scale, like
top pair production and vector boson pair production with only massless propagators a major
progress has been made in the past few years and analytic results for master integrals have become
available. It has been shown [118], that an appropriate choice of the basis integrals, directly returns
the solution of the integrals in terms of an appropriate representation of the special functions. This
basis of master integrals, called the canonical basis, is defined such that the differential Eq. (3.39)
has the following form

oI (e {x;
CD e Ay T o) (3.40)
J
Its solution can be written formally as
I(e{z;}) = [Pe‘ffozj da; Aﬂ{xi})} (e, {wi}a,=0) , (3.41)

where P denotes the path ordering and a boundary condition at x; = 0 has been assumed. If
additionally the differential of matrix is logarithmic

dA;({zi}) =) Ajpdlog(re) , (3.42)
k

where r is a rational function of the invariants {z;} and Aj; is a constant matrix, the result contains
only generalized polylogarithms. This can be immediately seen by expanding the general result in e
and comparing it to the definition of generalized polylogarithms [119]

dt
t—a1

G(ai,...,an;x) = / G(az,...,an;t), (3.43)
0

where G(z) = 1 and G(0) = 0, and G(a1,x) = log(1 — ;=). Each next order in the ¢ expansion,
generates an additional integral over the logarithm. The solution is a sum of contributions of uniform
degree of transcendentality [118]. The result is particularly compact and reduces the complexity of
the final result in contrast to solving the differential equation in a different basis.

Even though, the result is notably easy in the canonical basis, a recipe how to find the canonical
basis of master integrals, if it exists, is an open question. In general, heuristic methods to find the
canonical basis on a case by case basis have been used (see e.g. [120]).

Analytic results for master integrals for 2 — 2 processes using differential equations have been
presented in the last years. The two-loop integrals for ¢qg — V'V, where V'V represent two vector
bosons of equal masses, have been calculated in [119, 120]. The contributions to gg — V;Va,

qq — V1Va and gg — V41 Vs, where Vi and V5 are two off-shell vector bosons of different masses, are
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given in [105, 121-125]. These amplitudes are necessary, if the decay of the final state electroweak
bosons is taken into account at next-to-next-to-leading order.

As already mentioned the full two-loop corrections to pp — tt are available numerically. The bulk of
the analytic two-loop contribution has become available in the meantime [126-129].

The complexity of these calculations is due to multiple scales appearing in the two-loop master
integrals: the independent invariants, external masses and massive propagators.

Two-loop integrals, for purely massless 2 — 2 processes have been calculated already several years
before. For dijet production in hadron collisions all necessary two-loop amplitudes are available
[99-102, 106, 107, 130].

3.4 Subtraction methods and phase space slicing

In section 3.3 methods to evaluate virtual contributions of the cross section have been discussed.
For the purpose of calculating the full cross section beyond leading order the evaluation of phase
space integrals, that contain one or two unresolved partons, is necessary. At next-to-leading order
the real contribution in Eq. (3.17) contains one unresolved parton. A direct numerical integration is
not possible. There are two possible solutions to this problem.

The first method is phase space slicing [131-134]. The main idea is to split the phase space into two
regions. The first region contains the singular limits of the matrix elements. The second region is
finite and can therefore be integrated numerically. In the singular region the matrix element can be
approximated and the integration is carried out analytically.

The second solution to this problem is subtraction. A subtraction term, that mimics the behavior
of the matrix element in all singular limits, is added to the real radiation contribution in order to
render the integral finite. A widely used method has been introduced by Catani and Seymour in [16]
and its massive extension can be found in [135]. To clarify this method a short description is given
in the following. The next-to-leading order contribution of the partonic cross section is written as

5 — / [d&R—dc}S] + / dé® + / dsV (3.44)
n+1 n+1 n

where the collinear factorization contribution has been omitted for simplicity. The subtraction term
déS fulfills the requirement that it has the same pointwise singular behavior as the real contribution
itself, if calculated in d dimensions. This allows to set € — 0 for the term in the square brackets
and the phase space integral over n + 1 final state partons can be evaluated using Monte-Carlo
integration methods. All singularities are gathered in the last two terms. The subtraction term
should be such that the singular behavior due to one unresolved parton can be integrated explicitly
over the unresolved one particle phase space. In this integration explicit poles in € appear that cancel
the explicit poles of the virtual contribution. Finally, a generic next-to-leading order calculation can
be evaluated as follows

s = / [d&R—dffS] + / |:d(3v+ / dﬁs] : (3.45)
n+1 e=0 n 1 e=0

The method is universal, which means it does not depend on the specific hard process. This follows
from the fact, that QCD matrix elements factorize in the soft and collinear limits into a universal
function that contains the traces of the unresolved parton and a reduced matrix element, that
contains only the remaining hard particles. The specific factorization formulas are outlined in section
3.4.1. Using these limits a process independent form of the subtraction term as a sum of dipole
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contributions can be constructed

d6® = ) d6® @ dVaipole (3.46)

dipoles

where each dipole mimics the singular behavior of a pair of two partons out of the n + 1 partons. In
order to obtain the factorized form in Eq. (3.46) a factorization of the n + 1 parton phase into a n
parton phase space and a one parton phase space is needed. This allows for an explicit integration

of the dipole term
/ ds® = Z /d6B®/dVdipole =/d6B®I(1)- (3.47)
n+1 n 1 n

dipoles

The I(M-operator has the same pole structure as the virtual contribution, which is given by Z(l),
as will outlined in in Eq. (4.108) and appendix B.1. Explicit expressions for the dipole and the
integrated dipole terms as well as the phase space factorizations have been worked out explicitly in
[16, 135]. This next-to-leading order subtraction scheme can be implemented directly in next-to-
leading order event generators.

Another subtraction scheme for next-to-leading order calculations has been introduced for the
calculation of eTe™ — 3jets in [17] and named after the authors Frixione-Kunszt-Signer (FKS)
scheme. The general idea, in contrast to the dipole subtraction scheme, is that the n 4+ 1 parton
phase space is separated into regions that allow only one specific pair of partons to become collinear.
A parametrization in angles and energies allows to obtain subtraction terms for each region and a
numerical evaluation in d = 4 dimensions is possible. The form of the subtraction terms is such that
they can be analytically integrated over the unresolved particle’s phase space, after a remapping to
the reduced kinematics is applied. As in the dipole formalism poles cancel analytically, before any
numerical integration is performed.

Several comparisons between phase space slicing and Dipole subtraction methods can be found
in [136, 137]. The general conclusion that has been drawn from these comparisons is that the
subtraction method is superior to phase space slicing in efficiency and accuracy of the numerical
evaluation by an order of magnitude [136].

The infrared singular phase space structure of a next-to-next-to-leading order cross section is much
more involved than that of the next-to-leading order cross section. First, n + 1 parton phase space
integrations over the one-loop matrix element in d6®V are present. A construction of subtraction
terms requires factorization formulas of one-loop matrix elements in soft and collinear limits.
Following the next-to-leading order approach an analytic integration of splitting and soft functions
over the one particle phase space has to be still possible. Second, the double-real contribution dgR®R
contains up to two unresolved partons in the allowed phase space region. A multitude of subtraction
terms has to be constructed, that ensure the convergence of the integration as one or two partons
become unresolved. The general factorization properties of the matrix elements can be used to obtain
a process independent scheme. However, if a analytic cancellation between real and virtual poles
is demanded, the subtraction terms should be analytically integrable over the one or two particle
phase space. Since, the splitting and soft functions are more complicated, this task is non-trivial
and has been the main drawback for analytic subtraction schemes at next-to-next-to-leading order.
In the first part of this section, soft and collinear limits of matrix elements are discussed, that are, in
general, needed to construct local subtraction terms at next-to-next-to-leading order. Subsequently,
different proposals for next-to-next-to-leading order subtraction schemes and slicing methods are
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discussed and their applications are summarized. Finally, the different approaches are compared.
In chapter 4, the construction of the subtraction scheme STRIPPER is outlined in great detail. In
contrast to analytic subtraction schemes, the requirement of an analytic cancellation of poles is
dropped and, apart from trivial integrals, only numerical integrations have to be performed.

3.4.1 Soft and collinear limits of matrix elements

The basis of each local subtraction scheme is the behavior of matrix elements in the infrared limit of
external partons. The matrix element factorizes into a reduced matrix element, which contains all
information about the hard process, and a process independent function that encodes all traces of
unresolved partons. To setup a next-to-next-to-leading order subtraction scheme several limits of
matrix elements need to be known, as up to two final state partons are unresolved. They are listed
in the following.

Single-collinear limit of tree-level amplitudes
The collinear limit of two final state partons of momentum p; and ps is defined as the limit
k) — 0 in the Sudakov parameterization

k2 nt K2 e
o=t M- g T = (e R s P

The matrix element factorizes into a spin-correlated reduced matrix element and a splitting
function [138]

2 ~ (0
M (12, ) ey (D) (0. )P, (k)M (o)) . (349)

a1,as,...

~ (0
The splitting function P((“)a2 (z,k1;¢e) describes the splitting of a parton of flavor a into two

partons of flavor a; and as. The splitting functions are given in appendix B.2.1.

Single-soft limit of tree-level amplitudes
The singular limit of one gluon with momentum ¢ — 0 leads to the factorization formula [138]

MO, (apr, )P = —drag 3 (84(a) = i) M (o1, )T T5MD. (b, )
(4,9
(3.50)
where the soft function, governing the leading singular behavior, is

Dbi - Dj
8iilq) = — 8 3.51
(@) (pi-a) (P~ @) (3.51)
In the soft limit, the matrix element reduces to the sum of double color correlated matrix
elements, without the soft parton.

Triple-collinear limit of tree-level amplitudes
The collinear limit of three partons of momentum p1, ps and p3 in the Sudakov parameterization

2

ki, n# .
pf = zipu + k/il - Ziz m y U= 17273 ) (352)
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as k1 ; — 0 results in a factorization of the matrix element [138]

8mas 2 . (0)
MO, (1o )P = () MO (. PO ik )MO (p,..)) .

5123

(3.53)
The reduced matrix elements can contain up to two spin correlations, if the splitting parton
is a gluon. The leading collinear behavior is governed by the invariant s2,4 in the prefactor.
The splitting function describes the correct behavior also in the iterated collinear limit, where
first parton a; and as become collinear and subsequently the parton ai2 becomes collinear
to parton ag. Apart from that, if up to two of the three collinear partons become soft, the
behavior of the matrix element is correctly mimicked by the very same factorization formula.

Double-soft limit of tree-level amplitudes

There are two cases to distinguish for the double-soft limit. Either two gluons of momentum
q1 and ¢o become soft or a massless quark-antiquark pair of momentum ¢; and ¢ radiated by
a single gluon becomes soft. The factorization formula for the former case reads [20, 138]

|Jv[(0)g,g7al7---(Q1,(.1271017 .- )|2 o~

1
(4ma,)” 5 > 8ii(q1)Skilgz) (M) (pr, - ){Ts - Ty, Ty - THME (1, ...)) (354)
ijkl .

—Ca Y Sijlag2) M (pr,. . )ITi - TME (pr,.. )|
i

while for the latter case it is

0
\Mé,%,al,...(maqwh P (dma)? Te > Ji(q1,a2) (M) (pr, . )IT - T3 ME (pr,..0)
tj
(3.55)
In this limit, quadruple color correlators for the reduced matrix element appear. The leading
soft behavior is factorized in the soft functions 8;;(q), 8i;j(q1,q2) and J;5(q1,92), given in
appendix B.2.2.

Soft-collinear limit of tree level amplitudes

Soft-collinear limits of the same parton pair are directly obtained by taking the soft limit of
the splitting function describing the collinear limit. However, there is one case which needs a
bit more investigation and is not completely covered by the above formulas. The limit where
two partons of momentum ¢; and ¢ become collinear and both of them soft. This limit can
be described by first taking the collinear limit of the two partons and subsequently taking the
soft limit of a gluon, that is the product of the collinear partons. The factorization formula is

|M(0)a1,a2,a3...(q17Q27 .. )|2 =
2 .
(4ﬂas)2£P§?i§”(2127kL; &) (M) .(p, - NI pu(wr + u)Io (w1 + u) M) (p,-.))
(3.56)
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where the soft current is defined as

I = Tip??q . (3.57)

i
Single-collinear limit of one-loop amplitudes
To derive soft and collinear subtraction terms for the 6%V contribution of the next-to-next-to-
leading order cross section, infrared limits of one-loop matrix elements need to be known. The
collinear limit, as defined in Eq. (3.48), lead to the following factorization [139-144]

2Re <M¢(z(1),a2,...(plap27 ‘. ')|M(§11),a2,...(p1>p27 . )> =

2 A
dras— | 2Re <M((1(,))(p¢ .- )|P§L?)(12

(zk1;8) MY (p,...))
512

s ~ (1
+ 2O (. )P (ki) MO (o, )] . (3.58)

A aiaz a

A (1
At this order the one-loop splitting function P( )

aias
one-loop matrix element with one parton less.

is needed as well as the spin-correlated

Single-soft limit of one-loop amplitudes
The last limit to study is the single soft gluon limit of the one-loop matrix element. In this
limit the matrix element behaves as [145, 146]

2Re M), (¢p1,-- )M, (g1, ) =

—dmas Z(Sij(q) - Sii(Q)) 2Re (M) (pr,.. )|T - T M) (1, ...)

(4,9)
o
o > (8ij(a) = Sii(q)) Rij (ML) (p1,.. )| Ti- T;/ME)_(p1,...)
(4,4)

—4m Y Silg) iy (M) (pr, - S CTETITEME) (prs - )

(3.59)

The explicit form of splitting and soft functions that appear in this section are partially collected in
appendix B. The full set of functions can be found in [1].

In the following several subtraction and slicing methods are discussed. Some of them use the
explicit factorization formulas outlined in the present section, while others use variations of this
formulas. The subtraction scheme STRIPPER, that will be discussed afterwards, uses the full
information of the factorization formulas.

3.4.2 Antenna subtraction

The antenna subtraction scheme has been introduced for next-to-leading order calculations in [147,
148]. The main difference to the dipole formalism is that color-ordered amplitudes are considered
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(see appendix A.1). The soft and collinear limits of color-ordered amplitudes are especially easy
and QED like, since color is treated separately. It is instructive to understand the next-to-leading
order subtraction first and afterwards the generalization to next-to-next-to-leading order. The
detailed description of the subtraction scheme is given in [149] and this discussion provides a short
summary. Here only leading color contributions are discussed. A generalization to subleading color
contributions is in general possible, but non-trivial. It has been presented in the purely gluonic case
n [150].

The real radiation contribution to the cross section in the leading color approximation is written as

Ny / ABi1 M (D1, ps) 2 P (3.60)

In+1

where for simplicity only final state colored partons are considered and all partons are massless
The factor N contains all remaining factors that are irrelevant for the further discussion. ]M Lot |2
denotes the color-ordered, squared and spin summed matrix element, where the leading color factors
are included in contrast to Eq. A.24. The color ordering is such that particle 1 is color connected
to particle 2 and particle 2 is color connected to particle 3 and so on. The sum runs over all color
ordered matrix elements I,,1 for n + 1 particles. The subtraction term in Eq. (3.45) is constructed

in terms of antennae and reads

=N dd,, ZXW,C\M (P1s - PIPK - -+ Prt1)|* . (3.61)

n+1

This term contains a reduced matrix element of n partons that depends on new momenta p; and
Pr. which are linear combinations of the three momenta p;, p; and p;. The leading order antenna
function XZJ . depends only on the three momenta p;, p; and p, and mimics the singular behavior of
the matrix element as parton j becomes unresolved. For example in the soft limit the color ordered
amplitude factorizes as follows

25” | (0)

0 ~ ~
|M( ) (plv -« sDisPjsPky - - - ,pn+1)‘2 = (pla -« PI;PK; - - - apn+1)|2 ) (362)

n+1 SZ_] Sjk’ n+1
where in this case p; = p; and pr = pr. The singular limit of the color ordered amplitude only affects
partons that are color connected to the unresolved parton. Therefore, the factorization formula is
considerably easier than the soft factorization of the full matrix element, which is given in Eq. (3.50).
To be able to integrate the antennae explicitly over the unresolved phase space, the phase space has
to be factorized into a n particle phase space and an antenna phase space

dganrl(pla cee 7pn+1) = dgpn(pla cee 7ﬁ[apK7 v aanrl) . ddiX”k (pl7pj7pkvﬁf +ﬁK) . (363)

The antenna function is analytically integrated over the antenna phase space to obtain explicit poles
in e
xwk X /d@X”kX ik - (364)

The antenna subtraction method can be generalized to cross section calculations at next-to-next-
to-leading order. Considering only colored particles in the final state, subtraction terms for the
double-real contribution and the real-virtual contribution have to be provided. The next-to-next-to-
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leading order cross section at leading color is written as

6(2):/ {dARR dASRR} +/ d5SRR | / [dARV dASRV} +/ d&&RV_i_/d&VV’
n-+2 n-+2 n+1 n+1 n

(3.65)

SRR mimics the

which is essentially a generalization of formula (3.45). The subtraction term d&>
behavior of the double real contribution in soft and collinear limits. The double-real contribution in
leading color approximation reads

=N Z /d¢n+2 |M (1 Dnt2)* Frya . (3.66)

n+2

For the construction of appropriate subtraction terms different cases have to be distinguished:
If only one of the final state partons becomes unresolved, the antenna function of the next-to-leading
order case can be used and the contribution to the subtraction term reads

ASRR ! =N Z ddsn+2 ZX]k|M[n+1 b1y 7}5[7]51(a s 7pn+1)|2Fn+1 . (367)

n+2

If two partons j and k become unresolved, that are adjacent in the color ordered amplitude, the
subtraction term is obtained from an antenna function that contains all double unresolved limits
of the matrix element that are color connected to parton j and k, X %kl. However, this function is
singular in limits, when only one of the partons becomes unresolved and this singularities are not
present in the matrix elements. Hence, appropriate iterated single unresolved antenna functions
have to be subtracted. This contribution to the subtraction term reads

da_S7RR,2 _

0 _
N> d®,po | > (X — XXk — XjuXi1) |M§n)+1(p17 e PLPLy )P Fa |, (3.68)

Iny2 Jk

the sum inside the bracket selects only color adjacent pairs j,k and the adjacent hard momenta i,/.
An integration of the antenna functions over the unresolved phase space is possible after factorizing
the phase space using an appropriate mapping [151]

d¢n+2 (pl’ s 7pn+2) = ddsn(plv s 7ﬁ[7ﬁ[n s apn+2) : ddSXijkl (plap] 7pk’pl;ﬁl + ﬁL) . (369)

The integral over the unresolved contribution can be performed analytically

Xt o / AP, X - (3.70)

The next case to consider is, when the unresolved partons ¢ and j are completely disconnected. The
subtraction term is obtained by independently using a next-to-leading order antenna function for
each of the disconnected triple separately [149]. The remaining case is the almost color unconnected
case. In this configuration the two unresolved partons are separated by one hard parton. Using
iteratively the next-to-leading order antenna function the appropriate subtraction term can be
constructed.

The subtraction term déSRV for the real virtual contribution can be constructed in a similar way.
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For example, the subtraction term for the single-unresolved case of the one-loop matrix element

reads
da’S’RV71 =N Z ddsn-i—l Z [ng’Mgi)Jrl (plu ce. 725]7]3[(7 R 7pn+1)’2Fn
. 7 (3.71)
0 -~ o~
+Xi1jk|M(In)+l(p17-"7pf7pK7'"7pn+1)|2Fn )

where the one-loop three parton antenna function has been introduced. The structure of the
factorization formula can be compared to the factorization formula of the full one-loop matrix
element in the soft or collinear limits given in Egs. (3.58) and (3.59). To obtain the integrated
subtraction terms the antenna functions are analytically integrated over the three parton antenna
phase space.

The specific form of the antenna functions is given by the ratio of color ordered matrix elements.
The tree-level antenna functions are

M2 MG
0 7] 0 i
(Mikl ML
and the one-loop three parton antenna reads
1
1 ‘Mz(jl)c|2 0 ‘Mglf)dz
ijk — O - Xijk O (3.73)
Mkl Mkl

where S is a symmetry factor. The three parton matrix elements M;;; implies that the partons 4,5,k
are ordered.

It should be noted that the antenna subtraction terms are not pointwise convergent, since spin
correlations in the collinear limits are not considered. Nevertheless, a recipe to obtain stable and
integrable integrands anyhow is presented in [152]. The antenna subtraction method has been
originally introduced to calculate e™e™ — 3 jets at next-to-next-to-leading order [152-160]. It has
been generalized to hadrons in the initial state in [161-165]. This allowed for the calculation of the
gluonic channel for dijet production at leading color in gluon fusion [50] and the quark annihilation
channel [166]. The generalization to full color in the pure gluonic channel has been presented in [49].
The antenna formalism has been generalized to massive partons in the final state [167-171]. First
contributions to differential distributions in pp — ¢t in the quark annihilation channel have been
calculated [172, 173] at leading color.

Additionally, the subtraction method has been successfully applied to Higgs boson production in
association with one jet at next-to-next-to-leading order in gluon fusion [174].

3.4.3 Colorful subtraction

The colorful subtraction scheme has been worked out in several publications [144, 175-184], while
it is still limited to colorless initial states. In contrast to the antenna approach the full squared
amplitude is considered and subtraction terms are constructed using the explicit limits given in
section 3.4.1. The next-to-next-to-leading order cross section and subtraction terms are arranged
with respect to the multiplicity of the phase space integral [144]

~(2 ~ ~ ~ ~
d612)y = {doRTy Fruvs — doiy™ By — |do) 5 B —doy 2 1|} (3.74)
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S1
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ds® = {d&XVJr /2 [d&}}fis2 —d&,ﬁ‘fﬁslﬂ + /1 Aoyt + ( /1 d&}}fﬁsl) ” F, (3.76)
e=0

where the measurement function is written explicitly to highlight the number of resolved particles
entering the matrix element in the related cross section. The construction is such that each
contribution is integrable and finite in four dimensions. The double-real cross section is regularized
by pointwise subtraction terms d&f}fﬁs2 and d&gﬁsl, where the former contains all limits as two
partons are unresolved, while the latter behaves as the matrix element in the limit as one parton

becomes unresolved. The additional subtraction term d&f}fﬁsm regularize remaining phase space

singularities in d(}gfl’sl, since one of the remaining n 4+ 1 partons can become soft or collinear.
The real-virtual contribution contains explicit virtual poles. These poles cancel analytically with
the integrated subtraction term fl d&?ﬁsl. This can be directly observed by comparison to the
next-to-leading order formula (3.45), which is recovered by setting F,, = 0. In this limit, the above
calculation corresponds to a next-to-leading order calculation of a n + 1 jet observable, where the
real-virtual cross section plays the role of the virtual contribution. The double-real contribution
plays the role of the real radiation and the subtraction term d&:}fisl is equal to déS. However, at
next-to-next-to-leading order one of the n+ 1 partons in both terms in the first bracket of Eq. (3.75)
leads to phase space singularities. They are regularized respectively by the subtraction terms in
the second bracket of Eq. (3.75). The last equation contains the double-virtual contribution, which
exhibits only explicit poles. These poles cancel ultimately with all remaining integrated subtraction
terms. The first bracket in Eq. (3.76) contains the explicit integration over two unresolved partons
while the second bracket is integrated over one unresolved parton.

The subtraction terms as well as the analytic integrations have been worked out in the before
mentioned publications. The colorful subtraction scheme has been applied to the Higgs boson decay

into a bb-pair in [185].

Fn} , (3.75)
e=0

3.4.4 qp-subtraction and ¢p-slicing

The gp-subtraction approach, in the form presented here, is exclusively defined for hadronic scattering
into a colorless final state F'(Q)
hi+he = F(Q)+ X, (3.77)

where Q is the invariant mass of the final state, which in general consists of one or more particles
(leptons, Higgs bosons, vector bosons,...), with Q% = (3, ¢;)?. The subtraction method has been
presented in [41]. The partonic initial state at leading order is either gluon fusion or quark pair
annihilation to retain a colorless final state. This subtraction scheme is equally formulated for the
next-to-leading order and next-to-next-to-leading order cross section. The basic observation used
for setting up the scheme is that at leading order the transverse momentum gr = ), gr,; of the
final state F' is zero, since no partons are available that can recoil against the transverse momentum.
Contributions with g7 # 0 at higher orders are thence given by the lower order contribution of the
same process in association with one additional jet

F+jet
dofyynwolarz0 = dU(NJgio : (3.78)
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In this kinematic configuration the infrared divergences of the next-to-next-to-leading order singu-
larities are the same as in the next-to-leading order cross section and available subtraction methods,
like the dipole subtraction formalism can be used. If gr — 0 is taken into account, additional
singularities occur on the right hand side, due to the infrared limits of the additional massless partons,
forming the jets. These singularities are regulated by subtracting a counterterm dU(CNT)LO. Since this
counterterm mimics the behaviour of the right hand side in the limit gr — 0, the phase space is
integrable. The precise form of the counterterm can be determined from transverse momentum
resummation (see [186, 187] and references therein). For a hard scattering process, as given in
(3.77), enhancements due to large logarithms of the form log" (Q2 / q%) appear in the limit g7 — 0.
These logarithms can be resummed to all orders in ag. Since the resummation formula provides a
description of the cross section in the low gp limit, it can be used as a subtraction term, after it is
expanded to the order needed for the fixed order calculation. Since only the limit of the counterterm
is uniquely defined, there is an arbitrariness in its explicit choice with respect to terms that do not
depend on g7. The full integrable cross section can finally be written as

F+jets
do—(};\l)NLO - :}C{‘N)NLO X dO'fO + [dU(N—")_JLg — dO'(Cl\rIT)LO:| y (379)

where the hard function H* is independent of g. After the precise form of the counterterm is fixed,
HF can be fixed such that the integral over the whole phase space returns the total cross section
at the given order. The hard function contains the physical content of the one-loop contribution
at next-to-leading order and that of the two-loop contribution at next-to-next-to-leading order.
Therefore, its precise form at next-to-next-to-leading order can be fixed if the corresponding two-loop
matrix elements are known. The cross section daﬁf("; ' contains the real-virtual and double-real
contribution. Since the counterterm subtracts singularities as gr — 0, the kinematics of the
counterterm are always the kinematics of the Born contribution. However, the counterterm is
non-local, since all possible soft and collinear singularities are summarized in only one variable.
Thus, the subtraction is not pointwise.

Even though the scheme is formulated as a subtraction that can be integrated over the full phase
space, the actual implementation is rather inspired by the traditional slicing methods. The integral
over the phase space is divided in a low gr and high g region. In the low g7 region the cross
section can be replaced by the resummation formula, while in the high g region the integration
can be performed without necessarily introducing a counterterm.

The gp-subtraction/slicing method has been applied to a multitude of processes at next-to-next-
to-leading order: First it has been used to calculate Higgs boson production in hadron collisions
[41, 45] and subsequently to single vector boson production [40]. Higgs boson in association with a
W-boson has been considered in [188] and the production of two photons is outlined in [189]. After
the two-loop matrix elements for more involved 2 — 2 processes have become available, results for
the following processes in proton proton collisions were presented: Zvy and W+ in [51, 52|, ZZ in
[53] and WW in [25].

The extension of the gpr-subtraction method to colored final states has also be investigated. In
particular, first steps towards an all order resummation formula of the transverse momentum of a
tt-pair were presented in [190-192].

3.4.5 N-jettiness slicing

The gp-subtraction is built on the observation that only one kinematic parameter, the transverse
momentum of the final state F', separates two phase space regions. In the first region, gr # 0, the
next-to-next-to-leading order cross section can be calculated using a next-to-leading order calculation
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of the same process with one additional jet. The contribution of the second region, gr — 0 could be
recovered by using the behavior of the cross section in this particular limit, which is given by an all
order resummation formula.

This approach is not restricted to the transverse momentum variable, but can in principle be
generalized to each kinematic variable of the given process, that separates the phase space into a
infrared singular region and a infrared finite region. Nevertheless, the behavior of the cross section
in the infrared singular region has to be known.

Another variable, that fulfills this requirement is N-jettiness [193] and the slicing procedure according
to this variable has been presented in [194-196]. The global event shape variable N-jettiness is

defined as
Ty = min; {pié?’“} : (3.80)
k’ (A

where the sum runs over all final state momenta g;. The momenta p;, for ¢ = a,b,1,... N, specify
the momenta of the N final state jets after a jet clustering algorithm has been applied. The partonic
initial state momenta are p, and py, they are denoted as beam jets. The energies (); can be chosen
to be twice the energy of the considered jet. Hence, the momenta % define the NV axes to which
particles are clustered in the case of N jets. At leading order in the perturbative series, each of the n
final state partons is associated with one jet, therefore Ty = 0. For higher orders in the perturbative
series more partons will be clustered into one jet and Ty > 0. A cut TG is introduced to split the
phase space into two regions, which allows to write the cross section schematically as

g’cut
UX:/ " d‘INW+/ agy dox (3.81)
0

The region Ty > T contains an additional resolved jet. Therefore, the contribution in this region
can be obtained by a next-to-leading order calculation of the same observable with N+1 jets. If
the Tyt is small enough the first contribution can be calculated using the resummation formula
that approximates the matrix element correctly in the small N-jettiness region. A factorization
theorem has been derived in the framework of the soft-collinear effective field theory (SCET) and a
resummation in the small jettiness limit has been performed [197]. In the factorized form the cross
section in the small N-jettiness limit reads

sing(Tcut):/T?\}ltd‘J’ m—/H@B@B@S@ IJ_VIJ +0 iut (382)
Ox N = 0 NaTy i=1 Z min{Q;}/ ’ .

where H is the hard function that contains the virtual contributions. The beam functions B describe
collinear radiation along the beam axis, while the jet functions J; describe collinear radiation along
the jet directions. The formula is expanded to next-to-next-to leading order to reproduce the fixed
order contribution in the low T regime. The hard function contains the physical contribution of the
two-loop matrix element. The jet and beam functions are known to the required accuracy [198-201].
The soft function S describes soft radiation and can be evaluated numerically at next-to-next-to
leading order [196]. If the cut is too small the numerical evaluation of the second term in Eq. (3.81)
still suffers from infrared enhanced terms, that need to be subtracted and a final formula can be
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rewritten as

sing
do X do X

dly  dIn

ax = aWE(R) + [Ty

cut
(‘TN

9(7N<7?$f)

+0 (HHZJ{V;Q , (3.83)

where another cut ‘.T?\,ff has been introduced. This formula can be directly compared to the gr-
subtraction/slicing formula in Eq. (3.79), where corresponding terms are easily identified. The
counterterm term, the second term in the square bracket, is a non-local subtraction term that
regularizes the cross section at next-to-leading order in all the infrared limits of the additional parton
in the final state. As discussed in [194] the cutoff T can be made smaller than the numerical
precision of the final result.

A advantage with respect to gr subtraction/slicing is that the N-jettiness slicing can be applied to
processes including colored particles in the final state. However, currently it is limited to massless
partons. An extension to massive partons in the final state is theoretically possible. The slicing
method in the form without any counterterm Eq. (3.81) has been applied to W boson production
in association with one jet [56] and Higgs boson production in association with one jet [195].

3.4.6 Comparison of different schemes

The discussed subtraction and slicing schemes are in a certain sense process independent. This
means that they can be applied to several different processes. Only matrix elements, that depend on
the kinematics of the hard process have to be adapted. In the following discussion, the characteristics
of the subtraction scheme STRIPPER are anticipated and compared to the properties of the schemes
discussed previously. The verification, that the subtraction scheme has indeed these properties, will
be given in chapter 4 and chapter 5.

The discussion starts with the class of processes to which the schemes can be applied at present.
Thereby, only the conceptual possibility is discussed for the current formulation of the scheme, by
neglecting the fact that the two-loop amplitude has to be available, too. The colorful subtraction
scheme is applicable to processes with uncolored particles in the initial state. A proposal to extend
the method to colored initial states has been presented in [180], but not yet applied to a physical
process. The gp-subtraction/slicing method is currently only applicable to colorless final states, since
only for this class of processes a resummation formula in the low ¢ region is available. Attempts to
extend the formulation to a final state heavy quark pair exist [190-192], and would allow to apply
the scheme also to tt production in hadron collisions. The N-jettiness slicing scheme is in principle
generally applicable to processes including colored particles in the final state. In its present version,
it is however only formulated and tested for massless partons. An extension to massive partons
should be possible and is explained in [194]. The subtraction schemes that are not restricted in the
class of processes that they can handle at next-to-next-to-leading order are antenna subtraction
and STRIPPER. The difference between these two schemes is that STRIPPER treats the full color
dependence of the process implicitly, while antenna subtraction terms for leading and subleading
color contributions have to be provided separately. The full formulation of the antenna subtraction
scheme for subleading color terms is not yet available.

Another criterion to distinguish the different subtraction approaches is the locality of the subtraction
terms. This criterion is fulfilled, if the subtraction terms are constructed in terms of the explicit limits
of the matrix elements in all infrared singular regions, which were discussed in section 3.4.1. Hence,
the colorful subtraction scheme and STRIPPER are local. Antenna subtraction also uses explicit
limits of the color ordered amplitudes. However, spin correlation in the case of gluon splittings are
not taken into account explicitly, which results in a non-local subtraction term. Nevertheless, the
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convergence of the numerical integral can be made pointwise, as has been explained in [152]. The gp
and N-jettiness schemes are non-local, since all infrared singular phase space points are indicated
by only one variable gr or Tn. The subtraction terms, if present in the implementation, correctly
approximates the next-to-leading order cross section with one additional jet only if already some
phase space is integrated out.

The locality of the subtraction scheme has an impact on the numerical convergence of the integral.
While a local subtraction is expected to converge much faster, for a non-local subtraction much more
integration points are needed for convergence. In this sense, the calculation of only a next-to-leading
order cross section in the gr and N-jettiness method is traded for a slower convergence of the integral.
A explicit comparison between a slicing method and a subtraction scheme regarding accuracy and
efficiency as it has been performed at next-to-leading order would be instructive.

The last criterion in order to compare the schemes is related to the cancellation of poles between
virtual and real contributions to the cross section. In all schemes, that were discussed in this section,
the poles cancel analytically. This analytic cancellation relies on the explicit analytic evaluation of
integrated subtraction terms in the antenna subtraction and the colorful subtraction scheme. The
integration of these terms beyond next-to-leading order is highly non-trivial and a multitude of
different cases has to be considered. For gp-subtraction/slicing and N-jettiness slicing all ingredient
of the resummation formula need to be known analytically to the required order. The soft function
in Eq. (3.82) is currently not known analytically.

The subtraction scheme STRIPPER is constructed in such a way that also pole terms arising from real
contributions are calculated numerically, such that finally a numerical cancellation of poles between
virtual and real contributions is achieved. Since the major part of the phase space integration is
already performed using Monte-Carlo integration methods, the insistence on an analytic cancellation
is not necessary and will not change the physical prediction. The correctness of the numerical
cancellation relies on the KLN theorem and the explicit construction of the subtraction terms. The
full construction of the scheme is outlined in the next chapter.






CHAPTER 4

Sector improved residue subtraction scheme

This chapter provides a detailed explanation of the subtraction scheme STRIPPER. The main content
of this chapter has been published in [1]. The acronym STRIPPER stands for SecToR Improved
Phase sPacE for Real radiation and already summarizes the main idea behind the subtraction
scheme: The phase space for a real radiation contribution of a cross section is divided into sectors.
This allows for a straightforward generation of subtraction and integrated subtraction terms up to
next-to-next-to-leading order in QCD. Contrary to subtraction schemes discussed in section 3.4, no
analytic integration of the integrated subtraction terms is needed. All non-trivial integrations can
be done simultaneously using Monte Carlo methods.

The subtraction scheme has been firstly presented in [19] and allowed to calculate the next-to-
next-to-leading order corrections to the total top-quark pair production cross section in hadron
collisions [20, 34, 202-204]. The top-quark forward backward asymmetry at Tevatron has been
determined by means of the same framework [48]. Additionally, the subtraction scheme has proven
its applicability to next-to-next-to-leading order corrections besides top-quark pair production.
Results for the following list of processes were obtained using an independent STRIPPER subtraction
framework: Z-boson decay into a massless lepton pair at next-to-next-to-leading order QED [205],
fully differential top-quark decays [206], inclusive semileptonic charmless b-quark decays [207],
Higgs-boson production in association with a jet [54, 55], the spin asymmetry in muon decays [208]
and single-top production in the t-channel [209].

The original idea of the subtraction scheme was to avoid complicated analytic integrations com-
pletely, since those integrations seemed to be the bottleneck of other subtraction schemes applied
at next-to-next-to-leading order. The scheme merges ideas of the subtraction scheme by Frixione,
Kunszt and Signer [17] and sector decomposition by Binoth and Heinrich [210]. It focused on the
numerical calculation of the double-real cross section in Eq. (3.20) as a Laurent-expansion in the
dimensional regulator €. Concerning the IR-structure of the phase space, this contribution is the
most complicated part, since two of the external partons can become soft and/or collinear. This
ultimately results in poles up to order e 4. The remaining contributions in Eq. (3.20) contain at most
one additional real radiated, potentially unresolved particle and were calculated with next-to-leading
order-like subtraction tools. A finite result has been obtained by summing all contributions of the
cross section. The poles canceled numerically as predicted by the KLN theorem.

In this way, the result can only be finite, when all contributions are consistently treated in d = 4 — 2¢
space-time dimensions. It means that, to avoid any complications in the calculation, resolved and
unresolved particles are treated in d dimensions, which is known as the conventional dimensional
regularization scheme (CDR). This treatment keeps the scheme safe and makes sure that the final

37
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result is free of IR poles. However, it is also the main weakness when formulating the scheme for
general 2 — 2 processes and beyond.

The first reason is that Born level matrix elements containing just resolved particles are needed as
an expansion in €. Even though, there are lots of automated tools that provide matrix elements
for arbitrary Standard Model processes, all of them only provide the physical coefficient at O(e?).
For each new process, the matrix element has to be recalculated from the very beginning to obtain
higher orders in the € expansion.

The second reason is even more obstructive, if cross sections of high multiplicity are concerned. The
subtraction scheme relies on a physical parameterization of particle momenta in the final state. The
beam axis is chosen to be the z-direction, which is treated as the first explicit parameterized space
dimension. Each extra particle added to the phase space effectively increases the explicit space
dimension by one. Energy-momentum conservation only constraints the momentum of one final
state particle, since it is given by the sum of all other particles. Hence, when working in CDR, the
space-time dimension can grow beyond four for two and more particles in the final state at Born
level.

For example, a Born level 2 — 2 process will have at most four external particles at next-to-next-to-
leading order. This means that during a calculation five dimensions have to be treated exactly [20].
It is therefore questionable, if the subtraction scheme in the original form is applicable to processes
of even higher multiplicities.

On the other hand, it should not be necessary to treat resolved particles in more than four dimensions,
since they are observable objects. From general considerations about the full next-to-next-to-leading
order cross section [211] and the analytic properties of matrix elements it is indeed not necessary to
treat resolved particles in unphysical dimensions, as will be outlined in this chapter.

This, however, requires a reformulation of the subtraction scheme STRIPPER in the 't Hooft-Veltmann
regularization (HV) scheme. In 't Hooft-Veltman regularization only momenta and polarization
vectors of unresolved particles are d-dimensional. In Tab. 4.1 the difference between the HV and
CDR subtraction scheme is summarized. In this chapter, the theory of the four dimensional formu-

CDR 't Hooft-Veltman
Resolved particle d-dimensions 4-dimensions
Unresolved particle | d-dimensions d-dimensions

Table 4.1: Dimensions of momenta and spin degrees of freedom in 't Hooft-Veltman dimensional regularization
scheme and the conventional dimensional regularization scheme (CDR).

lation of the sector improved residue subtraction scheme is presented. This formulation requires a
detailed study of the infrared structure of all contributions to an arbitrary next-to-next-to-leading
order cross section. Only four dimensional external momenta and polarizations for the evaluation of
matrix elements are finally required.

The factorizing behavior of matrix elements outlined in section 3.4.1 dictates the appropriate set up
of the subtraction scheme. First, the decomposition due to the singular phase space structure is
discussed in section 4.1. The phase space parameterization, outlined in section 4.2, is the essential
starting point to obtain subtraction terms using factorization properties of QCD matrix elements
in infrared singular regions. The generation of subtraction and integrated subtraction term is
discussed in section 4.3. The next step is to identify contributions that are separately finite (section
4.5). Corrections terms in the double-real subtraction contribution have to be added to render the
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final result correct. The finite contributions are subsequently reexpressed in the 't Hooft-Veltman
regularization scheme by modifying the measurement function in such a way that it restricts resolved
momenta to four dimensions (section 4.6).

In this formulation, all matrix elements can be calculated in four dimensions and all momenta of
resolved particles are four dimensional. Unresolved momenta are still higher dimensional, but they
appear only in splitting and soft functions and not in the matrix elements themselves. It is explained
that at most six-dimensional momenta are needed for arbitrary multiplicities.

While this chapter outlines the theory of the scheme, the next chapter describes its actual imple-
mentation as a general framework to calculate next-to-next-to-leading order QCD corrections.

4.1 Phase space decomposition

In general, a QCD process at higher orders contains a multitude of massless partons that can become
potentially unresolved. However, the measurement functions F,.1, in 6% at next-to-leading order
and 6%V at next-to-next-to-leading order, and the measurement function Fj 9, in 6%%, exclude
phase space points, where more than one particle, respectively two particles, are unresolved. A
major conceptional simplification of the problem is provided by decomposing the phase space into
sectors, where only specified partons can become unresolved. This has been the main idea of the
Frixione-Kunszt-Signer next-to-leading order subtraction method [17]. It could be achieved by using
f-functions and cutting the phase space into disjunct pieces. Though, hard cuts on the phase space
will artificially worsen the convergence of the phase space Monte Carlo integration. To avoid this,
smooth functions were introduced in [212] for the next-to-leading order subtraction. These selector
functions [19], should satisfy two requirements. First, summing all functions should return unity
to provide a decomposition of the phase space and second, in the collinear and soft limits of the
remaining partons, that are not selected by the functions, the function vanishes. This regulates
other singularities in a given sector.

In the case of one unresolved parton in the phase space, at most two particles are chosen to specify
the single-collinear pair: The unresolved parton i that can become soft and a reference parton k.
The selector function has the form §;; and the sector is called a single-collinear sector.

In case of two unresolved partons, two types of sectors have to be distinguished. The triple-collinear
sector allows three partons to become collinear to each other and is described by a function 8;; ,
where partons ¢ and j are the unresolved partons that are allowed to become soft. The reference
parton k specifies the triple-collinear direction, as will be demonstrated in section 4.2. The double-
collinear sector selects two pairs of partons to become collinear and is specified by a function
8; k- In this case two reference partons {k, 1} are needed to indicate the collinear directions. The
unresolved partons {7, j} can approach the soft limit.

The function 8;; in the single-collinear sector can be written as

L (4.1)
k

1
Sif = with D, =
ok Dy dz‘,k Wi ! ;di,

where the auxiliary functions are similar to the ones given in [212]

di = <5%>a(1 — cos b,)" . (4.2)
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The required properties are readily satisfied by choosing o = v for a gluon ¢ and o = 0 for a quark ¢,
while 8,y > 0. The decomposition of unity is easily verified

D Sik=1. (4.3)
ik

The above definition can be generalized to the triple- and double-collinear sectors by introducing
another auxiliary function

dijp = (\%Y (\%)a [(1 = cos 6,7) (1 — cos 6ux) (1 — cos 63)] (4.4)

where o; ; = v for gluons, o; = a; = 7 for a quark anti-quark pair and o;; = 0 otherwise. The
selector functions are defined by

1 1 1 1
Sijk=——, Sipii=———, Dy= [ + } 4.5
YT Dadiji YEP Do dygdyy ’ %: Zk: dij k %: di kdj1 (5

and are a decomposition of unity

SIS S+ Y S| =1 (4.6)
ij ok kl

A little subtlety for §; ;.;; has to be taken into account to regulate all double-soft limits correctly. In
contrast to the next-to-leading order case, « is set to v in d; ;, and dj, if (¢,5) is a quark anti-quark
pair.

In order to keep the number of sectors, that are actually computed, to a minimum, it is necessary
to investigate the set of flavors that describe the same sector. First of all, unresolved partons (7,7)
can only occur in the final state, while reference partons (k,l) are in the initial or in the final state.
Of course, all indices in all cases have to be different. A single-collinear sector, where the reference
parton ¢ is in the initial state the possible flavor pairs (a;,ax) are

(9,9), (9,9); (9,0), (0,9), (2,9, (¢,9), (4,q) - (4.7)

Is the reference parton a final state particle the possible flavor structures are

(9.9), (9.9), (9.9), (¢.9) - (4.8)
In the triple-collinear sector the set of flavors that lead to a triple collinear singularity are
{9.9.9}, {9.9.4}, {9.9.08} {9.0.0}, {a.3.4"'} , (4.9)

where all flavor assignments are chosen to be in the final state. The flavor ¢ specifies a quark of
different flavor. Relying on this list, the set of possible flavor assignments (a;,a;,a;) appearing in
Sijik is

(9.9.9)s (9,9.9), (9.9:0), (9,9:9): (9.3.9), (9:9:9), (9:0:0), (¢.0.9), (¢.0.4), (¢.9.9), (¢'.q.q) , (4.10)
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if a;, is in the initial state, and

(9:9:9), (9:9:9) (9,9,0): (9:0:0), (¢:3:9), (¢:3,4) , (4.11)

if a; is in the final state.

The number of sectors that are finally computed can be reduced for multiparton amplitudes. If the
flavor assignments of two sectors is equal the contribution to the full cross section will necessarily be
equal. Thus, only one of the contributions has to be evaluated. For a multigluon amplitude, this
means that at most three sectors have to be considered.

4.2 Phase space parameterization

The decomposition of the phase space into single-collinear, double-collinear and triple-collinear
sectors in section 4.1 is followed by an appropriate parameterization of each of the sectors. The
phase space is split into a part containing the unresolved partons of momentum u; and the reference
parton with momentum r;, if the reference parton is in the final state, and a part containing all
remaining final state partons of momentum g;

/ddsn—l-nu = /d{ﬁ reference /ddsn—nfT(Q) , N> 2 , Ny € {172} s 0< nfr <Ny, (412)
unresolved

where n is the number of final state partons of the leading order contribution, n, is the number of

unresolved momenta, while ny, is the number of reference momenta in the final state.

The formula (4.12) should not be understood as a complete factorization of the phase space into

two independent parts. The resolved part of the phase space d®,,_, fT(Q) depends on momenta and

energies of the unresolved part d® reference , through ). Therefore, the order of the integrations
unresolve:
is important, as the integration boundaries of a given momentum integral depends in general on

the parameters of other momentum integrals. The momentum () can be seen as the total available
momentum for the remaining final state particles

Q—=q+. ...+ dnn, - (4.13)

The minimal invariant mass of @) is given by the sum of masses of final state particles
n
Quin = »_m; . (4.14)
i=1

The maximal energy of a final state massless parton can be derived using energy momentum
conservation and requiring that all massive states are at rest. This energy is denoted by

\/g ?nin
Emax = 7 (1 - 3 ) ; (415)

where v/ is the partonic center-of-mass energy. The important guideline to choose a parameterization

in the different sectors for d® ,cference 1S to find parameters that indicate directly the appearance of
unresolved
a soft or collinear singularities as they approach zero. A convenient set of parameters is directly

related to the energies of the unresolved partons, denoted by &;, to indicate soft limits, and to the
angles between the reference particle(s) and the unresolved particles, denoted by 7;, to indicate
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collinear limits. The single unresolved phase space thence contains

1
[} andgame e, (4.16)
0

while the phase space of two unresolved partons contains

1
JJII amansaciaga e gt - g (417)

in dimensional regularization. IR-divergences are regulated as ¢ < 0. Because of the selector
functions, no other divergences are present, apart form those as x — 0, where z € {n,{} or
z € {m,m2,&1,&2}-

To obtain such a parameterization in each sector, the invariance under rotations of the single particle
measure can be used. The unresolved partons are thereby rotated into the frame, in which the
reference parton propagates in z-direction. This allows for a simple parameterization in d-dimensional
spherical coordinates. The notation for rotation matrices and unit vectors is fixed in appendix A.2.
All parameterizations are given as if all particles have d-dimensional momenta. The step to four
dimensions will be discussed later in this chapter.

4.2.1 Single-collinear sector parameterization

In the single-collinear sector the number of unresolved partons is n, = 1. The reference parton is
either in the initial state or in the final state. The momenta are parameterized as

ph = Ok = 40 (1) ;= ul ot =0 (E) : (4.18)

7 ()
where unit vectors are given by

— 7l

>

3725) (Oél, a9, .. ) )

=33
Il

3-2 . (3—
R (o, .. )aB"2)(0, 6, p1, p2, .. .) - (4.19)
For a reference momentum in the initial state the phase space reads

/d¢n+1 - /d¢unresolved/ddsn(zpl +p2 — u) . (420)

A final state reference momentum leads to the phase space parameterization

2 e\ °
j25~12
/d‘ﬁnJrl = < }Zﬂ- ) /5%—25 dQ(O[l,O[Q, . )

rd 0 (,.0\1—2¢
max dp? (r
X /ddsunresolved/O 2(2(7r)§2€/d45n1(2p1 +p2 - Tr— u) s

(4.21)

where in both cases the initial state can be boosted along the beam axis. This is denoted by the
energy fraction parameter z. This will be important for the formulation of the subtraction scheme
in four dimensions, as the contribution 61, that relies on the above parameterization, needs to be
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evaluated in a boosted reference frame. The maximal energy of the reference parton is given by
0 23 (Emax — uo) — (s —2p1-u)(1—2)
e 2[VE—7 (u+pi(l-2))]

In the special case n = 2 the resolved phase space is completely fixed by energy momentum
conservation and reads

9 o dTO(T0)1_25
/0 2(27.‘.)3—25

(4.22)

(7,0 )1—25 1

max

4(2m)272% f5 7. (u +p1(1— z)) .

/dsl"l(zpl +py—1r—u)= (4.23)

As anticipated in (4.16), the phase space of the unresolved parton is

2 e \° . 1.0 (,0\1—2¢
[ nge ax du” (u?) B
/dfpunresolved - ( A ) /S%_25 d.Q(Q, (,ZS, Pl - - ) /0 72(277_)3726 =

El o [ TuRE™\* L o L
(zﬂ)3<4ERz ) /8125d9(¢,p1,---)//0 dndgn &7 (1—n) " . (4.24)
1

max

Energy and angular parameters are linearly related to the integration variables that indicate the
soft and collinear limit

0

U = Fpax§&max , cost =1-2n, &pax = 1 (425)

In the collinear factorization formula of the matrix element (3.49) the collinear limit was characterized
by a transverse momentum, leading to spin correlations in the case of a gluon splitting. In the given
parameterization the normalized transverse direction is given by

0 . a-—-7 ot ~(3—2¢) _ g
I i = - = — — "(3 25) o
wy <A ) , @y =lim a7~ 99, R" “(an,a,.. )0 (2,¢7P1,P2,---) :
(4.26)

4.2.2 Triple-collinear sector parameterization

In this sector, two unresolved momenta have to be considered. Singular limits occur as the
unresolved momenta become collinear to each other and/or to a single reference momentum. A
suitable parameterization of the three relevant momenta is given by

o 0fl w_ o 0en_ 01 Y PV
rt ="t =rp (ﬁ)’ up=upty =upl g ) o M2 T WU = U ) (4.27)

where the angular vectors are parameterized as

ﬁl = R5372€) (O[]_, a9, .. .)ﬁ(3_25) (‘917 ¢17 P1, P2, - - ) )

fiz = R (ay, a0, )RS (61, p1, p2. .. )R (03, 60,00, 00,..) . (4.28)
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D2 D2

P1 P

Figure 4.1: Parameterization of the triple-collinear sector for the reference momentum r in the final state (left)
and the reference momentum in the initial state » = p; (right). @ is the momentum of all additional particles in
the final state, p1 and ps are initial state momenta [1].

The given parameterization is essentially a generalization of the parameterization in the single-

collinear sector. The first rotation Rgs_%) (a1, g, . . .), illustrated for two distinct cases in Fig. 4.1,

allows for direct parameterization of the angles between the reference momentum and the unresolved

momenta
F-4y =cosby, 7 1g=cosly. (4.29)

The additional rotation of the second unresolved momentum Rgs_%)(cbl, p1, P2, ...) ensures the

simplest parameterization of the angle between the unresolved momenta which is still possible by
rotational invariance

U1 - g = cos(f] — 02) + (1 — cos ) sin By sin O . (4.30)

The phase space for an initial state reference momentum reads

/d¢n+2 = /dgpunresolved/d@n(pl +p2 —up — u?) ) (431)

whereas for r in the final state it is

2 9w\
HUne
/d¢n+2 :< Ijlﬂ' ) /3%25 dg(al,QQ,...)

r 0 (,-0\1—2¢
max dr (7
X \/d¢unresolved/0 2(2(7_‘_)3?_25 /dén—l(pl +po—1r—u — UQ) .

(4.32)
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For n = 2 the phase space can be evaluated explicitly

0
Tmax d""o (,,40)1*28 / (TO )1725 1
———— [ dP +py—T— U —uy) = X , 4.33
/0 2(2m)3-2 1(p1 + p2 11— u2) 120)7% J5— 7 - (uy + ) (4.33)
where . .
(G = L3 Bl 1) $on vy (4.34)
V5 =7 (ug + us)

The parameters are replaced by the physical variables 51,2, 71,2 related to soft and collinear limits

0 £ 0 F
Uy = Erax 51 , Uy = Ernax 52 s

1—2n3 — (1 —21)(1 — 2p)

cosfy =1—271, cosby=1—27, cosps=

WO —n =i (435
U1 - Ug 1 —cosbio (771 — ﬁ2)2
/]’]3 = = = = = A — — — — .
2 2 M+ M2 — 2072 — 2(1 = 20)y/M (1 — )71 — 72)

This parameterization is not yet sufficient to factorize all singular limits as two particles become
unresolved. Overlapping singularities in the double-soft, triple-collinear or soft-collinear limit can
be factorized by a method based on sector decomposition [210]. This idea was developed for two
unresolved particles in the phase space integral in [20]. A complete factorization is achieved by
splitting the phase space further to disentangle overlapping soft singularities

/ AP unresolved = / dPynresolved (9(51 — &) +0(& — 51)) : (4.36)

and subsequently to disentangle overlapping collinear and soft-collinear singularities. In this way,
each of the two parts in Eq. (4.36) is further decomposed into five sectors, which is illustrated in
Fig. 4.2. The unresolved phase space measure written as a sum of the five sectors reads

/d(ﬁunresolved e(u(l) - U(Q)) =

M%G’YE 2e
A /5?25 d9(91,¢1aﬂl, .. ) \/S%26 dn(gg,qﬁg,al,dg, .. )

0 0
Umax du(l) (u(l))l_QE U9 max dug (ug)l—QS
ANy —2\ ) 9 0o_ .0y _
g /o 2(2m)3 -2 /0 2(2m)3—2% (uf = u3) (4.37)

g%g @’gfgj)% /81_25 dQ(gf)l,pl,...)/S_Qg dn(al,@,...)/oldg (ci-9) "

1
1 5
X//// dmdnedérdés Y ps,
0 i=1
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G &>64
I 52 - 6252 maxgl *‘
m > 2 —
I G = mn2
5> 12 % >m m > %
117 N2 — %7]2 m — %7/1 m—1-— %T/l

S Sy
v m > &

& — Som

S5
& >m

m — méa

S‘) SR

Figure 4.2: Decomposition tree of the triple-collinear sector phase space. Starting at the root with the physical
parameters 1; = 7;, & = .fi, decompositions are performed at four levels corresponding to the factorization of the
soft (I), collinear (II and III) and soft-collinear (IV) limits. The omitted right branch of the tree corresponds to a
different ordering of the energies of the unresolved partons, and can be obtained by renaming the indices of the
variables, 1 <> 2 [20].

where

¢ 011 1 1-4

9 =min |1, =~ ————"F—

- €11 — 2Emax £ g
NG

(2 —m2)?

73
7731(771,772) = —

)

R 2 2 <2 + (1 = 2m) = 2(1 = 20)y/m2(1 —m) (2 — 771?72)) (4.38)
13
n32(n1,m2) = 5. =
n1772 7]17771

fe=m(2—n2)/2
1

2(24 (1= 2m)2 = m) — 20— 20T - m)C—m)C—m2—m))
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The relation between the original physical variables and the variables after sector decomposition is
given in Tab. 4.2. The sector specific part of the measure is given in Tab. 4.3.

For the single-collinear and triple-collinear factorization formula in Eqgs. (3.49) and (3.53) transverse
momenta are defined. The normalized vectors read

0
- S
Ui = <'azJ_> y U= 1’273 ; (439)
where
a4y —7 Ot ~(3—2¢) . (3-2¢) (W )
=1 =R .. — . 4.40
ulJ_ Gllgo ”’u,]_ —’I"H 891 010 1 (a17a27 )n 27¢17P17p27 ’ ( )
1i ’u2 -7 8112
1 = 111m =
T g0 az -7 96 |y

B (ar, anr )RS (0 s Y52 (g’@,gl,@,.._) . (4.41)

The third transverse vector '&gt | characterizes the collinear limit of the unresolved momenta wu; and
uo. This limit can only occur in sector 84, as 172 — 0, and sector S5, as 1 — 0. However, in the
triple collinear limit, 177 — 0 in sector 84 and n2 — 0 in sector S5, the subtraction term depends on
u3 - This vector can be defined through

_ A(3— A (3— T 7
ui_ = RES 26)(041, oo, .. .)Rg3 26)(6’1, 01, 1, P2, - - .)n(3 2) (5, qbQi, 01,09,.. ) , (4.42)
where an auxiliary angle qgéc has been defined
~ _ ~ T . T
tan ¢ (01, C) = £sin01 95,62(01,C) . é5 € |0,2], 7€ |Tom|. (4.43)

In the given parameterization, gZ)%E can be explicitly derived in terms of the integration variables
71,2, and (. In sector 8, it reads

608&2_:_ 1+\/(1_*772)(2<_1) n2—0 —\ﬁ, (4.44)
V2 20— e -1
VA= I -

sin ¢y = =20 J1—C. (4.45)
\/2 — g2 +2¢/(1 = 5m2)(2¢ — 1)

In sector 85 it is
(1—gm)+(2¢-1)
COS ¢y =
\/2 — g+ 2¢/(1=5m)(2¢ - 1)

S VE (4.46)
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81 S2 83 84 S5
m m M $mn2és m (2= m)ne
P %771772 72 72 %771(2 —12) 2
& &1 &1 &1 &1 &1

fo E1bofomax  ME1€obomax  E162E2max §1£282 max §1£282 max

Table 4.2: The physical variables 71,72, fl, ég, expressed through the sector variables, 11, 72,&1, &2 in the five
sectors after sector decomposition, depicted in Fig. 4.2.

s,
( ) 1—2¢
81 Myt TG TR (L= m) (2 — ) F (W) S
12 1—2e
S5 77%73577;7255?7455%725 (1= 1) (2 — mm2)) 2 <773;(772,771)> 221535
—m 1—2e
83 ne oy TG T (1= m2)(2 — mmpa)) ° (W) S
—mé&2
84 m Ry TG T (L =) (2 = m2) (2= mi(2 = m2))) T 03y P () €t
85 m Ry TG T (L= m) (2 = ) (2= m2(2 = m)) T 03y P (2m) €

Table 4.3: Integration measures, ps,; as it appears in the full phase space measure (4.37).

sin ¢f = 11=9 m>0 1—¢. (4.47)

V2 dm 20 e )

4.2.3 Double-collinear sector parameterization

The parameterization of the double-collinear sector can be regarded as applying the parameterization
of the single-collinear sector to two pairs of reference and unresolved momenta (r1,u;1) and (r2,u2).
This is however only possible as long as n > ny,. In the case n = n, = ny, = 2, there is no
freedom of rotating the second unresolved momentum, since one reference momentum is fixed by
energy-momentum conservation. This case will be treated separately after the more general case is
discussed.

General case n > ny,

The four relevant momenta read

(4.48)
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p2 Po

P1 P1

Figure 4.3: Parameterization of the double-unresolved sector with two unresolved momenta denoted by w1 and
u2. The left example shows the case of two initial state reference momenta with r1 = p2 and ro = p1. The right
picture shows a case with one final state reference momentum, r1, and one initial state reference momentum,

re =p1 [1]

where the angular parameterizations are illustrated in Fig. 4.3

71 =82 (g, a9,...),

o =2 (B, Ba, .. ),

a1 = R (a1, 00,.. )2 (01,61, p1,p2, ) |

@z = R (81, Bay . )R (0, 3, )AG2) (0, 42, 01,0, . ) (4.49)

It is important to notice the additional rotation of the second unresolved momentum

Rf’_%) (p2, p3,-..). It makes sure that starting at dimension six, all angles that parameterize the
direction of us are defined relative to the direction of w;. This limits the number of extra dimensions
that are needed for uq to five and for us to six, after reformulating the subtraction scheme in the 't
Hooft-Veltman regularization scheme (see section 4.6).

If both reference momenta are in the initial state, the phase space integral is split as

/d¢n+2 - /déunresolved/d¢n(pl +p2 —up — u?) . (450)

If 1 is in the final state and 7o in the initial state, the phase space is split accordingly

M%G’YE €
d¢n+2 = dQ(Oq, ag, .. ) dPunresolved
47 Si_zg

0 0)1—2¢
max d/r» r

(4.51)
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and Eq. (4.33) can be applied, if n = 2. If both particles are in the final state, the phase space can
be written as

,u%%e'YE 2e
d¢n+2 = dﬂ(al, ag, .. ) dn(ﬂlv 627 .. ) déunresolved
41 3%725 8%45

y / drf (rf)! / drd (r§)!~*
0 2(27'(')3_26 0 2(27'1')3_26

/dﬁpn—2(p1 +ps—ri—ry—u —up) . (4.52)
The energy maximum for ro is given by

0 V3 (Bmax — ud —ud —19) + 71 (w1 + u2) + ug - uo
T2 max = ) (453)
V5 — 7o+ (uy 4 ug +71)

while the maximum of r; is given in Eq. (4.34). The resolved part of the measure in Eq. (4.52) can
be completely integrated using energy-momentum conservation, if n = 3. The result reads

/Tgmax d',"g (7’8)1_26
0 2(2%)3_2‘5

( 0 )1—25 1

"2 max

4(27r)2_28 \/§ — 7o - (ug +ug + 1) '

/d¢1(p1 +p2 —u —ug) = (4.54)

In contrast to the triple-collinear sector, only overlapping soft singularities can occur in the double-
collinear sector. The unresolved part of the phase space is therefore split to disentangle those
singularities.

/ddsunresolved = /dfpunresolved (H(U(l) - U(Q)) + 0(“8 - u?)) . (4'55)

The first contribution, which is be denoted by sector 8¢ in the following, is given by

/dgpunresolved e(u(l) - Ug) =

2e
267}3
</~LR ) dﬂ(917¢17p1,...)/2 ) dﬂ(92,¢2,01,02,...)
S —zE

47 §2-2 1
0 _ 0 _
></ maxW/%m“WQ(UO_UO) _
0 2(2m)3—2 J, 2(2m)3-2¢ 1 U2
Bl (mihe ™\ " / /
ds dn
(271—)6 4E12nax 512 (6251,017 ) 12 (¢2,0’1,O‘2, )

X ////01 dnidned&idés 771_8772_85%_485%_26((1 — 7]1) (1 - 772))_8 %;12;)( . (4.56)

where the physical parameters are expressed in terms of the integration variables

. 1 1-—
u(l) = Fnax gl s Ug = Enax 515252 max » 52 max — ININ 17 - B §1A ~ s
§11-— \‘;gx ISERKID (4.57)

cosfp =1—-2n, cosby=1—2n.
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Transverse momenta for the two collinear pairs are

upy = <A0 ) ;=12 (4.58)

Ui |
with
ek MR RS el NSRRI
o] = lim U =7 :8112 =
6220 ||z — P2 062 |y,
RE2V(8,, B, YRS (pg, ps, .. )E22) (g’@’gl,az, . ) : (4.60)

Special case, n =n, = nyg =2

This parameterization has been the main result of [213]. However, even though it is outlined there,
the explicit formulas are given here for completeness. In this case, the phase space contains only the
four final state vectors given in Eq. (4.48). The angular parameterization is shown in Fig. 4.4. It is
defined using an auxiliary vector that specifies the collinear directions

r
r:r?ﬁ—f—u?ﬁl:—rgﬁz—ugﬁz, T:HT'Hv f:;. (4.61)

The unresolved momenta are parameterized with respect to the auxiliary vector

P = ﬁ(3_28) (a17 a9, . . ) y
Uy = Rg3_2€)(041, g, .. -)ﬁ(g_%) (01,61, p1,p2,---)
dz = —RP 7 (a1, 00, )R (02, ps, .. )AC ) (B, 60, 01,02, (4.62)

The full phase space is

M2 E 3e
/d454 = (£ / d(ay, a,...)
A1 S%—Qs

></ dQ(Cf)lapb---)/ d2(¢p2, 01,02, ..)
51—25 51_25

= aug 1> T oy
></0 2(27r)3_2€/1dcos€1 (1—cos 91) /0 2(277)3—25/1(100892 (1—COS 92)

y (1—0082§1>€ (1—00829~2> )7y
1 — cos? 6, 1 — cos? 0y 4 (2m)*2% pl2e |r? + 79 + uf cos 01 + u cos 02‘ ’
(4.63)

where the parameters are
- 0 0; 0
cosf; = T cos i+ u; ’ (4.64)

r
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P2

cos 0

P1 0 ul Vs/2

Figure 4.4: Left: Double-collinear sector parameterization for a four particle massless phase space, where the
reference momenta 71 and 72 are in the final state. The auxiliary reference vector r = r1 + u; is defined in order
parameterize the phase space using the angles 6; and 5.

Right: The parameters of the unresolved momentum u; are fixed. The parameters of the momentum wu2 split
the phase space in two disjunct regions [1].

" =

"=

r =

In order to cover

5—2\[(u1+u2) + 2ud (uf + u) + 2 (\/g—u?—u(%) u3 cos 03
2 (\/g—ul (1 —cosb

Y

uy (1 — cos 92))
+2 (\[— uf — u%) uf cos b

2 (\/g—ul (I —cosby) — usg (1—cos02))

2 2 2 2
\/(U?) + (r?) +2ufr? cos by = \/(U%) + (7’8) + 2u9r§ cos 05 . (4.65)

the full phase space using the above parameters, two integration regions are

§—2V3 (ul +u2) + 2uf (ul + ug

Y

)
) -
2)
) -

identified as depicted in the right plot of Fig. 4.4. Region I is limited by

where

—min |1,

5 —2uY (\/g — ul) (1 —cosb)
2 (\/§ —uf (1 — cos 91)>

0<uy <

)

§—2vV3 (u +uf) +2ud (u? + ud)
2u(2) (\/§ — u? - u%)

< cosby <1, (4.66)

)+ 79 +ul cos by +udcosfy > 0. (4.67)



4.2 Phase space parameterization 53

Region II is defined as

§—2ul (\/§ - u‘f) (1 —cosbh)
2 <\/§ —uf (1 — cos 91)>

ol
>

<ud <

§ =2V (u +uf) +2ud (uf + ud)

—1 < cosfy < — , (4.68)
2ug (\/§ — u(l) - ug)
with
)+ 79 +ul cos b +udcosfy < 0. (4.69)
In both regions the parameters of the first momentum are unrestricted and read
oguﬁ’g\f, —1<cosf; <1. (4.70)

It is noticeable, that region II does not contain any singularities. Since it vanishes in the soft or
collinear limit. Hence, it can be integrated directly in four dimensions. The contribution in region I
is again split due to overlapping soft singularities. The whole phase space reads

/d@4 = /dd54 [(H(U? —ud) + O(uy — u?)) 0(r) + 19 + uf cos 01 + uf cos 62)
+60(— 7Y — 79 —uf cos; — uf cos 92)} , (4.71)

where the first contribution reads explicitly

/d§154 O(uf — uI) 9(7“? + 79 4 uY cos 1 4 u3 cos 02) = / df2(ay, ag,...)

S?—Qe
Bl (mphe™\*
* 42 ( E2 /s 421 p1,--) /s dR2(¢2,01,02,.)

max

1
x //// dipdnpdédéa ny S0y 26716 (4.72)
0
1 - <€ /1 B —€
X nér_ni),x %;Zaic < (1 - C082 91)) ( (1 - COS2 02))
m

2

2
Emax \ < 7"(1) 1“(2)
X .
r r (r(l) —1—7"8 —I—U(l) cos 01 —i—ug cos 92)
The physical parameters are defined as

u(l) = Emax fl s Ug = Emax §1£2£2max )

cosfy =1—2n1, cosby=1—21272max ,

1 1-& €9 max = Mmin [1 11-m&2-&)
’ §1 §2§2max (2 - 61(1 + §2€2max)) P ’ 61 1- 77151

72 max = min [

(4.73)
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Finally, the transverse vectors for this case read

upy = <A0 ) ;o 1=12, (4.74)

;)
where

. iy — 7T Oty A (3—2¢) . (3—2¢) <7T )
1 = lim = — =R ay,09,...)7 — 4.75

= e Tl 96, i o 1 (e, a0 5 01,1, P2, ; (4.75)
N . Ug — T2 Otio
o = lim — = —= =

620 |2 — P2|| 96 |g,—

A (3_9¢ A (3—2¢ ~(3— ™
—Rgg 2 )(al,ag,...)RL(f 2 )(pg,pg,...)n(B 2) (§,¢2701,02,...) .
(4.76)

4.3 Generation of subtraction terms

The parameterization given in the previous section allows for a very simple construction of subtraction
terms and an extraction of poles in € before any integration is performed. The main purpose has
been to find integration parameters, {n,£} or {n1,m2,£1,€2}, that indicate unambiguously soft and
collinear limits in each sector as they approach zero.

In the single-collinear parameterization the relevant contribution to the phase space integral is (see

Eq. (4.24)) 1
//0 dnden—cet=2 . (4.77)

This parameterization is used if there is one additional parton in the phase space. The relevant
contributions are 6%, 5° and ¢®V . The limit 7 — 0 indicates the collinear limit of u and r. The
soft limit of the unresolved momentum is approached as & — 0. In these limits subtraction terms for
the matrix elements are necessary, that are constructed using the singular limits of matrix elements
discussed in section 3.4.1. If the contribution that contains only tree-level matrix elements, &%, is
considered, the relevant limits are given in Eq. (3.49), for the collinear and soft-collinear limit, and
in Eq. (3.50), for the soft limit. The leading singular behavior of these functions can be factorized
and reads

11

ng*

is written in the following form

. Uidp  de
of = %;//0 n1+amfi,k(?7,§) : (4.79)

where the sum contains all single-collinear sectors, as discussed in section 4.1. An important
observation is that the function f;1(n,£) is regular in the soft and collinear limit  — 0, where

(4.78)

R 1

The full real radiation cross section &

C1

1 The collinear factorization contribution 6~ is treated similarly.
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x € {n,£}. For an initial state reference momentum it reads explicitly

Finln) = Dmax_(_THRE™Y*
LRV 16738 Ny \4E2, (1 —n)

max

(4.80)
< /8 AR, / A, (p1 -+ po — 1) S [ €2 M) Fs
1

where the phase space parameterization in (4.20) and (4.24) has been used for z = 1. At this point,
poles can be extracted by using the following formula iteratively for the two variables

1 1 1
W = —afsé(l‘) + |::Cl+as:|+ y (481)

where the plus-distribution is defined by

/oldw Lllﬂw]f () = /01 ar Tl (4.82)

Two kinds of subtraction terms are generated in this way. Terms containing explicit poles are called
integrated subtraction terms, while endpoint subtractions are subtraction terms. Three different
limits need to be evaluated, namely f; (n,0), fix(0,£) and f; 1(0,0). For the selector function §; j,
the measurement function Fj,4+; and the remaining phase space measure it amounts to setting the
appropriate variable to zero. For the matrix element the appropriate limits of the factorization
formulas are used. The final result for the real radiation cross section can be written as a Laurent

series - R2
AR _ ~R0 , 7" g
o =0"+— 3
€ €

: (4.83)

where each coefficient is integrated using Monte Carlo methods.

The real-virtual contribution RV is treated in a similar way, since again only one parton is unresolved.
The conceptual difference to the previous case is, that soft and collinear limits of one-loop matrix
elements are involved. The explicit limits are given in Eqgs. (3.58) and (3.59). Each limit consists of
two terms. The collinear limit contains the tree-level splitting function and the one-loop splitting
function. Likewise, the soft limit: It contains the tree-level soft function and the one-loop soft
function. It turns out that the different terms scale differently with respect to the variables 1 and &.

The two different scalings are

717512 an 77115;2 . (4.84)
The formula (4.81) is modified in order to account for this behavior
Lode 1 1 L de
| i@ == et | U@ —h—a R )
where the function f(x) behaves as
f@) — fo+a™"fe. (4.86)

Again, the formula can be applied to n and £ independently and the limits of the one-loop matrix
elements have to be considered to obtain a Laurent expansion for the real-virtual cross section, i.e.
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subtraction and integrated subtraction terms.

The construction of subtraction and integrated subtraction terms for the double-real contribution to
the cross section 6R®® is performed in the same manner as it has been explained for 6% previously.
At first, the cross section is decomposed into triple-collinear and double-collinear sectors as explained

in section 4.1
~RR ~RR ~RR
ijk ijkl
Each triple-collinear sector is further decomposed into five subsectors using the appropriate parame-
terization Eq. (4.37) for the unresolved momenta

~RR ~RR,8

This decomposition ensures that each term in the above sum contains a regulating measure of the

form .
//// dnydnadéydéy nft "1 ng2 Tt gpaTles ggahes (4.89)
0

where the variables a; and b; for the triple-collinear sectors can be determined from Tab. 4.3. In the
double-collinear sectors they are given by

a1:07 CLQZO, CL3:3, a4:17

(4.90)
by=1, by=1, by=4, by=2.

The limit of one of the variables  — 0, where z € {n1,72,{1,£2}, corresponds to a soft and/or
collinear limit. Single unresolved limits and double unresolved limits can be distinguished. While in
a single unresolved limit one parton vanishes, two final state partons vanish in the double unresolved
case. Table 4.4 specifies the physical limits as one of the variables x goes to zero. It is emphasized
that the limit of a single variable x — 0 can indicate either a single or a double unresolved limit.

m 72 &1 &2

81 | uilluz||r (DU) ug||r (SU) up — 0, ug = 0 (DU) wug — 0 (SU)

8o | uillr, ug — 0 (DU)  wpl|jug|lr (DU) w3 — 0, ug — 0 (DU) wug — 0 (SU)

83 | ui||r (SU) upl|ugllr (DU)  u; — 0, ug — 0 (DU)  wug — 0, uy||r (DU)
)
)

(
(
84 U1HUQHT (DU) u1|]u2 (SU) uyp — 0, ug — 0 DU ug — 0 (SU)

85 U1||UQ (SU) U1||UQ||’I” (DU) Uy — 0, ug — 0 (DU ug — 0 (SU)
¢ | u1l|r1 (SU) uzl|r2 (SU) ur — 0, ug = 0 (SU)  uz — 0 (SU)

Table 4.4: The limits as indicated by the variable z € {n1,72,£1,€2}, as © — 0. Single-unresolved limits (SU)
descrbe the vanishing of one final state partcle, whereas double-unresolved limits (DU) describe the vanishing of
two final state particles.

RR

Each contribution to 6™ is recast into a form appropriate to generate subtraction and integrated
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subtraction terms

1
dgi dmpe d§ dée
f(msme.&,8) (4.91)
/M ,'7%"1‘1715 n%—'rbge é—%-‘y—bgc‘: §%+b4€

The formula (4.81) can be applied iteratively in each variable. The sum of all sectors is given as a

Laurent series RRL RR.2 RR.3 RRA
R R ot oty oty oY
GRR = gRO 4 + +
€ g2

= = (4.92)

In each sector there are fifteen different limits for the function f(n1,n2,&1,&2) to consider. This
function always contains, the selector function, either 8;; or 8 j;, the measurement function F, o,
the phase space measure and a regulated matrix element

a a a a 0 0
ey reegitaseltas i@ ), . (4.93)

The limit of the matrix element can be obtained by using all factorization formulas for tree-level
amplitudes, discussed in section 3.4.1. The pattern for choosing the correct formula for a given limit
is as follows. If only one variable vanishes, the corresponding limit can be taken from Tab. 4.4. If an
unresolved momentum is soft and collinear, in the corresponding collinear limit the soft variable &;
is set to zero. For example, to construct the function f(0,72,0,&2) in sector 81, the triple-collinear
limit is taken, i.e. Eq. (3.53), and the variable &; is set to zero. If two independent single-unresolved
limits are encountered, the corresponding factorization formulas are used iteratively. For example, to
construct the function f(0,0,&1,&2) in sector 8g the formula for the collinear limit (3.49) is applied
independently to the two collinear pairs.

The procedure outlined above is in general sufficient to obtain finite results for each contribu-
tion of a next-to-next-to leading order cross section. However, the procedure has been described
completely for d-dimensional external momenta and polarization states, which also means that all
matrix elements that appear in subtraction terms are needed in d dimensions to have a finite and
correct result. The above scheme can be improved, if the structure of the infrared-singularities of
real and virtual contributions is investigated and separately finite parts are identified.

4.4 Azimuthal average and iterated limits

In the previous section subtraction and integrated subtraction terms have been generated for collinear
and soft limits. The collinear subtraction terms contain in general spin correlated matrix elements
of the form

ull uv
;2 L M) . (4.94)
1

M

This is necessary to ensure pointwise convergence of the formula in the collinear limit. However, if an
explicit collinear pole term is considered, an integrated collinear subtraction term, spin correlations
are not necessary and may be integrated over the azimuthal directions. Additionally, virtual poles
are known to only contain color correlations, but are free of spin correlations, a cancellation of
poles between real and virtual contributions will take place among uncorrelated matrix elements. In
principle spin correlated matrix elements can be replaced directly by their averaged counterparts
using the formula

—1
", v —y U=
R S P e S
[\/SVIQE df 1] \/8:125 dn(¢7 P1, P25 - - ) Ui - 2(1 — 5) (g = , (495)
1 1
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where the transverse vector u is the only object that depends on the azimuthal angles ¢, p1, p2, . . .,
that parameterize the direction transverse to the collinear direction. The collinear direction is
defined by the reference momenta r and 7, where 7# = r,,. By transversality of the matrix elements
the longitudinal part, proportional to r, vanishes. The above formula is directly applicable in the
single-collinear sector, section 4.2.1, and the double-collinear sector, section 4.2.3, where u, and r
have to be replaced by u, ; and r; accordingly. In these cases the phase space integral contains the
integration over azimuthal angles explicitly.

In the triple-collinear sector, section 4.2.2, the above formula can directly applied for a pole related
to the collinearity of u; and r. In this case the measure exhibits the aziumuthal integration directly,
as can be seen in Eq. (4.37). In the case of us||r, in principle the same argument holds. Only the
second rotation in u, o with respect to w1, Eq. (4.41), has to be made undone, which is always
possible using the invariance of the measure under rotations. The nonlinear mapping, ¢2(61,02,()
does not spoil the argument, since the u » depends correctly on the angle ¢2 and is therefore
correctly averaged. In the triple-collinear limit, u;||uz||r, the average is performed straightfowardly
using the same reasoning.

The only case that needs more investigation appears in the triple-collinear parameterization as u; ||ug
become collinear. Due to the parameterization in this sector the transverse vector uig depends
on the azimuthal angle ¢3 (4.42), but the angle that is explicitly integrated is ¢2(61,02,(). The
remaining azimuthal angles 01,09, ... are correctly integrated. In order to investigate the impact on
the average, the integration measure including d¢o should be compared to the measure in terms of
dég in the collinear limit 6 ~ 6> # 0. It can be shown that in this limit the integration measure is

/0 " 4y | tan G | (4.96)

while it should be .
/ Ay sin =% ¢y | (4.97)
0

to average the function correctly. The difference is obviously of order €. It means that the contribution
to the pole term will be averaged properly, while the finite contribution will get a correction. This
correction can be calculated by explicitly performing the integral

T N -1 T N ull u?

/ d¢2|tangb2|_25/ dn1 / d¢2|tan¢2|—2€/ d2(o1,09,...) L3+ =
0 8% 0 872 usz |

1 ( s uhuy 4 vl

2 uy -y ) —cuf (¢2 =0)uf, (d2 =0), (4.98)

The first term on the right hand side is the correct average in four dimensions, where the longitudinal
(collinear) direction in this case is set by ui, where @} = uy,. The second term takes into account
the error made due to the different measure in the first azimuthal angle.

The above formula is only relevant in sector 84 as a pole is taken in 75 and sector 85 as a pole is
taken in 71, as can be verified in Tab. 4.4. Spin correlations only appear in splitting functions if
the splitting particle is a gluon. Applying formula (4.98) to these cases amounts to the following
replacements

z 1-=2

l—z+ z

PO (zug15e) — — g™ [20,4 < +(1—e)z(1 - z))] (4.99)
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+4C (1 — £)2(1 — 2) uly | (2 = 0) uf, (d2 = 0) ,

pq(g) "(zuzi;e) — — g [TF(l —2z(1— z))} —4Tpez(1 — 2) ugl(¢~>2 =0) ugL@Q =0),
(4.100)

where the terms of order ¥ are exactly the spin averaged functions in d = 4 dimensions, given in
Egs. (B.21) and (B.22).

Using the spin averaged splitting functions for the single unresolved collinear poles has addi-
tionally an impact on the choice of functions used for collinear subtraction terms for the same pole
term in the double-real contribution. For example, if the single-collinear pole 72 = 0 in sector 81
is considered, the pole contains a subtraction term due to the remaining collinear limit n; = 0.
This subtraction term cannot be constructed using the triple splitting function, since it allows spin
correlations for both limits, while the first limit is described by an averaged splitting function. The
integral would not be pointwise convergent anymore. The appropriate subtraction formula is given
by the iterated collinear limit, where spin correlations only in the second limit arise. For the example
in sector 81 the limit is given by

0
M o1 aa (P, )2
(87ra5)2

N
e Py (r2:2)) O (0 ) Pl (212 22 M ) (4100)

where the invariant s,o = 27 - ug describes the collinear limit r||ug, for which the pole has been
taken. The invariant s1,0 = 2uj - (r + u2) describes the subsequent collinear limit. All iterated cases
can be found in Tab. 4.4 and the construction of the subtraction term follows the given example.
If the splitting functions for the first splitting are in sector 84 and S5, where residual spin correlation
are present (Eq. (4.98)), the iterated limits are given by

’Mg(:)agyg»---(nulvu% i )‘2 =
(87ra3)2

512 Sr12

1— 219 212

1 —
2C'4 < “12 + c12 + (1 — 8)212(1 — 2’12)>

~ (0
< (MO (p,. )P (212, unss ) MO (p,...)

+4Cxe(1 — €)z12(1 — 212) M (p, .. ')!1559;9 (2211 uf ) (62 = 0)) M (p, .. -)>] , (4.102)

for gluons, and

’Mg:),q,q,...(hulm, )P
(871'045)2 (0) )
A2 TF(1 — 2z12(1 — 212)) (M) (9, NP yq zrizur1;9) MY, (p,-.)
512 Sr12 ]

— ATpez(l - 212) (M (p, >|f’$£’arg(zr12,u1L,u3L<¢2=o>)|3vt32%_._<p,...>>], (4.103)
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(0)

for quarks. In this case, splitting functions with a polarized reference gluon are needed P Pa,g- Lhey
read
~(0), (e1-k ) (1—2 z kM kY
PI(Dg)gW (z,k1,€)) =2Cy [g‘“’ 12 < " + 11—, efel —z(1—z) i‘f ,  (4.104)
1L 1
~(0), ss’ ’ (61']{31_)2 1—=z 1
POV (2 ks el) = 6% O [2 e ( — ) +37| (4.105)

where €/ is a real polarization vector of the reference gluon.

4.5 Separation of finite contributions

In this section, the infrared structure of contributions to a next-to-next-to-leading order cross section
is analyzed. In this discussion subtraction terms are included, that were obtained with the methods
discussed so far in this chapter. Thus, all contributions are in principle integrable using Monte Carlo
methods. Nevertheless, the contributions are separately divergent in the limit ¢ — 0, since each
part is given as a Laurent series having explicit poles up to order e~*. In order to understand how
poles cancel among different parts, the pole structure of virtual contributions has to be discussed
as well as the pole structure of integrated subtraction terms. The goal is to group contributions,
that are independently finite. This separation is the main step to confine resolved momenta to four
physical dimensions, which will be explained in section 4.6.

The infrared singular structure of a virtual renormalized amplitude factorizes into an operator acting
on a vector in color space

(M) = Z(e{pi} {mi}.ur) Fn) - (4.106)

The infrared renormalization constant Z contains all virtual poles in € and is given as a expansion
in the strong coupling «; (see appendix B.1). Expanding the above equation up to next-to-next-to-
leading order accuracy, the virtual amplitudes are

M) = |FD) (4.107)
M)y = 20 M) + |F0) (4.108)
|Mg5:(?@L,ZmzugLM§5+Z0WM9>+5§57 (4.109)

where the amplitudes |EF£LZ )> are called finite remainders, as they are regular in the limit ¢ — 0.
The renormalization constants are uniquely defined, if they contain only poles in € and no finite
contribution.

The different contributions to the cross section were discussed in section 3.2 and serve as a starting
point to separate finite ingredients. The Born contribution to the cross section is finite by itself,
since neither virtual poles nor phase space singularities occur. At next-to-leading order the real and
virtual contributions are separated as

N =6p+6u, 6V =6¢+06y. (4.110)

The subscript “F” stands for finite and describes contributions that are finite as ¢ — 0. The subscript
“U” indicates unresolved contributions that contain explicit poles. The finite contribution to the
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real-radiation cross section is

. 11 0 0 .

R = BN d®d,,+1 [(Mgllﬂ\/{f#ﬁ Fp4+1 + subtraction terms| , (4.111)
where the subtraction terms are obtained as discussed previously. The integrated subtraction terms
are isolated into 6%. The virtual contribution is decomposed according to expansion (4.108)

&X:%% d®, 2Re (MO |FINF,, | &X:ii d®, 2Re (M| ZW MOV F, . (4.112)
S

Finite contributions are separated

68, 6y, Gu=on 46y +6°. (4.113)
It is important to notice that the contribution 6y only contains matrix elements with n partons.
n + 1 parton matrix elements are only present in &FR which can be readily evaluated putting ¢ — 0
before the integration is performed. At next-to-next-to-leading order the separation is more involved
and matrix elements of different multiplicity and analytic structure are separated. The double-virtual
contribution can be decomposed using formula (4.109)

&YV =68V + opn + o5y (4.114)
where
sV = %% / a®, [2Re (MO|F) + (FD(FD)| B, (4.115)
oyy = %% /ddin 2Re <M§$>y(z(1” + z<1>)|ff§}>> F, (4.116)
Y = gy [ 4 [2Re OEIZEIND) + (eD 20 1ZO )] F, (4117)

The subscript “FR” summarizes contributions that are proportional to the real part of the one-loop
finite remainder, whereas the subscript “DU” means double-unresolved and states that poles are due
to two unresolved partons, in this case these are two virtual partons. The real-virtual contribution
is separated as follows

o™ = 6BV 4+ 68V 1+ 6RY + 61, (4.118)

where the single contributions read

11

BV = %N d®d, 1 [2Re <M£Oll|?£21> F,+1 + subtraction terms] , (4.119)
8
11

o = Y d®, 11 [QRe <M7(10J)FI\Z(1)]J\/[7(IOJZI> Fp+1 + subtraction terms} . (4.120)

The subscript “SU” stands for single unresolved and in this case contain only virtual poles of the
n+ 1 amplitude. The subtraction terms for the two contributions above can be derived explicitly and
are given in appendix B.3.1 and B.3.2. Integrated subtraction terms containing real poles are merged
into 615% and &%}/j. Where in the former all contributions proportional to the n particle one-loop

finite reminder are gathered, while in the double-unresolved part all contributions proportional to
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the n particle tree-level amplitude are put together.
The double-real radiation contribution is separated into parts of similar origin

PR = {1 688 + 6RE . (4.121)

The finite part just contains the n + 2 particle matrix element and all subtraction terms

6§R — %% /dQSnH [(Mﬂﬂmﬂg F, 12 + subtraction terms| . (4.122)
This contribution can be evaluated in four dimensions already. The integrated subtraction terms
are arranged into two classes. The single-unresolved (SU) class contains poles that are due to limits
as one parton vanishes. It contains therefore n + 1 particle matrix elements as well as subtraction
terms for the remaining unresolved parton. The pole terms can be read from Tab. 4.4 and are listed
in Tab. 4.5. The double unresolved contribution contains all poles terms, due to both unresolved
particles vanishing. Only n parton matrix elements are present.

Finally, collinear subtraction contributions are decomposed according to matrix elements, that
appear in different parts of these contributions. The cross section 6€! in Eq. (3.24) is the convolution
of the leading order splitting function and the real radiation cross section in a next-to-leading order
cross section. Hence, it can be decomposed as shown in Eq. (4.110). The finite contribution &5
corresponds to a single unresolved contribution 6306, since an explicit pole is already present in
the collinear factorization formula. This is interpreted as arising in the collinear limit of the first
unresolved parton. Similarly, the unresolved contribution 6% containing integrated subtraction
terms leads to a double unresolved contribution &S%. The cross section §°2 in (3.24) contains the
virtual contribution of the next-to-leading order cross section &V which can be separated into the
finite remainder contribution and the pole term. The latter is a double unresolved contribution,
taking into account the convolution with a splitting function. The other parts in 6% contain only
convolutions of Born level cross sections and splitting functions, each contribution is therefore also
interpreted as double-unresolved. The decomposition of the collinear factorization is finally

69 =655 +0opy, 07 =06FR + 0Dy - (4.123)

By merging similar parts, the following cross sections are defined

A ~RV ~VV ~C2 o ~RR ~RV ~C1
OFR = Opr + OFr T+ OFR s OSU =0sy + 05U 105U
(4.124)
~ ~RR ~RV ~VV ~C1 ~C2
opU = 0py + Ipu T Opu T IpU T IDU -
At this point it is instructive to discuss which contributions are finite separately. Obviously, 6IF§R,

&E‘V and 6¥V are finite. By the KLN theorem, the full next-to-next-to-leading order cross section is
finite and therefore the sum 6pRr + sy + épy must be finite. In [211] it has been proven that dpg
is independently finite, which can be understood directly: The integrated subtraction terms only
contain leading order splitting and soft functions, while virtual poles are only due to Z(. This is
the same pattern that occurs in the next-to-leading order cross section, which is certainly finite. In
conclusion, since 6gg is finite, gy + dpy has to be finite.

Unfortunately, this separation is not sufficient to formulate the subtraction scheme in 't Hooft-
Veltman regularization, since in gy only one parton is unresolved and in épy two partons are
unresolved. Parameterizing the two contributions differently will spoil the cancellation of infrared
poles. It is thus necessary to render the two contributions separately finite, such that the full
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81 82 83 84 85 86
double-pole  (n2,{2) (m2,&2)  (m.,&2)  (m2:&2)
single-pole 12,62 & m m&2 mée mmee

Table 4.5: Poles taken in the sector variables that contribute to 65 . The the remaining poles contribute to

~RR
0puU-

next-to-next-to-leading order cross section contains the finite parts summarized in Tab. 4.6.

LO 8
NLO 6}, &Y, Gu=68+6y+6°

~RR ~RV ~VV ~(C2
NNLO &%, op', 0Op’', OFR= UFR =+ UF + 0FR >

RR |, ~RV | SRR | 5RV | sVV | 2Cl | 5C2
bsu = 685 + 68 + 65}, 6pU =610 + 60U + 05U + 05U + 5y

Table 4.6: Separately finite contributions to a next-to-next-to-leading order cross section calculation. The
definitions for the contributions can be found in the main text.

4.5.1 Separation of single- and double-unresolved contributions

In order to obtain a finite result for the single-unresolved and double-unresolved contribution
independently the structure of pole cancellation has to be examined. It is sufficient to find suitable
counterterms to the single-unresolved contribution and make it finite, since the same counterterms
will provide a finite result for the double-unresolved contribution. Therefore, the three contributions
of &gg, ag%/ and 6806 are investigated. Each contribution consists of a main term that contains
the n + 1 particle matrix element and suitable subtraction terms that provide subtractions due to
the additional parton becoming soft or collinear. If the next-to-next-to-leading order measurement
function for the observable containing n partons in the final state is replaced by a next-to-leading
order measurement function for n + 1 partons in each of the three contributions, only the main
term will remain. The subtraction terms vanish, since they describe two unresolved partons, which
is not allowed by the measurement function. In the sum of all contributions to gy the poles will
cancel, since effectively it is a next-to-leading order calculation. The single unresolved cross section
corresponds to the unresolved cross section &y;.

Hence, going back to the next-to-next-to-leading order case, poles among the unsubtracted term
cancel, whereas poles among subtraction terms do not cancel. This is because of the different
parameterizations used in Jg%/ and 6&5{ 1. The real-virtual contribution is given in the single-
collinear parameterization described in section 4.2.1. In general it can be written in form of the two

relevant parameters

// ez €1+ba (f(n,f) = f(0,8) = f(n,0) + f(0,0)) : (4.125)

1 The poles due to final state limits are discussed first. The discussion of initial state poles, including 65, will be
provided afterwards.
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The main term f(n,&), which is the unsubtracted contribution, contains the operator ZM and
the corresponding matrix element. The remaining terms in Eq. (4.125) are subtraction terms in
the two physical variables ¢ and n, which are integrated over the full unit square. The double-
real contribution is either given in the triple-collinear parameterization (section 4.2.2) or the
double collinear parameterization (section 4.2.3). It contains double pole and single pole terms as
summarized in Tab. 4.5. The double pole terms are of the form

Ldp d
I ot g (om0~ 0.6 ~ .00+ 90.0) (4.126)

The sector variables n; and &; in this case, correspond directly to the physical variables as can be
verified in Tab. 4.2. Therefore, they correspond directly to the variables 7 and £ in the real-virtual
contribution and are also integrated over the full unit square. Thus, not only the double pole in
g(m,&2) will cancel the double pole in f(n,£) but also the double poles of the subtraction terms of g
will cancel the the double poles of the subtraction terms of f, since they are generated in the same
variables integrated over the full integration region.

The single pole contributions turn out to be the bottleneck in this discussion. In general the single

pole contribution of &Sg‘ has the following form

1
dy dx; dxo
///O y1+a€ $1+b15 .%'1+b2€ { [(g(ya L1, 132) - g(ya L1, 0)) - (g(oa L1, 1)2) - g(O, Ty, 0))]
1 2

- [(g(y,(),xg) - g(0,0,:Eg)) _ <g(y,0,0) _ g(0,0,0))] } . (4127)

Depending on the sector {y,z1,x2} C {n1,12,&1,&2}, where the explicit pole has been taken in the
remaining variable {ni,m2,&1,&2} \ {y,x1,22}. One of the variables can be identified with n or £
directly. It will be denoted by y. In general there is no direct correspondence between one of the
remaining variables {z1,x2} and x, where x = 7, if y = £ and vice versa. Thus, in general z is a
functions of the two variables

r = z(x1,x2) . (4.128)

It is instructive to understand why the single poles do not cancel. The origin is the sector
decomposition of the triple-collinear and the double-collinear sector. The space spanned by the
physical variables {ﬁl,ﬁg,él,ég} would have a one-to-one correspondence to the space spanned
by {n,£} in the real-virtual contribution. But after introducing additional sectors the space is
spanned by sector variables {11, n2,&1,&2}. Only afterwards subtraction terms are generated, that
are minimal in the sector variables. Different sectors take into account different limits and a specific
subtraction term will in general only appear in some or only one of the given sectors. If those
terms are reexpressed in the physical variables, which correspond to {n,{} directly, the subtraction
term is not necessarily the minimal one in those variables. Additionally the integration range is
not necessarily the unit square anymore. To obtain a finite result, this has to be compensated by
appropriate counterterms. The derivation of these counterterms follows the same pattern. Firstly,
subtraction terms in (4.127) that need to be corrected are identified. Secondly, the integral is
reexpressed in terms of y and = and finally, the limit x — 0 of the term is inspected to identify the
minimal subtraction term and the missing integration region.

The list of pole terms that have to be considered are listed in Tab. 4.7.
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Case I Case II Case III Case Initial
Sector | 84 85 8js So 83 8 83 S

Pole |m m & &2 moomo m m

Table 4.7: Single pole terms in 6&¢¢ for which counterterms are derived. Four cases are identified, that have to
be treated separately.

Case |

The pattern of the first case is outlined in the following. The relation between the variables is

assumed to be
v =x1(1+c(z)xs), (0)=0, (4.129)

where c is a function. Subtraction terms in (4.127), in which zo = 0 do not require any modifications
since x = x1. As discussed previously the leading term

9(y,w1,22) — 9(y,71,0) , (4.130)

is correct by the vanishing of the next-to-leading order cross section. Hence, the relevant term is

h(z2) = — (g(y,O,ﬂcz) - g(0,0,wz)) : (4.131)

If only the integrations of x1 and x9 are explicitly written, the integral is rewritten in terms of x as

L dey  das L de 22max(®)  qpy | day T 1+bie
dn de 0 e o fdey (e Y
//0 gy The gltbee (2) /o JUHblE/o gathe | da (.2) x1(x,x2) (2)

(4.132)
where
Tomax(0) = 1. (4.133)

The integrand on the right hand side has to be taken in the limit + — 0 to get the contribution that
matches the real-virtual subtraction term

lim

2 max () d.’EQ dl’l
x—0 0 x§+b2€

T 1+b1e 1 dz e
@) (7)) ]h(xg):/o wig(uc(om)b h(as) .

r1(z,72
(4.134)
Hence, the correct counterterm is given by the difference of the term and its limit

1 1
dx dZL‘Q bie
/0 rltbie {/0 R (14 c(0)2)™" h(z2)

2 max(z) d$2 dxl €T 1+b1e
— —_— | —_— h . (4.1
/0 .7}§+b28 [dfl) (33,1:2) (IL‘l(l',IL‘Q)) (l‘g) ( 35)




66 4 Sector improved residue subtraction scheme

Changing the order of integration the integral over z is performed explicitly which leads to the
counterterm

L day
2
where restoring the original form it reads
1
dy dxo
_ //0 WW A(z) (g(y,O,xg) — g(0,0,xg)) . (4.137)

This term is added to the single unresolved contribution and subtracted from the double unresolved
contribution. The result depends in general on the scaling of the variables x1 and z2, given by by
and bs. The scaling is directly obtained from the triple-collinear and double-collinear measures given
in Tab. 4.3 and section 4.2.3 respectively. These scalings are correct in CDR and are used for the
counterterms of the double unresolved contributions. However, if the scheme is reformulated in
the 't Hooft-Veltman regularization, it will be different for the counterterm of the single-unresolved
contribution, since one of the resolved partons is treated in four dimensions. The exact procedure
how to obtain the correct scaling will be outlined in section 4.6. Nevertheless, the scaling for both
schemes will be given for each counterterm.

The triple-collinear sector 84 follows case I, if the collinear pole in 72 is considered. The rela-
tion between the variables is

y=m, z1=&, z2=&2, (4.138)

while £ corresponds to
z =1 (1+ z2min(1,1/z1 — 1)) . (4.139)

The counterterm can be calculated and reads

1—(1+ fg)b1€

A2 —
84 b1E

, (4.140)
with
PR =4, V=29, (4.141)

The single pole due to 7; in sector 85 is treated in exactly the same way, resulting in the same

counterterm
Ag; = Agi . (4.142)
The last contribution that is covered in case I is sector S, if the pole is taken in &. The correspondence
between the variables is
y=&, x1=mnm, T2=m, (4.143)
with

r = (1 - %) . (4.144)

Following the pattern outlined for case I the counterterm can be derived and reads

b1€
o _ 1 (1 B %>
AP = 4.145

85 b1€ ’ ( )
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with the scaling
PR =92  plV =1, (4.146)
Case Il

The pole in & in sector 89 is considered. The unsubtracted contribution only contains the term
9(y,r1,x2), where the variables are identified to be

1
y=¢&, w=m, T2=12, T= 0122 (4.147)

It is important to notice that z(x1,z9) is symmetric in its arguments. Hence, subtraction terms
that contain x; and xo have to be considered. The derivation can be done for one variable, say xs.
Using the symmetry the whole counterterm can be obtained. The integral can be reparameterized
in terms of x(x1,x2)

! dzy dw 1/2 dzx 1 dxo T\ bie
T e 172) = ()" hi2), 4.148
% x%-l—lna x;-i—bzs (332) /0 rl+bie /21 $%+b25 2 (IL’2) ( )

where h(zy) summarizes all zo dependant terms in Eq. (4.127). The parameter z is only integrated
in the range [0,1/2] and the second integral still depends on = through the lower boundary of xs.
First, the correct behavior as x — 0 is determined by rewriting the above equation as

/2 qz Uday  fxo\bie U dey  saaybie
/0 M[/zw?b<2> h(0)+/0 x;%(2> (h(z2) = h(0))
2 dzy  [mo\bie
_/0 withee <?> (h(xz2) — h(0)) | . (4.149)

The first two terms have the correct scaling behavior in the limit x — 0, but need to be integrated
in the full range x € [0,1/2]. The last term needs to be removed. Both manipulations are achieved
by one counterterm of the form

L de Loday  fag\bie Uodzy  sag\bie
/1/2 PR /2:,; e (3) h(0) +/0 s (3) (h(w2) — h(0))
12 g 2 dry  xo\bie
+/0 x1+b1€/0 e (?) (h(x2) = h(0)) . (4.150)

The first term can be integrated explicitly, while the rest is further simplified. Taking into account
the contribution of x1 +> 9 the whole counterterm reads in the original variables

1 (2725 —1)by — (27015 — 1) by [ d¢
_b16282 ( ) bl _ ZSQ ) 0 }_lee (9(51) O) O) - g(OJ 07 0))

b2€

1 (m
//0 é.(lif(llg ?_.7_71,115 ( ) ( (517 77170) - g(gla Oa 0) - g(ov 77170) + 9(07070)) (4151)

sz

dg dpy 1- (%)™
//0 51-%(118 1_:717228 ( z ) (g(glv 07772) - g(gla 0, O) - g(ov 0, 772) + 9(07070)) )

b16
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where the scaling is given by

b?DR =3, bgDR =2, bIliv =2, ngV =1. (4152)

Case Il

This case examines the pole due to n; and in sector 83 and sector 8g. The unresolved parton with
momentum w; is collinear to the reference parton r, which is r in the triple-collinear sector and 7
in the double-collinear sector. The variables are

y=mn2, 1 ==&, x2=¢& . (4.153)

In order to compare to the real-virtual contribution, the reference parton has to be the collinear

parton with momentum
r=r+4u, (4.154)

since the collinear limit has been taken already. It is easier to use rescaled variables

TO = Enax 67‘ gr max » TIO = Enax gr’ ér’ max 5 (4155)

where &, max denotes the maximum of 7°/Ey.y and & mayx the maximum of 0/ Ep.,. In this case

the reference momentum in &SR[\J/ and 6&1} has to be taken into account, hence the energy integration

is taken into account explicitly

1
9(y,x1,12) = / A&, h(&ryy,m1,m2) - (4.156)
0
The derivation is simplified by noticing that two subtraction terms cancel
h(&ry,71,0) — h(&r,y,0,0) =0 . (4.157)

Additionally, only corrections to the subtraction term h(&,,y,0,22) are considered. Corrections to
h(&r,0,0,22) can be obtained from the first in the limit y — 0. For z; = 0 there is

frmax’xlzo =1—-z2, & max‘xlzo =1. (4.158)
The relation between the double-real variables and the variables in the real-virtual contribution is
given by
T = T1T2X2 max($2) , 57" = gr + (1 - 57")552 s (4159)
where
1 1—
9 max (w2) = min |1, ———— 2 (4.160)
$21—%(u1-u2)x2
Another variable is introduced .
e B (4.161)

&+ (1 - gr)$2 ’
which specifies the soft limit of the unresolved parton of momentum wu;, as z — 0. The scalar
product @y - 42 in (4.160) is equal to 2y in the triple-collinear sector, while in the double-collinear



4.5 Separation of finite contributions 69

sector it is some function of y. It is therefore convenient to define

E 1
/ max [ ~ ~
= . e [0,1], x = ——, 4.162
Yy \/§ (ul UQ) [ ] Tma 1 + \/1_73/ ( )
such that
1 1-— i)
T2 € [Oaxmax] = x?max(xZ) =1, =x€ {xmaXa 1] = x?maX(CUQ) =T (4163)
z2 1 —y'xo

At this stage, it is possible to reparameterize the whole integral

dy dx; dao
/]// dé&; yl+as 1+b1a 1+b2€ (éT’y’O’l?):

1 dy dz Srzem@rs) dx (b _\ybie
///0 y1+as gr 1+(bgbl)5/0 pltbie gr/ (l'Qmax(fr'Z))

1 gr( B ) _
X 1_§T/2h< ]_—6,,,_ ,y,OfT/z> =

1 = 13 /EZ‘Qmax(f /5)
dy dz T T dz - _
| e i [ iz hEwd) . (4164)

where h is just a shorthand notation for the integrand. The order of integration has to be as follows

/ dz / dé, / dz, (4.165)

to allow for comparison with & 0’ . The integration over y can be safely neglected, since it is not
relevant for the discussion. ertlng the integral in the demanded order it reads

£T/5 T2 max (gr/ 5) dgj ~ _
// A& 117 b2 ECENE /0 i & 2) =

Tmax mln(l l’max/f dg
A x1+b15 / dgr //E , zl+(b27b1)€

1—
min T y/z dz ~ )
/xmax /LEmax/E/ M] h’(fT‘/?yaz) . (4166)

As in the previous cases the limit £ — 0 has to be examined and the integration range extended to
[0,1]. The result reads

1 dz 1 min(1,2max/&,/) dz _
/0 x”bl‘f/o 46 /56/sz Tt & w0)

min(1,Zmax /&) dz _ B . 1 dz ~ _
+ e (6r:2) = B w0)) + /mmu,xm/g  Frme M)
(4.167)
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The function is not singular as & = 0, due to a selector function present in k. The counterterm is
the difference between (4.167) and (4.166). After some simplification and returning to the original
variables the full counterterm reads

d d 1 B €
// s lfgﬁIm[(1—(&§2mm(&,m))“)g(nz,o,gl)—( 1) g(12.0,0)

- (1 - (§1€2max(§170))b1€) 9(0,0,61) + (1 — &) g(o,o,o)} . (4.168)

with the scaling
pPR =3 V=1 (4.169)

in sector 83 and the scaling
pSPR =2 plV =0, (4.170)

in sector 8¢. Even though the general case of the double-collinear parameterization has been treated
here (see the first part of section 4.2.3), the special case in the second part of section 4.2.3 can be
obtained by the simple replacement

£2max =1. (4171)

Case Initial

The last case deals with single poles due to initial state collinear singularities. In this case, the
corresponding terms in O'g%:{ are compared to USU, since the pole should cancel among these two
contributions. The terms in the double real-contributions are the same as in case III: The pole
is taken in 7y in sector 83 and sector Sg. In the collinear factorization the convolution with the

splitting function has to be taken into account, it reads

1
dp d¢
///0 dZW£1+bE (f(Z,Uaf) _f(Z7Oa€)_f(277770)+f(25070)> . (4172)
The kinematics are in general given by
zZp1 + p2 — final state , (4.173)

and similarly if the initial state splitting is related to ps. The cross section is usually evaluated in
the center-of-mass frame of zp; + ps. In order to compare the two contributions, 6&% has to be
evaluated in a different reference frame. 1 — z is interpreted as the energy fraction of a collinear
parton split from the initial state parton p;. The kinematics are given by

p1 + p2 — (1 — z)p1 + final state , (4.174)

and the cross section is evaluated in the center-of-mass frame of p; + p2, which coincides with
the frame in which the double-real contribution is evaluated. The reference momentum r in the
triple-collinear parameterization and r; in the double-collinear parameterization corresponds to p;
(or p2) and the unresolved collinear momentum u; corresponds to (1 — z)p;. The contribution in

~RR
Ggyy reads

///01 n;ffig éffblla gldflis { [(Q(U2,§1,§2) —g(ne, &1, 0)) — (g(O,ffl,fz) —9(0,&, 0))]
2
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_ [(g(m&&) —g(o,o,gz)) _ (g(ng,0,0) —g(0,0,0))]} . (4.175)

where the variables are related to z and &

2Emax 52 max ’ 1 1-— 51
z=1-— , = , = min |1 < <= = — .
\/g 51 5 52 . 52 52 max [ 52 ma. ] 62 ma. 51 1— E\I;gx 61 7 fip

(4.176)

The terms that need to be considered are
9(m2,61,0) ,  9(0,61,0) , (4.177)

since as in case III

9(112,0,§2) — 9(n2,0,0) = 0. (4.178)

The integral can be reparameterized as

dé&; dés 2F o (b1 —b2)e
// £1+bla Tixbye I (772751,0)—< 7 >

dz Cmax/Smax A [ o max | 2
o |, e (222)  sma20.0). @)

§2 max

X
/I—QEmax/\/§ (1-2)

where the integration over 7 is irrelevant for the discussion. It is only necessary to consider
9(n2,£1,0), since ¢(0,£1,0) can be obtained in the limit 772 — 0. The counterterm can be obtained by
adding the missing integration region in £ and reads

2Emax (blibQ)E /1 dZ
\/§ 1—2Emax/ V3 (1-— z)1+(b1—b2)g

! d max b28
></5 / glézg(g?) 9(n2,81(2),0) =

2 max/€5 max 62 max

! d€1 1 _ £2max bac
//0 511—&-171& [bgé(l <§émax> >]g(?72,§1,0). (4.180)

The integral has a singularity at £; = 0, respectively z = 1. This is an endpoint singularity which is
only present in the counterterm, but not in the original contribution to the double-real contribution
(4.179), since the integration range of ¢ vanishes in the limit z = 1. The same singularity appears in
the collinear factorization contribution, where it is subtracted. In order that both contributions
match, a similar subtraction has to be applied. In practice this is done by the replacement

1 1
(1 _ Z)H—ca — |:(1 _ Z)1+cs:|+ ' (4'181)

Finally, the full counterterm for the initial collinear case reads

d772 dfl 1 £2max(772’€1) bac bga
I g | (- (B ) ) e - o
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521nax(07£1) bae boe
_<1_(€§m(0,€1)> )9(0’5170”(1— %22) 9(0,0,0)| , (4.182)

with the scaling
pSPR =3, V=1, (4.183)

in sector 83 and the scaling
bSPR =2 V=0, (4.184)

in sector 8g. It is important to notice, that the convolution in &gllj has to be evaluated in the boosted

frame, using the single-collinear parameterization given in section 4.2.1 with z # 1. Even though the
full contribution 6&11 is Lorentz invariant, the separation into single- and double-unresolved parts is

not Lorentz invariant.

All counterterms given in this section can be added to &gy such that it will be finite in the
limit € — 0. The same counterterms have to be subtracted from épy and also give a finite result for
this contribution. Up to this point, all manipulations are performed in CDR. In the next section,
the step to the 't Hooft-Veltman regularization scheme is explained.

4.6 't Hooft-Veltman regularization

The final step in the construction of the subtraction scheme STRIPPER is the restriction of resolved
momenta and polarization vectors to four dimensions. As outlined in the introduction to this
chapter this amounts to reformulating the scheme in the 't Hooft Veltman regularization scheme as
summarized in Tab. 4.1. The procedure for each finite contribution to the cross section in Tab. 4.6
involves two steps: The first one is to replace the full expansion in € of tree-level matrix elements
and finite remainders by the leading term in the ¢ expansion. This corresponds to a restriction of
polarization vectors of resolved gluons to four dimensions. Since higher orders in ¢ for tree-level
matrix contributions and finite remainders are only due to spin sums of external gluons. The second
step is to restrict the phase space of resolved particles to four dimensions, which means that their
respective momenta are four dimensional vectors.

The following finite contributions need no modifications, since they do not contain any pole term

&B ~R ~V 5§R

~RV
9 UF 9 UF 9 UF

, A (4.185)
In the phase space measure as well the matrix elements € can be simply set to zero This simply
means that in those contributions all partons are resolved and dimensional regularization is not
needed. The remaining contributions contain either n or n + 1 resolved partons. First, the case of n
resolved partons is discussed. The relevant contributions are

GU=60+60+06C, GFR = ORN +oEn +O5E . GDU = GG + Ry + o0y + 650 + 655 . (4.186)
In each contribution the cancellation of poles takes place between integrated subtraction terms
containing soft and splitting functions in the real contributions, the virtual infrared poles in Z(1:2)
and explicit poles in collinear factorization contributions. This cancellation is independent of the
actual matrix element which factorizes in each term. Thus, since the terms are finite, higher orders
in e for the n parton tree-level matrix elements and finite remainders can be neglected right from
the beginning. The above statement is only true if azimuthal averaged splitting functions for the
integrated subtraction terms are used (see section 4.4). The phase space is restricted by modifying
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the measurement function Fj,, which defines the infrared safe observable in all of the contributions
(4.186). The modification effectively forces the momenta to four dimensions and reads

—(n—Derp_
2 o7E
HRe | | —2e5(—2¢e)(,,.

=1

where ¢; are the final state resolved partons. It is important to notice that the J-functions only
restrict n — 1 partons, while the last final state parton is fixed to four dimensions by energy-
momentum conservation. Since all contributions are already finite as € — 0 the modification of the
measurement function has only impact on terms that vanish if d = 4. The effect on the phase space
parameterizations in section 4.2 can be made explicit. If none of the resolved partons ¢; is related to
a reference parton, for example if the reference parton is in the initial state then the J-functions
restrict the whole resolved phase space simply to d = 4

n n
/d@n (pl +p2 — ;% /H o 32q (2m)%d (;(h —p1— pz) . (4.188)
However, if the reference parton is in the final state, the following factors appear

2 (r 4 u) = (r0 + )% 6729 (p) for the single-collinear sector
2 (r 4wy +ug) = (r° + ud + ud)? 672 (7) for the triple-collinear sector,
82 (ry + up) 605 (g + up) =
[(r] + ud) (1§ + u))] 2 5(=29) (71) 672 (75) for the double-collinear sector,

(4.189)

since a resolved parton momentum in a collinear limit is the sum of the reference momentum and
a unresolved momenta. The delta §(—2%)(7) restricts the angular integration to four dimensions
while the integration for the energy is modified by an energy dependent factor. This factor
compensates the higher dimensional contribution to the phase space measure of the resolved
momentum. The unresolved momenta are still parameterized in d = 4 — 2¢ dimensions. There are
at most two unresolved momenta in the contribution O'D[F} Since all resolved momenta are restricted
to four dimensions, by rotational invariance the first unresolved momentum u; can be explicitly
parameterized in five dimensions and the second unresolved momentum can be parameterized in at
most six dimensions ug. This is the upper bound on explicit dimensions needed independently of
the multiplicity of the considered process. The only function, in which the sixth dimensions arises
explicitly is the double soft function. Formulas for the explicit angular integrations beyond four
dimensions are given in appendix A.2.1.

The remaining contribution that has to be adapted to the 't Hooft-Veltman scheme is

bsu = 688 + 68y +65¢ . (4.190)

This contribution is however more complicated, since it contains matrix elements with n + 1 partons
and matrix elements with n partons, where n + 1 partons are resolved and only one particle is
unresolved. First, in order to understand the structure of this contribution, the next-to-next-to-
leading order measurement function is replaced by a next-to-leading order measurement function,
this means F;,, = 0 and F,, 1 prevents n + 1 final state partons to become soft or collinear. Then
the previous discussion can be repeated for n + 1 resolved particles in four dimensions. Returning
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to the next-to-next-to-leading order measurement function, i.e. F, # 0, one of the resolved particles
can become soft and collinear. Appropriate, subtraction terms contain soft and splitting functions.
However, since the parton has four dimensional polarization vectors, the correct limit is only obtained
if the splitting function at € = 0 is considered. As an example, the iterated limit, that has already
been discussed in section 4.4, is considered. In sector 8; the collinear pole due to 72 is considered,
and described by the averaged splitting function. The second collinear limit 17; — 0 of the resolved
parton is described by the spin correlated splitting function in four dimensions. The limit in Eq.
(4.101) is replaced by

0
M 41 an (P, )2

(871'(13) ? <P (0)

Sr2 S1r2

~ (0
O (raie £ 0)) MO (p,. )P (Crauiie = 0)MO (p,.. ), (4.191)

if a0 = ¢g. The same iterated procedure has to be applied to a soft pole and collinear subtraction
and collinear pole and soft subtraction. While the soft pole soft subtraction is not changed since
the next-to-leading order soft function does not depend on e. In this way, matrix elements are only
needed in four dimensions. The next step is to restrict the phase space of the n + 1 resolved partons.
This can be achieved in the same way discussed for n resolved partons. The measurement function
is modified accordingly

—(n)e
2 G’YE n
Frin — Fup (” ir > [H(%)—?éa(—?a)(qi)] . (4.192)

i=1
The difference to the previous case is that Jd-functions will also restrict one of the unresolved
momenta in the triple-collinear and double-collinear parameterizations of 65%{. The list of appearing
d-functions is
62 (r 4+ u1) 602 (ug)  for the collinear pole in 71 in sector Ss,
52 (r 4+ ug) 6029 (uy)  for the collinear pole in 7 in sector Sy,
5(=2) (r) §(=2) (u1 +ug) for the collinear pole in 7; in sector 85

and in 79 in sector 84,

B _ ) ] (4.193)
st 25)(7") §( 25)(u1) for the soft pole in & in sectors 81, 82, 84 and Ss.
2 (1) + 1) 6072 () 672 (ug)  for the collinear pole in 7 in sector S |
62 (rg + 1) 602 (r1) 6729 (uy)  for the collinear pole in 7 in sector Sg,
52 (r1) 672 (19) 6022 (u1)  for the soft pole in & in sector Sg.

These restrictions on u; and uo influence the scaling of the sector variables as has been anticipated
in section 4.5.1. To obtain the correct scaling in the 't Hooft-Veltman regularization the d-functions
in Eq.(4.193) have to be taken into account. As an example, the collinear pole in 7; in sector 83 is
discussed. The scaling of §§_1_b5) in CDR can be directly taken from Tab. 4.3 to be ¥°PR = 3. In
the 't Hooft-Veltman scheme the é-function has to be taken into account additionally

6(_26) (UQ) = 5(_26) (£1£2§2maxEmaXa2) = (£1£2£2maxEmaX)265(_26) (17,2) . (4194)
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Hence, the correct scaling is bV = 1, as given in Eq. (4.169).

4.7 Numerical test of the subtraction scheme in four dimensions

The correctness of the full four-dimensional formulation of the subtraction scheme, is verified for the
gluonic channel to the total cross section of tt-production with up to two additional gluons in the
final state. This channel is chosen, since it has the most involved structure, if spin correlation in
collinear limits are concerned. Hence, the azimuthal averages, that have been discussed in section
4.4 are tested as well. For this test, the software, that has been used to obtain the results in [34],
has been modified. It will be shown that the modifications, that have been discussed in section 4.5.1
and section 4.6, lead to correct results independently of the regularization scheme that is used. The
test is performed for the single-unresolved and double-unresolved contributions only. Contributions
that include finite remainders of one- and two-loop amplitudes need not to be evaluated, since
they have been proven to be explicitly independent of the the regularization scheme, as has been
argued in section 4.5. The finite contribution of the subtracted double-real radiation cross section,
does not depend on the regularization scheme either, since it can readily evaluated in four dimensions.

The partonic cross section is rescaled, such that it is dimensionless and independent of the strong
coupling. It reads

m
5@ = s (4.195)
where (?) is the total cross section at O(a?). The renormalization and factorization scales are fixed

R = pp =My . (4.196)

4 2
B=1/1- Tgt =05. (4.197)

Tables 4.8 and 4.9 contain the separate contributions to the double-unresolved cross section. In
Tab. 4.8 the results have been obtained in the CDR scheme, the results in Tab. 4.9 are in the
HV scheme. The sum of the different contributions is given in the last row. The given errors are
due to the Monte Carlo integration. The integration error of the contributions 5]\3/¥ and 68% are
negligible, since a deterministic integration routine has been used. By applying the counterterms
discussed in section 4.5.1, the double-unresolved contribution should be finite, independently of the
the regularization scheme that is used. This is verified in the two tables. All poles cancel within one
standard deviation, except the leading pole in CDR, where a consistency with zero is below two
standard deviations. The integration has been performed with an optimization of the € contribution.
This is one reason for the lower quality of the leading pole. Additionally, the integrand of the leading
pole in CDR is equal to the integrand in HV. Hence, a cancellation in HV implies a cancellation
in CDR. Due to large cancellations between the different contributions, it was necessary to use a
large sample of integration points. For example, the precision of the double-real contributions has
been obtained by using nearly 10!! points. It has been observed that the convergence in the HV
regularization was noticeably better. The precision of the sum of finite parts is of the order of 1%,
while the agreement between the result in CDR and HV are at the 0.1% level.

All partial contributions presented in the tables contain only tree-level matrix elements. Their
precise definition has been discussed in section 4.5 for general partonic cross sections. In this
particular case they are:

All results were obtained for
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1/e* 1/ 1/ 1/e el
A 0.0321959 0.135003 0.177418 0.04517 —0.1242
RV, —0.0724423(9) —0.456495(4)  —1.196150(11) —1.81962(4) —2.8562(1)
GRR 0.0402448(2) 0.321486(1) 1.045064(6) 1.61821(4) 1.3065(3)
o5y —0.154649(4)  —0.447655(20)  0.09385(8) 1.8313(2)
5% 0.154650 0.421336 0.06247 —0.1878
G5O —0.0000016(9)  —0.000005(6) 0.000013(24) 0.00007(9) —0.0304(4)

Table 4.8: Double-unresolved (DU) contributions to the partonic cross section gg — tt + X, with X consisting
of up to two gluons, evaluated in conventional dimensional regularization (CDR). The error estimates quoted in
parentheses are due to Monte Carlo integration. The definition of partial contributions is given in the text.

1/e* 1/ 1/ 1/e o
Gyy  0.0321959 0.086177 0.021985 —0.03200 0
RV, —0.0724415(9)  —0.346630(3)  —0.702124(8)  —1.04640(3) —2.3910(1)
BB 0.0402447(2)  0.260452(1) 0.706469(6) 1.06119(3) 1.8461(2)
&Sh —0.154646(4)  —0.283008(15)  0.08326(5) 0.5144(1)
5% 0.154650 0.256668 —0.06603 0
Y —0.0000009(9)  0.000003(6)  —0.000010(17)  0.00002(6) —0.0304(2)

Table 4.9: Double-unresolved (DU) contributions to the partonic cross section gg — tt + X, with X consisting
of up to two gluons, evaluated in ’t Hooft-Veltman regularization (HV). The error estimates quoted in parentheses
are due to Monte Carlo integration. The definition of partial contributions is given in the text.

~VV .
opy -

~RV

~RR

~Cl1

~C2

Double-virtual contributions obtained by integrating the two-loop and one-loop squared
amplitudes for gg — tt without their finite remainders.

opy ¢ Real-virtual contributions obtained from the integrated subtraction terms of the one-loop

amplitude for gg — tt + g, without the contribution of the finite remainder of the one-loop
amplitude for gg — tt.

opy - Double-real contributions obtained from the double-unresolved integrated subtraction terms

of the Born amplitude for gg — tt + gg, including corrections described in section 4.5.1, which
make the total double-unresolved contribution finite.

opy © Factorization contributions obtained from the convolution of the leading order splitting function

with the cross section contribution of the integrated subtraction terms of the Born amplitude
for gg — tt + g.

opy : Factorization contributions obtained from the convolution of the leading order splitting function

with the cross section contribution of the one-loop amplitude for gg — tt without its finite
remainder, and the convolution of the next-to-leading order splitting function as well as two
leading-order splitting functions with the Born cross section for gg — tt.
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The cross sections in HV have been obtained with azimuthal averaged splitting functions as has been
outlined section 4.4. The CDR terms contain the splitting functions with full spin correlations.

1/€? 1/e gl
GER 0.064772(4) 0.42742(3) 1.0623(3)
68y  —0.064780(6)  —0.31419(4) —0.6044(2)
&3 —0.11329(3) —0.1999(1)
544 —0.00737(2)
PR —0.000008(8)  —0.00006(6) 0.2506(3)

Table 4.10: Single-unresolved (SU) contributions to the partonic cross section gg — tt + X, with X consisting
of up to two gluons, evaluated in conventional dimensional regularization (CDR). The error estimates quoted in
parentheses are due to Monte Carlo integration. The definition of partial contributions is given in the text.

1/€2 1/e g0
GER0.064780(5) 0.25429(3) 0.2584(2)
G —0.064770(7)  —0.14096(2) 0
&3S —0.11329(2) 0
&8y —0.00734(1)
&Y 0.000011(8) 0.00004(4) 0.2511(2)

Table 4.11: Single-unresolved (SU) contributions to the partonic cross section gg — tt + X, with X consisting
of up to two gluons, evaluated in ’t Hooft-Veltman regularization (HV). The error estimates quoted in parentheses
are due to Monte Carlo integration. The definition of partial contributions is given in the text.

In Tabs. 4.10 and 4.11 the partial results for the single-unresolved contribution in the CDR and
HYV scheme are displayed respectively. Equally to the double-unresolved case the cancellation of
poles is observed at the one sigma level. A slight deviation from zero for the leading pole in the HV
case beyond one sigma is encountered. The same comments as in the double-unresolved case can be
applied here. The agreement between the finite part of the single-unresolved contribution evaluated
in the CDR and the HV scheme is within the Monte-Carlo error.

The single contributions, that have been evaluated, read:

~RR .
O-SU .

~RV .
O-SU .

~C1 .
ogqy ¢

Double-real contributions obtained from the single-unresolved integrated subtraction terms
of the Born amplitude for gg — tt + gg, including corrections described in section 4.5.1,
which make the total single-unresolved contribution finite. The splitting functions used in the
derivation of the integrated subtraction terms are given by the azimuthally averaged expression
Egs. (B.21). The correct result is obtained after adding 64},

Real-virtual contributions obtained by integrating the one-loop amplitude for gg — tt + g
together with its subtraction terms, after removal of all finite remainders.

Factorization contributions obtained from the convolution of the leading order splitting function
with the cross section contribution of the Born amplitude for gg — tt + g together with its
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subtraction terms.

: Difference between the single-unresolved contributions obtained with spin-correlated and
azimuthally-averaged splitting functions in integrated subtraction terms as explained in
section 4.4.

The given numerical tests show explicitly that STRIPPER is independent of the regularization scheme.
On this basis, the fully general implementation of the scheme in HV regularization is explained in
the next chapter.



CHAPTER 5

Implementation of STRIPPER

After the subtraction scheme STRIPPER has been fully developed on a theoretical basis in the
previous chapter, its explicit implementation is presented in the present chapter. There are several
advantages of the four-dimensional formulation that have been taken into account. The most
important advantage is that the subtraction scheme is completely independent of the precise process
under consideration. Hence, STRIPPER provides a fully general framework to calculate next-to-
next-to-leading order corrections in perturbative QCD. The infrared pole structure, that has been
discussed in section 4.5, is completely independent of the precise form of the matrix elements. It
is only governed by the soft and splitting functions in subtraction terms of real contributions and
the infrared operator Z, which incorporates the infrared singular structure of the virtual contri-
butions. Additionally, the phase space decomposition into single-collinear, double-collinear and
triple-collinear sectors depends only on the number and flavor of external partons. Hence, the phase
space parameterization is uniquely defined for each sector, as outlined in section 4.2.

The subtraction scheme is implemented using the C++11 standard. The explicit implementation
follows the theoretical description in the previous chapter. Each contribution that is separately
integrable can be evaluated independently. For the evaluation of a specific process, matrix elements
are needed. However, the evaluation of matrix elements is separated from the subtraction scheme
itself. The connection between matrix elements and the subtraction framework is given through
interface classes, which can be adapted to available matrix element generators. Since tree-level
matrix elements for Standard Model processes are provided in really sophisticated software libraries,
a standard tree-level matrix element generator is already interfaced to the core implementation.

A standard library for one-loop finite remainders, is not yet included, even though several im-
plementations exist, as has been discussed in section 3.3.1. This is because the requirements on
the stability of the one-loop amplitude in the singular phase space regions are much higher in a
next-to-next-to-leading order computation in comparison to a next-to-leading order computation. It
is therefore useful to include one-loop finite remainders on a case by case basis.

The two-loop finite remainder and the one-loop finite remainder squared have to be considered
on a case by case basis as well, since only a few two-loop amplitudes have been calculated so
far (see section 3.3.2). It is again emphasized that these contributions are finite by themselves.
The implemented software is the first fully general event generator to provide fully differential
next-to-next-to-leading order predictions.

In the first part of this chapter the adaptation of the (physical) concepts behind STRIPPER to an
object-oriented implementation is discussed. Subsequently, specific features of the implementation
are presented that go beyond the detailed description of the subtraction scheme in the previous
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chapter. In section 5.2, color correlated and spin correlated tree-level matrix elements are discussed.
Explicit summations over spin states are replaced by Monte Carlo sums of randomly polarized
partons or a helicity sampling, in the case of the reference and the unresolved partons. Therefore,
subtraction terms for polarized matrix elements are derived and tested in section 5.3. Some special
functions that need to be provided and their implementation is discussed in section 5.4. The
effects of missed binning can be minimized. This will be explained in section 5.5. Finally, a first
application of the software is demonstrated in section 5.6: Partial results for differential distributions
in tt-production at next-to-next-to-leading order in perturbative QCD are presented.

5.1 Overview

In this section, the general structure of the software is presented. The full subtraction scheme is
realized in a object-oriented implementation of a Monte Carlo event generator. The main idea is
that each (physical) concept that is needed in order evaluate the cross section for specific observables
is related to an object of specific properties. In the following, the different classes are presented. In
this section, words written in italic letters refer to classes of the C++ implementation or a specific
instance of the class. A rough overview of the class dependencies is depicted in Fig. 5.1.

Generator

The software provides a Monte-Carlo event generator for the hadronic cross section given in Eq.
(3.9). This is realized by the class Generator. The specific instance of Generator is defined by
an initial state, the list of renormalization and factorization scales M2R and ,u,% at which the cross
section should be evaluated and the measurement functions that specify infrared save observables.
Different contributions for the partonic subprocesses can be separately included into the generator.
All contributions that are separately integrable can be or have to be included separately. The full
list of possible contributions and the parameters to identify them are given in Tab. 5.1. The order
in oy is specified for each contribution. Then the number of final state unresolved partons has to be
identified n, < 2. This number defines how the phase space is divided into sectors using selector
functions. In order to distinguish single-unresolved and double-unresolved cases, the number of
resolved partons n, out of the unresolved ones has to be provided. The number of loops n, specifies,
if the tree-level matrix elements, the one-loop finite remainder or the two-loop finite and the squared
one-loop finite remainder remainder have to be evaluated for the specific contribution. Finally, the
presence of convolutions for initial state collinear factorization contributions uniquely defines a single
cross section. For a full next-to-next-to-leading order computation, all contributions have to be
included into the generator.

Generator contains explicitly the implementation of all subtraction and integrated subtraction terms,
that are constructed as explained in section 4.3. Explicit formulas for the splitting and soft functions,
that appear in the collinear and soft limits of the matrix elements are implemented, see sections
3.4.1 and 4.4 and appendix B.2. Additionally, the splitting functions for the initial state collinear
factorization formulas in Eqgs.(3.19) and (3.24) are implemented. Separate formulas for the five
triple-collinear sectors, the double-collinear sector and the single-unresolved sector are provided.
This is necessary in order to factorize the singular part of the collinear and soft limits from a regular
piece, which is finite as one or several of the sector variables {£1,£2,11,m2} vanish. Furthermore, the
complete set of tree-level polarized subtraction terms is implemented. The infrared singular part of
virtual contributions is given by the color space operator Z as discussed in section 4.5. The explicit
formula, given in appendix B.1, is implemented up to second order in a.

All matrix elements, that appear in the different contributions in Tab. 5.1, are evaluated externally
and are called using the interface classes Born, OneLoop and TwoLoop.
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contribution | finite order in oy n, n, n5 convolution
oB Vv LO 0 0 0
oy v NLO 0 0 1
oyl NLO 0 0 0
o v NLO 1 1 0
o v NLO 1 0 0
o€ NLO o 0 0
oV v NNLO 0 0 2
ory NNLO 0 0 1
ooy NNLO 0 0 0
oV v NNLO 1 1 1
oy v NNLO 1 0 1
oy NNLO 1 1 0
oBY. v NNLO 1 0 0
oRR v NNLO 2 2 0
ofR v NNLO 2 1 0
iR v NNLO 2 0 0
&t NNLO 1 1 0
oSy v NNLO 1 0o 0
o2 NNLO o 0 1
oSy NNLO o 0 0

Table 5.1: List of contributions of a next-to-next-to-leading order cross section that can be included separately
into the Monte Carlo integrator of STRIPPER. The second column tells, whether the contribution contains a finite
contribution. The third column notifies to which order in perturbation theory the contribution belongs. The
number of unresolved partons n,, is given in column four, while n,. specifies the number of resolved partons out of
the unresolved ones. This is necessary in order to distinguish single- and double-unresolved contributions. np, is
the number of loops of the finite remainder in the contribution. To identify the contribution unambiguously, the
final column designates, whether a convolution with initial state splitting functions needs to be evaluated.

The Monte Carlo integration is controlled by the instance of Generator itself. An one-dimensional
version of PARNI [214, 215] provides an implementation of importance sampling in order to generate
probability density grids for the generation of random points. It is possible to separate the Monte
Carlo integration into an optimization phase, in which grids are generated, and an integration phase,
in which the actual integration is performed and the previously generated grids are used. A Monte
Carlo sum is performed over all possible sectors that are defined in the class Selector. The choice of
a specific sector for a single event defines unambiguously the kinematics of all external particles and
the phase space measure. The kinematics and the phase space measures are implemented in the
class PhaseSpace. In particular, the kinematics of the reference and unresolved partons are fixed as
explained in section 4.2.

The summation over polarization of all particles, except the reference and the unresolved particles
can be performed using random polarization for tree-level matrix elements. The summation over
polarization states of the unresolved and the reference parton can be performed by a helicity Monte
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Carlo. Both concepts will be explained in detail in section 5.3.

Scales

In order to provide the theoretical error estimate, the calculation has to be performed at different
renormalization and factorization scales M2R and u%. The class Scales provides the possibility to
evaluate the cross section for different scale choices, where the scales can be either fixed or depend
on the phase space point. A computation for different scales can be performed simultaneously.

InitialState

An initial state is an instance of the class InitialState and is defined by the initial state particles.
Since STRIPPER is equally well defined for decays, the number of initial state particles is either two or
one. If the number of initial state particles is two, the center-of-mass energy /s has to be provided.
A convolution with PDFs is necessary if one or two of the initial state particles are hadrons, where
for now only protons and anti-protons are relevant. The list of PDFs that are considered during an
evaluation can be specified. In this form, it is possible to evaluate the cross section for different PDF
sets simultaneously. Different PDF sets are interfaced through the newest version of the LHAPDF
interpolator, that allows to use all relevant PDF sets, e.g [10-13].

Particle

A vparticle is an instance of the class Particle. A particle is identified by a name. The nomenclature
is the same as in MadGraph [14]. The class provides default values for the mass, width, number of
helicity states and the anti-particle for all Standard Model particles as well as the proton and the
anti-proton. All quarks are massless, except the top quark. A function to include new particles is
provided. The properties of a particle can in general be changed, although the masses and widths
of the gluon, the photon and the proton are fixed. The class provides special functions to identify
partons, since they play a special role in STRIPPER.

Measurement

The measurement function given in Eq. (3.11) is implemented into a class Measurement. The
measurement function controls the output of the calculation, which means each simulated event.
It is defined by cuts and a jet-algorithm. By default, no cuts and jet algorithm is applied. The
instance of Measurement manages the accumulation of generated weights into histogram bins for
different observables of the class Observable. Error estimates are provided for each bin. Starting at
next-to-leading order a meaningful error estimate for a bin is only obtained, if a weight of an event
and the appropriate subtraction term weight are first summed and subsequently squared. Multiple
kinematic observables can be included into a measurement.

Cuts

A instance of the class Cuts decides if a kinematic configuration of the final state is accepted or
not in order to preserve infrared safety. The decision is made on the basis of the particle clusters
constructed by the jet-algorithm.

JetAlgorithm

The class JetAlgorithm provides, currently, two different implementations of jet algorithms presented
in [216]. The instance of a jet algorithm defines clusters of final state particles on basis of their
momenta and the parameters that define the jet.
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Cluster

A cluster, as an instance of Cluster, has two attributes. The list of particles in the cluster an its
total momentum. A cluster is either a single particle or a jet.

Observable

The class Observable provides an interface for kinematic observables in order to compute differential
cross sections. The list of observables should be included into the measurement function, as described
before. The following observables are already defined. The InvariantMass can be specified by the
list of clusters for which the invariant mass should be defined. The Rapidity for the set of clusters
and the TransverseMomentum for a set of particle clusters.

Histogram

An object of the class Histogram is defined by the number of bins and a vector that defines the left
and right bound of each bin. The number and size of histogram bins can be specified individually,
where one as well as two dimensional histograms are possible. A smearing parameter can be specified
in order to reduce the effects of missed binning. This will be explained in detail in section 5.5. The
set up allows to evaluate different differential cross sections in one run. The measurement class
manages the accumulation of the weights and errors to each bin.

Process

The Process class implements a general process which is defined by the initial and final state particles.

Selector

The number of unresolved partons and the partonic process defines a instance of the Selector class.
This is the explicit realization of selector functions that were discussed in section 4.1. Based on
the specific process it determines the number of independent single-collinear, double-collinear and
triple-collinear sectors, where each triple-collinear sector is divided in five subsectors 81 to 85 as
explained in section 4.2. A Monte-Carlo sum over all sectors is realized in the class Generator.

PhaseSpace

The parameterizations of the phase space are implemented in a class PhaseSpace. It is sufficient
to provide the partonic center-of-mass energy and a current sector of the Selector instance. This
defines the unresolved and the reference particle, which are parameterized according to section 4.2.
The momenta of the remaining partons in d®,_n,, (Q), see Eq. (4.12), are evaluated independently
in the center-of-mass frame of () and then boosted back to the partonic center-of-mass frame. The
class provides methods to adapt the kinematics as one or more sector variables go to zero, which
are {£1,82,m1,m2} in the double- and triple-collinear sectors or {£,n} in the single-collinear sector.
This is necessary in order to obtain the correct kinematics in subtraction terms. Resolved particles
are always four-dimensional by applying J-functions as explained in section 4.6. The class provides
also the weight of the measure of the phase space, including the explicit weight due to the selector
function.

Born

This interface class provides all tree-level matrix elements that are needed in STRIPPER. The full
list reads

—~

MO MOy M|, - T M) (M
MOUT; T, T - T IMD) (MO pberebTe ), (M

n n

D) M)y
DI, - T | A ) (N M)y

33 3



84 5 Implementation of STRIPPER

(VD AN ) AN M) vy ML T - T
O Dy ML)

where in principle different matrix element libraries can be interfaced. By default the matrix elements
are provided by [214, 215] and most of the Standard Model matrix elements can be evaluated. The
implementation of color correlators is outlined in section 5.2.1. The class provides matrix elements
for specific helicities or spin summed amplitudes. Additionally, randomly polarized external states
are supported. In order to implement spin correlations and polarized subtraction terms access to
the polarization vectors of gluons is provided. Spin correlations, denoted by |\;)(\;], are explained
in section 5.2.2.

Oneloop

This interface class provides the necessary one-loop amplitudes at a specific renormalization scale
MQR, which read

ReMO[FD) | 2Re(MO|T; - T5FDY , 2ReMO AN NFDY, 2Re(MO, 150

The one-loop four point functions including spin and color correlations for ¢t are already provided.
The one-loop five-point functions for tt-production at next-to-next-to-leading order are already
provided using the software of [217, 218] that has been used for ¢t production plus an additional jet
at next-to-leading order.

Twoloop

This interface class provides the two-loop contribution for a specific renormalization scale ,ul%“ which
read
2Re(M)|F2) + (FL1|F) .

The first two-loop contributions that will be provided are the ones for tt-production, that have been
used to calculate the total cross section at next-to-next-to-leading order [34].
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Generator
InitialState ‘ ‘ Scales ‘ ‘Measurement‘ ‘ Histogram ‘

~  Selector ‘ Cuts ‘ ‘ Observable ‘

| N S

~ PhaseSpace

‘ Cluster ‘

Particle H Process ‘ ‘ MatrixElements H JetAlgorithm ‘

Figure 5.1: Diagrammatic representation of the class dependencies. Each concept in STRIPPER is implemented
in a C+-+-class. A short description of the classes is given in the main text.

5.2 Tree-level matrix elements
Tree-level matrix elements are evaluated using the FORTRAN software library [214, 215]. The library

provides amplitude in the color-flow basis (see Appendix A.1) for a specific helicity configuration of
external particles

D xaM@y = ST g gz gt MY (A ) (5.1)

Jor(1) Jop(2) """ Jop(n)
I=P(2,...n)

5.2.1 Color correlations

Since \M%O)> is a vector in color and spin space, the left hand side of Eq. (5.1) is still a vector in
color space, where n is the number of external partons. The squared matrix element summed over
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helicities and colors of external particles reads

MJ? = Z VP AL ) O A M)

Al..
0
_ Z S D) M (AL ) X (5.2)
Al 1J
];:o' I_go' n k.. kn;ja 30‘ n j 1
x 6,711 O SO S g
n (7[(1) a'I(n)Jl Jn Jo 5(1) Jo j(n)

where a summation over equal indices is understood. Each operator in color space O in the color
flow representation can be written in terms of Kronecker deltas connecting open color indices of
the amplitude with open color indices of the complex conjugate amplitude. If there are no color
correlations the operator connects each quark color index with the corresponding antiquark color
index of the complex conjugate amplitude !, which effectively just sums then number of colors of
external particles. Explicitly the operator reads

JO’ ]U n
Oo=1-= 5?3%;& 5555@((”3 = 0167 ... 0n85" (5.3)

where on the right hand side, a short hand notation for the indices has been introduced

ki =i, ji—i, ko) = 0is Joya) — Oi-

In this form a distinction between upper and lower indices as they appear in Eq. (5.2) is necessary
in order to identify contractions with the amplitude or its complex conjugate.

Color correlations can be implemented on the same footing by writing the color charge operator of
parton ¢, T;, in the color flow representation

Ti;q = (ta) 0%

7 o )
Tig = (—t*)5: 07 , (5.4)
Tiy = (1°); 050 — (1951 0.

It should be emphasized, that in the context of color flows, the indices i,j,... always belong to a
quark-anti-quark pair. In contrast to the previous chapter, where each parton is labeled by its
own index. The objects that actual appear in the color correlated matrix elements T; - T; can be
determined by using the identity

(t9)i (to)F = (5;5;?]\1[65;5;“). (5.5)

The correlation operators for ¢ = j read

Tiq - Tiqg = Tisg - Tig = Cr 1,
Tig-Tig =Cal, (5.6)
Ti;q ’ Ti;ﬁ <5zln 531 - 75; 52) ’

1 The gluon has a quark and antiquark index. See: A.1l



5.2 Tree-level matrix elements 87

whereas for different indices i # j they read

1 7 o; O i <] <O 05 i <] cop <0 i <J co; <0j
Tiig Tisg = 5 (0, 0 05: 677 — 6165, 670 071 + 61 033 657 + 8,81 95: 03, ) |
1 o
i+ Ty = 5 (0103, 07 07, + 8187 622037 )
1 ) o; §95 ) o; $0j
i;g'Tj;q:§< 50 55 50 51J +5z 65 501 505) )
1 'l ] 1 j 0,2
Tz,q'Tj;q_§ 05 6; — ﬁ55 ) 5aj7
Tiq-Tjq= 15Z & (0967 ! 621 )
uq J%q_§ i Y5 o; Y%j _ﬁc o; Yoj |
1 o
Tiq Tjgq= 2< S5 655;‘; 51]—1——6;5;5? 50]> ,

where an operator 1 for the remaining uncorrelated color flows is always understood.

In STRIPPER two functions are implemented that calculate the double and quadruple correlation
operators. They are subsequently contracted with the matrix elements in the color flow basis.
The remaining triple color correlator

VDT TYTINGY) (5.7)
can be obtained using the quadruple correlator and the identity
if“bcﬂaﬂszg — [Tz . ijTz' . Tk’} . (5.8)

It is important to notice that the triple color correlator always vanishes, if matrix elements are
summed over color and spin and do not contain any complex parameters. This has been shown in
[219] using the following argument. The matrix element can be expanded in an arbitrary color basis

Z MDY x |ca) , (5.9)

where the basis vectors |c,) are made of the generators in the fundamental representation of SU(3) t¢,
or the adjoint representation i f*¢. The argument holds equally for any kind of basis representation.
The triple color correlator is evaluated as follows

<M7(10) ‘ifabcnaijTﬂM%O)> _ Z<Mg¢0) ’M(ﬁ())) <Ca’ifabcna7}bT]ﬂCﬁ> ) (5.10)
af

The color charge operators are hermitian and commute with each other, as all parton indices i,j,k
are different. Therefore, the color contribution is

(Calif ™ TPTITE c) = —(cpli f** TP T T ca) (5.11)
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as the contribution is always real. Hence, the color contribution is antisymmetric under the exchange
of a and . The whole correlator 5.10 is thus
. 1 0 0 ‘
O T TN = 537 (GO E) = DI ) (ealif *TIT T es) . (5:12)
ap

If (M&O)\M(ﬂo)> is real, the correlator vanishes. This is the case, if the amplitude is summed over
polarizations of the external particles and if there are no other complex parameters, e.g. masses or
coupling constants, in the matrix element.

For a squared amplitude of a given polarization the correlator does not vanish in general, because

MO A - A M) 2 DAL A (- A M) (5.13)

5.2.2 Spin correlations

Collinear limits of matrix elements are described by splitting functions Pég) ss/, if the splitting

particle is a quark and plo), uv , if the splitting particle is a gluon. In the latter case, the collinear
subtraction term contains single spin correlated matrix elements indicated by

A (NIl (5.14)
or double spin correlations indicated by
XA AT (5.15)

where in the first case the polarization of gluon i is fixed to be A} in the matrix element and \; in the
complex conjugated matrix element. Correspondingly, in the second case two polarizations of two
gluons are fixed in the matrix element and its complex conjugated counterpart. A spin correlated
matrix element can then be calculated using the identity

(VR M) = e (03X - kre(pihi) -k (MDA (g MD) (5.16)
AN,

where €(p;,\;) is the polarization vector of gluon with momentum p;. Another possibility is to
replace the polarization vector of the gluon in the matrix element, directly by the transverse vector
k. , if this is possible.

5.3 Random polarization and polarized subtraction terms

The complexity of higher order calculation has two origins. On the one hand there is the conceptual
complexity to find appropriate methods and techniques to calculate next-to-next-to-leading order
corrections to a given process. This has been discussed at length in the preceding chapters of this
work.

On the other hand, calculations become challenging from a computational point of view. In practical
scattering problems, unpolarized results are needed and therefore a summation/average over external
polarization states has to be performed during the calculation. The number of summations that
have to be performed is in principle 2"23"3 where ns is the number of external particles with two
polarization states and ng the number of external particles with three polarization states. From this
perspective the computationally complexity increases rapidly as the number of external particles
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rises. For a next-to-leading order calculation the real radiation contribution (’}I{f with one additional
parton in the final state is therefore the bottleneck. At next-to-next-to-leading order the double-real
radiation contribution 6§R is the most complex one in this sense, since it contains two additional
partons in the final state.

A replacement of the deterministic summation over helicity states by Monte Carlo methods will
speed up the calculation basically up to a factor of 2™23™8. There are two general methods, how
replace the summation by a Monte Carlo sampling. Here, only particles with two polarization states
are discussed, namely massless gauge bosons and fermions. The first method is to sample over
discrete helicity configurations of the external partons. This has however the disadvantage that
different polarization contributions can differ by orders of magnitude. If a uniform distribution for
the sampling is used, a large number of points have to be evaluated to get a reliable error estimate
of the final result.

The second method is to replace the helicity summation by an integral that can be evaluated using
Monte Carlo integration. A naive way is to write

/d¢n<mg°>|mg0>> :/ d"+2z/dsbn<mg0>yxl(zl)...><A1(l1)...|Jvt§f’>>, (5.17)
[0,1]
where
1 for 0<i<3
Ny =T ISy (5.18)

However, this is essentially the helicity sampling method explained above, since the strength of
the discontinuity at l; = % reflects the difference between the different helicity configurations. It is
possible to bypass this problem using random polarizations [220]. The summation over gluon (or
photon) polarization states is replaced by

2
1
S el = o [doeie)eno) (5.19)

where the randomly polarized vectors are
eu(p) = ei%; + e_ws; . (5.20)
The method can be straightforwardly extended to fermions using the replacements

u(¢) = e Put +ePu | u(¢) = eut + e Pu

v(p) = e vt 4 e, B(p) = vt + e 0 (5:21)
The spin summation becomes
. o
v = O/ Wu(@ie), 30 - 0/ 46 0(6)3(6) - (5.22)

The phase space integral and the polarization integral is now performed over a continuous integrand,
contributions for different polarization angles {¢;} will be of similar size and no spoiling of the
Monte Carlo convergence is expected.
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The random polarization method can be readily used for evaluation of contributions that are finite
without subtraction terms. Contributions that do need subtraction are not finite anymore, since
the subtraction terms are summed over polarizations configurations, as discussed in section 3.4.1.
The locality of the subtraction terms will be lost. At next-to-leading order this problem has been
solved by introducing randomly polarized subtraction terms for the real radiation contribution in
the Catani-Seymour dipole subtraction formalism [221].

Another approach is to use a hybrid scheme of helicity sampling and random polarization [222]. In
this context, subtraction terms for matrix elements of fixed polarization have been derived for the
real radiation contribution at next-to-leading order in the dipole formalism. The splitting and soft
partons have therefore fixed helicity states, while all other particles in the process are randomly
polarized.

For the implementation of STRIPPER one of the above methods had to be chosen and extended to
next-to-next-to-leading order subtractions. As it is not clear how to extend the former method to
obtain randomly polarized subtraction terms as two particles become unresolved, the latter method
has been chosen.

In the parameterization of STRIPPER it means that the reference partons r or r; and ro and the
unresolved partons w or u; and ug have definite helicities and a sample over different helicity
configurations is performed. The remaining particles in the process are randomly polarized. In
the next sections, we explain how polarized subtraction terms are obtained as one or two particles
become unresolved.

5.3.1 Soft polarized limits

A matrix element for a given polarization A of one soft gluon with momentum ¢ — 0 factorizes into
a reduced matrix element and the eikonal current [138§]

(e AMg.a1,....an) = gs (@A) T (@) My, a0 ) (5.23)
where the eikonal current is given by

i
7

n
p,
JH = T; . (5.24)
; ‘pi-q
It is important to notice that this factorization formula is independent of the polarizations of the
remaining hard partons. It can be easily shown that no modifications of the spin summed subtraction
term is necessary [222]. The squared matrix element contains the factor

* * 1
JoHTIVe, (g N )en(g,N) = TP TIVe,(q, — Neb(q, — \) = 5 fye . (5.25)

The equality is obtained by using the relation between positive and negative helicity polarization
vectors ‘
en(pA) = eVeu(p, — A (5.26)

where v is an arbitrary phase, and the hermiticity of the eikonal current has been used. Equation
(5.25) proves that the polarized single soft subtraction term is just half the subtraction term of the
related spin summed limit.

At next-to-next-to-leading order we consider the limit of two soft particles with momentum ¢; — 0
and momentum ¢go — 0. We consider the limit of a soft quark anti-quark pair with given helicity A\q
and Ao. The soft singularity is only present, if the quark pair is produced by a single gluon. In this
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way a soft current can be derived by using the soft gluon insertion rules as in the single soft case
[138]. The soft limit can be written as

C

leie ~ c
<)\l>\2|Mq,cf,a1,...,an> =~ (477055) —1= 5M(Q1,Q2; )‘la)‘2) J “LL(QI + q2)|Ma1,...,an> s (527)
V2(q142)

where the polarization vector £,(q1 + ¢2; A1,A2) in terms of the polarizations of the quark and
anti-quark can be explicitly calculated using Feynman rules in the Spinor-Helicity formalism (see
appendix A.3)

[q1]Vulq2)
V2[eeqi]
{q1]7ulq2]
V2[eaq]
By helicity conservation, the two quarks have opposite helicity. As in the case of a single soft gluon
there exist a simple relation between the polarization vector and its complex conjugate

gu(qlan; +17 - 1) =
(5.28)
éu(Ql,QQ; _17 + 1) -

En(qraz+1, — 1) = e&u(qr,q2; -1, + 1) . (5.29)

We square the limit of the amplitude and sum colors of the outgoing quark and anti-quark pair ¢;
and co. Using the hermiticity of the soft current we obtain the factorization formula

Mg.g.ar,.an(@1,q25 - - A1 A2) (M A2) My G.ar...an (€1,G2, - - ) =
1
9 (47Tas)2 TF Zjij((hm) (MES),...(pl, )T Tj|Mz(z?),...(P1, -.))» (5.30)

v

if \1 =+1and Ao = —1 or A\; = —1 and Ay = +1. The right hand side is just half the soft limit of
the matrix elements summed over helicities of the quark anti-quark pair. Again we remark that the
soft limit is independent of the polarization of the remaining hard partons.

The soft limit of two gluons is described by the two-gluon eikonal current

(M A2IMy 601, a0 (q1,2,P1, - - ) = (dmas) € (q1,A1)e" (g2,A2) I3 (q1,42) (M (p1, - - ), (5.31)

where ¢; — 0 are the momenta of the soft gluons and &*(g;,\;) their polarization vectors, with
1 = 1,2. The explicit form of the two-gluon current can be derived by taking into account all singular
insertions of two soft gluons [20, 138§]

I (q1,q2,M1,02) = €] 7e5" T2 (q1,q2) =

1 .
3 D AT TP 15 (q1,02; Mo Ae) + 72 T Jai(qi,ga,M,00) 5 (5.32)
Y] i

where the abbreviations ¢! = e#(g;,)\;), were introduced. The two auxiliary soft functions are given

T
by * *
pi-€ipi-e
J1,i5(q1,q2; M, Ae) = ——L—2 (5.33)
bi-q1pP;-q2
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and

, _ piEiqEs —Dpicesqe-€l P (q1— qe) pi - €1 Di €5 e} - €}
J2,i(q1,q2; A1,A2) = -
(1 a2) [pi - (q1 + 2)] 2[pi- (@ +@)] [(pi- )i~ a2)  @1-
(5.34)
In the following the arguments of the functions Ji;; and Jo; are dropped for simplicity. The
factorization formula squared provides the limit of the matrix element for a fixed helicity configuration
of the soft gluons

I T(g1,g2,M1,00) I (g1,g2, M1, 0) =

1
4 Z Jrig T Ty TP HTS T )

i7j7k7l
I . . 5.35
S (T T — g gy O
i7j7k
+Ca Z J3 2T - Ty,
4,J

where a summation over the color indices is understood. The color algebra is simplified using the
identities

i fEIeET {0 T2 = 24 fA29 ST T (1 - b (1 b) (1 — 83) — CaTy - T (G — 831) , (5.36)
and
{T?l,TEQ}{TCI,TZCQ} =2{T; - Ty, T; - T;} + Cal6;j0omTs - T, + 26310, T; - T
— 0450k Ti - Ty — 63560 Ts - To, — 040 T - T — 6510%T; - T

b2 fEICATATETE (1 — 5)(1— )1 — )
+ QifclcQCSTle?TZ% 611(1 — 5zk)(1 — 5jk)(1 — (5”) .

(5.37)

We recast the result into terms proportional to different color correlated matrix elements. The final
form of the factorization formula in the double soft limit of two gluons reads

(Mg,g,al,...,an (Q1,Q27 .. )|>\1)\2> <A1A2|Mg,g,a1,...,an (QMJ% .. )) =~
1 "
(tr0n P[5 3 g, T T T T M)

i,5,k,l
= 3 (2Im5 o) + () ) U T ) (P8)
(@,3,k)
—Cy Z Si,j (QI7q27)‘17)‘2)<M((1?),...,an |T1 : Tj ’M((zg),...,a,l)] 5
2

where the polarized two-gluon soft function is

1 * * * * * *
8i,(q1,q2,A1,M2) = Z(Jl,ii(‘jl,ij + g = i) T it gy — 20702 + 207 502,
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The triple color correlator only vanishes after summing over the polarizations of the soft gluons.

5.3.2 Polarized splitting functions

In section 3.4.1 the factorization of the unpolarized squared matrix element in the collinear limit of
two or three partons has been discussed. Factorization remains valid, if the collinear partons are
polarized. While for the 1 — 2 splitting the polarized splitting functions for the squared amplitude
are still manageable [222], the splitting functions for the polarized 1 — 3 splittings are cumbersome.
It turns out to be simpler to consider the collinear limit of the matrix element itself before squaring
it.

The collinear limit of two final state partons with momentum p; and p2 can be defined using the
Sudakov parametrization (3.48) in the limit k2 — 0. The factorization formula for the matrix
element reads [139, 223, 224]

(MA2[May s, (P1p2, ) = Y SPLit 72 (p3? 2 ) (A M, . (D, ) (5.40)
A

where the collinear factors depend on the helicity A of the splitting particle, which is chosen to be in
the final state and the polarization of the collinear partons A; and Ag. Explicit formulas are given
in the mentioned references. It is common to define a splitting matrix for the squared amplitude

A A A A
pe—araz (pi\l pg\Q) — <P-?-:a1a2 (p%f?p%f) P—?-:m“m (p}\1 ’pg\Q)) (541)
PEI)GUZQ (p11’p22) Pa—>a1a2 (p117p22)

where the entries are defined by
P;Yamz (pi\l ’pgz) _ [Sphtiﬁalaz (pi\l ’pgz)]TSphtiaamz (pi\l ,p;Q) ) (5‘42)

The summation of open color indices is always understood. The polarized subtraction term for the
squared matrix element is finally written as a matrix-vector multiplication in helicity space

(M oy (0192, NN A2 A XM, (P12, ) =

a—a1a2 1 2 <+|Ma7( 7)>
(O (e D) O (=D Pl (e 2 (s

The unpolarized splitting functions are recovered by summing over the polarizations of the collinear
partons.

The same reasoning can be generalized to the more involved case of the triple-collinear limit. It
is parameterized using the Sudakov parametrization for three final state partons of momentum p;,
Eq. (3.52), where again p? =n? =p-k,;; = n-ki; = 0. The matrix element factorizes in the limit
ky; — 0 [138, 225]

(MA2A3|May az.as....(P1P2:P3 - ) 22 D SPlity %% (p p32 p3*) (A Ma,..(p,-.)) . (5.44)
A

where the triple splitting functions have been rederived for the implementation in STRIPPER. They
are given in appendix B.4 and have been firstly calculated in [224]. A general recipe is discussed in
the following how they can be obtained using the spinor helicity formalism (see A.3).

First, the diagrams contributing to given a — ajasas process are generated. This has been done
using the MATHEMATICA packages FeynArts and FormCalc [226, 227]. Some modifications have to
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be applied, since the Feynman amplitude has to be given in an axial gauge, which is not available a
priori in FeynArts. There are five different processes that have to be taken into account

q—qdq ,

q—4qqq,

q—q99 (5.45)
9 —94qq ,

g9— 999 -

Fach contribution is expressed in terms of helicity spinors for a given polarization of the four involved
partons, where spinors and polarization vectors are replaced as discussed in A.3. The spinor of the
parton a which is either |p) or |p] is then replaced by

p=ptpPtps (5.46)

using energy-momentum conservation. The slashed contributions are reexpressed in terms of helicity
spinors
P, = pi) [pil + [psl(pil - (5.47)

They connect the splitting function and the actual matrix element. By simple power counting
arguments, the spinor connected to the matrix element can be expanded to leading order in k|

pi) ~ V/zilp) - (5.48)

The factor /z; is kept in in the splitting function, while the spinor provides the full factorization of
the matrix element. Apart from color factors and constants the splitting function only depends on
Spinor invariants, if invariants s;; are appropriately replaced by [p;p;](p;pi). The list of possible
invariants is

{[pipj); [kips], [kiksi], (Dipj), (kips), (kikj) }, (5.49)

where k;, ¢ = 0,1,2,3, are reference momenta of the external gluons a; and the axial gauge vector ko,
which is also the reference vector of a splitting gluon, a = ¢ in the axial gauge.

In order to obtain the collinear limit of the splitting function just the leading terms in the collinear
limit k£, — 0 are retained. In practice this amounts to keep [p;p;] and (p;p;), which scale as

pipj] = \/2pi - pje ~ /=K, (pipj) = \/2pi pje " ~ /K2, (5.50)

while all remaining spinor products are expanded to leading order using (5.48). 1) is a yet unspecified
phase which is irrelevant for the discussion. The leading collinear behavior does not depend on the
reference momenta k; anymore. The obtained functions are the splitting functions Split® 71923,
Similar to the collinear limit of two partons, a splitting matrix can be defined for the triple-collinear
limit
A1 A2 A A1 A2 A
P (it pp? pit) = <Pi£ala2a3 I W W 7p§3)> (5.51)
2. . aA—A1a20a: k aA—Qa1a20: : ) :
pPT 1 5(p11,p22,p33) prhtE d(pll’pQQapgd)

where the definition of the entries can be easily adapted from (5.42).
The entries of the splitting matrices P for all possible flavor and helicity configurations are imple-
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mented in STRIPPER and serve as collinear and soft-collinear subtraction terms. Initial state collinear
limits are obtained by the crossing relations outlined in appendix B.5. For the implementation,
the parameterization in the spinor helicity framework has to be related to the parameterization
of resolved and unresolved particles given in section 4.2. Therefore, the flavor of the reference
momentum r has to be fixed to obtain all possible subtraction terms. For the 1 — 2 splitting the
list of possible splitting matrices is

{9 — a9, ¢ — a9, ¢ = 94, 9 — 99} , (5.52)

providing subtraction terms for single collinear limits in 6{{ and 6151{' The list of splitting matrices
for the 1 — 3 splittings is

{¢—ddq, ¢— d9d, ¢— qdd, ¢ qaq, 9 — 99q, a — 939, ¢ — 994,

(5.53)
q— 499, 4 — 999, 9 — 999, 9 — 999, 9 — 994, 9 — 999} ,

providing subtraction terms for the five triple-collinear sectors in 61133}{- The momentum assignments
in the given lists are ordered like a — aj(u)as(r) and a — a1 (uy)az(uz)as(r) respectively. Each of
the five triple collinear sectors contains 13 - 8 = 104 polarized splitting matrices. The related spinor
invariants are converted to the momentum parameterizations available in Stripper. Here, only the
parameterization of triple-collinear splitting functions is discussed, the single-collinear functions are
obtained as a special case.

The set of spinor invariants that appear in the splitting functions are

{lurua], [ruil, [rusl, (uruz), (rur), (rug)}. (5.54)

Beforehand, it is useful to recognize that only two of the three are linearly independent

\/Z<TUQ>\/_Z\/5<TU1> +O((kL)?) . (5.55)

Given the sector parameterizations, it is useful to choose (rug) and (ru;) as the minimal set in
sectors 81 — 83. Due to the fact that r points already towards the triple-collinear direction, the
invariants are directly related to the momenta and vectors in STRIPPER

(rur) = V2r-ui(V2urp - e*(r,+ 1)), (rug) = V21 -ua(V2ugy - *(r, + 1)), (5.56)

(urug) =

where £(r,\) is the polarization vector of a gluon in the collinear direction r. It is worth to recognize
that the term in the brackets are pure phases.

In sectors 84 and 85 it is however more appropriate to choose (ru;) and (ujus2) as the minimal set
of invariants, where

(urug) = V21 -u1(V2us, -*(r, + 1)) . (5.57)

The choice of independent spinor invariants, depends on the allowed single-collinear limit within a
triple-collinear sector. In sector 8; this is the limit r||ug, in sector 83 and 83 it is the limit r||u;,
whereas in sector 84 and 85 it is u1||ug, as can be read off in Tab. 4.2.

5.3.3 Numerical tests

The implementation of the soft and collinear limits has been tested. Here, the tests for the triple-
collinear limit and the double soft limits are explained. The correctness of the remaining cases, that
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are not outlined here, has been verified in a similar way.

The triple-collinear limits of the matrix elements are implemented independently for each of the
five triple-collinear sectors. The number of possible flavor assignments of the collinear partons has
been counted in (5.53) to be 13. The total number of splitting functions, that provide collinear
subtraction terms for amplitudes of a fixed helicity, is about 8 x 13 = 104 for each sector, where 8
is the number of possible helicity configurations of the reference and the two unresolved partons.
Some of the limits are not possible by helicity conservation. The convergence of the matrix elements
and their subtraction terms can be tested numerically. This test provides an important verification,
whether the helicity subtraction terms are correct. It is useful to introduce the relative deviation of
the integrand in the double-real radiation cross section for a specific sector 8

dﬁRR($) _ da.RR,Limit (1:)
%s(w) = d6RR(7)

(5.58)

The partonic cross section d6*®(z) contains the full n+ 2 parton matrix element, where the helicities
of the reference parton and the unresolved partons (A, ,Au,,Ar) are fixed. The remaining partons
are randomly polarized. The cross section dgRE-1mit(2) represents the limit of d6®R(z). The n + 2
parton matrix element is replaced by the appropriate splitting matrix and reduced matrix elements.
The variable z is equal to n; in sector 81 and 84 and 72 in sector 89, 83 and Ss. In the triple-collinear
limit, i.e. = — 0, the quantity ds(z) — 0. This behavior has been tested numerically for each
possible configuration of flavor and helicity. It is important to test the collinear limits in the initial
and final state to exclude possible errors related to the crossing of splitting functions.

The Figs. 5.2, 5.3, 5.4 and 5.5 display a selection of tests. All integration parameters have been
fixed randomly. The function dg(z) has been evaluated at 1000 points = between 10~% and 10~1°
in double precision. It has been observed that this region provide numerical stable results for all
functions. Each plot contains all possible helicity configurations of the collinear partons, which
are represented using different colors: orange: (+, + ,+), pink: (+, +,—), black: (+, — ,+), brown:
(=, +,+), purple: (4, —,—), green: (—, +,—), blue: (—, —,+) and red: (—, — ,—). Especially, if
only massless partons are considered in the partonic matrix element, different helicity configurations
return the same matrix element. Hence, only a subset of the 8 curves is present in general. The
displayed plots, verify the correct behavior in different sectors for different splitting functions.
The soft limit of two polarized gluons can be tested similarly using the function §(z) in Eq. (5.58).
The cross section dgRRLmit () contains the polarized double soft limit of the n + 2 matrix element,
which has been calculated in (5.38). In this case, x is equal to & in all sectors and indicates the
double soft limit. It is important to notice that these numerical tests not only demonstrate the
correctness of the soft and splitting functions, but also confirm the correctness of all color correlated
tree-level matrix elements. The numerical test for two different partonic processes is shown in
Fig. 5.6. The left plot shows the behavior in the soft limit including massive partons. In this
case, all possible helicity configurations of the two gluons are different. In the purely massless
case the matrix element in the double soft limit for the helicity configuration (+,4) coincides with
the matrix element of the helicity configuration (—,—) and the configuration (+,—) coincides with
the configuration (—,+). In the very low z region the linear behavior is spoiled due to numerical
instabilities in evaluating the n + 2 parton matrix element in double precision.

The tests nicely reflect the behavior of the regularized matrix elements in the soft and collinear
limits. In the triple-collinear limit d(x) behaves as \/x, while in the double-soft limit it behaves as x.
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Figure 5.2: Numerical test of the triple-collinear limit in sector 81, where the three collinear partons with
momentum u; ,u2 and r are in the final state. All 8 different helicities for the collinear partons are tested.
Depending on the flavor assignment, some of them vanish or are identical. In the latter case the lines in the plot
overlap. The assignment of different colors is explained in the main text.

Left: The partonic process is ug — uggg, where a, = g, a,, = g and a,, = g.

Middle: The partonic process is ug — ugdd where a, = ¢, au; = d and ay, = d

Right: The partonic process is uu — vuuu, where a, = 4, ay, = u and ay, = U .

6(1n2) 6(1n2) 6(1n2)
0.005 0.005 0.005
0.003 0.003 0.003
0.001 0.001 0 001
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Figure 5.3: Numerical test of the triple-collinear limit in sector 85, where the three collinear partons with
momentum w1 ,u2 and r are in the final state. All 8 different helicities for the collinear partons are tested.
Depending on the flavor assignment, some of them vanish or are identical. In the latter case the lines in the plot
overlap. The assignment of different colors is explained in the main text.

Left: The partonic process is ug — uggg, where a, = u, ay; = g and au, = g.

Middle: The partonic process is ug — ugdd, where a, = u, ay, =d and au, = d

Right: The partonic process is ug — uggg, where a, = 4, ay, =g and ayu, =g .

6(m2) 0(m2) 6(m2)
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0.001 0.001 0.001
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Figure 5.4: Numerical test of the triple-collinear limit in sector 82, where the reference parton r is in the initial
state. All 8 different helicities for the collinear partons are tested. Depending on the flavor assignment, some of
them vanish or are identical. In the latter case the lines in the plot overlap. The assignment of different colors is
explained in the main text.

Left: The partonic process is uti — ggtt, where a, = U, @y, = g and au, = g

Middle: The partonic process is ug — ugtt, where a, = g, @y, = u and ay, = g

Right: The partonic process is gg — ggtt, where a, = ¢, ay, = g and au, = g.
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Figure 5.5: Numerical test of the triple-collinear limit in sector 84, where the reference parton r is in the initial
state. All 8 different helicities for the collinear partons are tested. Depending on the flavor assignment, some of
them vanish or are identical. In the latter case the lines in the plot overlap. The assignment of different colors is
explained in the main text.

Left: The partonic process is uu — uﬂdJ, where a, = 4, a,, = v and ay, = u.
Middle: The partonic process is ud — udtt, where a, = d, au, =d and ay, =
Right: The partonic process is g — ugtt, where a, = g, ay, = % and au, = g

U
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Figure 5.6: Numerical test of the soft limit of two polarized gluons in sector 81. The four possible helicity
assignments for the unresolved gluons are displayed: purple: (+,+), green: (4+,—), blue: (—,+) and red: (—,—).
In the purely massless case respectively two helicity states coincide.

Left: The partonic process is gg — ttgg

Right: The partonic process is gg — ddgg



5.4 Special functions 99

5.4 Special functions

The limits of one-loop matrix elements elements contain special functions that have to be evaluated
for every point of the Monte Carlo integration. These functions are implemented efficiently in
STRIPPER as will be outlined in this section.

5.4.1 Polylogarithms

Setting up the subtraction scheme at next-to-next-to-leading order, the evaluation of harmonic
polylogarithms up to weight four is needed. Polylogarithms in the context of multi-loop calculations
have been extensively studied and libraries exist to evaluate the real and imaginary part of these
functions for arbitrary, complex arguments [228]. For the present application to physical cross
sections only real parts of harmonic polylogarithms of real arguments are needed. Consequently, a
independent implementation is useful. The polylogarithms are defined recursively as

o dt
Lin(z) = _/ L Lin (1), with € (~00,1) | (5.59)
0
where

Lij(z) =log(1 — ) . (5.60)

For the numerical evaluation of the functions for n € {2,3,4}, Eq. (5.59) is expanded in a Taylor-series
in the Bernoulli variable u, which is defined as [228]

r=1—e", u=-log(l—ux). (5.61)

This change of variables improves the convergence of the series significantly. This expansion is used
in the range [—1,%]. A sufficient precision is obtained, if 7 terms for Lis, 13 terms for Lig and 13

terms for Liy are kept, if a Chebychev economization of the series is performed. The range (%,1) is

obtained by using the transformation properties of the polylogarithms under the transformation
r—=1—-zx

Lis(1 — x) = —Lis(z) — log(z)log(1 — z) + (2,

Liz(1 —2) = —=S12(x) + log(1l — ) <Li2(1 —x)+ %log(w) log(1 — a:)) + (3,

Lig(1 —x) = =S13(z) + 4

—log(1l —x) <Sl’2(.%') — %log(l — ) <C2 — Lig(z) — élog(m) log(1 — ac)) — Cg) ,

where ¢, is the Riemann ¢-function. The Nielsen polylogarithms S ,(x) are defined by

—1) !
Sip(x) = ( pl') /0 %logp(l —at) . (5.62)

They are only needed in the range [O,%] and are evaluated using an optimized series expansion as

well. For S 2(x) 6 coefficients are needed, while for S 3(x) 7 coefficients are kept.
The evaluation of Li, in the range (—oo, — 1) is done using identities of the functions for the
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transformation x — 1/z. They read

Liz(é) = —Lig(z) — %logQ(—fc) — (2,
Lig(%) = Liz(x) + log(—x) <C2 + élog%—:r)) ,
Lué) — Liy(z) - %log2(—$) (@ + % log2(—x)) _ 244.

The relative precision of the numerical implementation has been tested and is depicted in Fig. 5.7.
It is described by the function

(Lif " (z) — Lij"™ («))

Li(;xact ( l‘) ’

8 = (5.63)

where the superscript num refers to the numerically evaluated function in double precision and the
superscript ezact refers to an arbitrary precision evaluation in MATHEMATICA. A overall precision
of better than 10715 is achieved.

62(X)[107%%] §3(x) [107°] 5a(x) [107]
4 L ° 4 ") o0
0 0
—4t . _4
200 -100 1 -200 100 1 -200  -100 1

X X X

Figure 5.7: Relative precision of the numerical evaluation of Liz(z), Liz(x) and Lis(x) in the range [—200,1].
The overall relative precision is better than 10715

5.4.2 One-loop soft function

The soft limit of a one-loop matrix element, which has been discussed in Eq. (3.59), contains the
function R;; which can be found in [146]. The explicit form of this function depends on whether the
hard partons ¢ and j are massless or massive. In the case that both partons are massive, ¢ = I and
j = J, Ryj contains the following function

UoIn(l—¢)In(1 —¢3)
Fu(w,ma) = / dt — , (5.64)
0 T2

where the arguments are defined by the momenta of the massive partons p; and p; and the
momentum of the soft parton q. They read

Qg ay
= = 5.65
o ay—v+1’ 2 aj+v+1’ (5.65)
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where
m2m2 m2(p -
v = 1—%, CYJ:M. (5.66)
(pr-pJ) (ps-q)(pr-ps)

The physical domain of the function is easily obtained by replacing the first variable
. x
xl(ml,xg) = l . (567)
1

The function reads

Fo(1.29) = 2 /1 dtln(l —t)In(1 — t F1(21,72)) ‘ (5.68)

0 1—x2t

The kinematic parameters v and «; are Lorentz invariant and can be written in the rest frame of py

v:gﬂ — v e 0,1),
I 7 (5.69)
ogzl—%cos@ — ay € (0,2),

where 0 is the angle between the soft particle and py in the chosen frame. After rewriting the two
variables 1 and xo, the domain of the function is obtained

_ 2—v(1l +cosb)
2+ v(1 —cosh)

1—wvcosf c 01
To = —|.
>7 24 u(1 — cosb) 2

71 € (0,1],

(5.70)

For the numerical evaluation, the function is expanded in a two-dimensional Taylor series around
zero. The convergence can be improved substantially by using the Bernoulli change of variables, Eq.
(5.61), in both variables. This expansion is only valid as x2 and #; are small. For Z; ~ 1 it breaks
down, since the Bernoulli change of variable is not defined anymore. The integration domain is split

into two regions. The first region is
N 1 1

In this region the expansion can be used and the aimed precision is achieved, if 17 x 16 = 272
coefficients are kept. The second region is defined by

Z1 € (;,1} X9 € (0,;} . (5.72)

A expansion in ug = —log(1 — x2) is still convergent and reads

Fo(F1,02) = Y fild)ub, (5.73)
i=0
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where n = 20 terms are kept. The coefficients f;(x1) are integrated analytically and can be written
in the following form

i

- 1—2 - 11—z . I _—
fZ(ZLj) = Z [aij + 7 log(l — xl)bij + 7 Liy <£I~31 — 1> Cij:| . .1‘1] R (5.74)

Jj=0

where it should be recognized that the coefficient matrices a;;, b;; and ¢;; are triangular. The relative
precision of the numerical evaluation of the function has been verified and is depicted in Fig. 5.8,
where

(5.75)

Fexact =, _ [hum(z
6(5{71,I2) _ ‘ c (1131,33‘2) c (xlva)

Féexact (:‘[;1 ’1.2)

The exact evaluation of the function has been performed using MATHEMATICA.

Figure 5.8: . Comparison of the numerical implementation of the function F.(Z1,z2) with an arbitrary precision
evaluation in MATHEMATICA. A grid of 80 x 80 points is used. The relative precision in all points is better than
10713

5.5 Missed binning

Differential cross section calculations suffer from missed binning effects starting at next-to-leading
order. These effects occur if additional partons in the phase space become unresolved. At next-to-
leading order this would be the finite real contribution &E. The kinematics of the n+ 1 parton phase
space contribution could correspond to a different histogram bin than the corresponding kinematics
of the n parton subtraction term. If this configuration occurs close to a singular point of the n + 1
parton phase space, the subtraction term does not provide a regularization of the integrand. The
same phenomenon occurs not only at the edge of histogram bins, but also if cuts are applied. The
n + 1 contribution can be accepted by the cut, while the subtraction term could be dismissed. In
both cases, the Monte Carlo integration error is enhanced and more evaluations of the integrand are
needed in order to keep the error acceptable. At next-to-next-to-leading order the effect of missed
binning is expected to be larger, since more possibilities of singular limits are possible, for example
in the double-real contribution 6?3.

An approach to diminish the effects of missed binning is bin smearing. The fixed boundaries of a
bin (or the position of the cut) are replaced by a Gaussian distribution around some mean position
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w and the standard deviation o
1 _@=w?
€ 202 . (576)

Ple) = oV2m

The probability that the event at x is distributed into the left bin is given by

s(z) = / h dx’P(m’):;erchCE\é:)) , (5.77)

which is the probability that the bin edge is to the right of . The weight of the event w(x) is
distributed into the left and the right bin, where the modified weights are given by s(z)w(x) and
(1 — s(x))w(x) respectively. The distribution of a given event between two neighboring bins is called
smearing. Smearing reduces the statistical error, but it also changes the edges of the bins. It should
therefore only be applied to cases which contribute little to the cross section, such that the effect on
the bins is small.

The effects of missed binning at next-to-leading order using STRIPPER are depicted in Figs. 5.9
and 5.10. The hadronic differential cross-sections d&g for pp — tt + X in the rapidity y; of the
top quark are shown. Each plot shows the same contribution for a different smearing parameter s,
which defines the width of the Gaussian distribution

o= sApn , (5.78)

where Ap;, is the width of a single bin. The error band is due to the statistical error of the
Monte-Carlo integration. In each plot of Fig. 5.9 1 million events are evaluated. If no smearing

dogr . F dor.F

dor.F
dy,

[pb] [pb]

ay, Tay, [pb]

Figure 5.9: The effects of bin smearing on the statistical error of differential hadronic cross section dé%, for 1
million integration points. The center-of-mass energy is 8 TeV. The differential distributions are taken in the
rapidity of the top quark y: for different values of the smearing parameter s, which is defined in the text.

is applied, s = 0, the contribution has a huge statistical uncertainty in each bin, which is due to
missed binning. The error decreases significantly, if a smearing is applied s = 0.05. The difference
between s = 0.05 and s = 0.1 is not significant. Hence, already for s = 0.05 the main part of missed
binning effects that spoil the convergence of the integration are regularized by the smearing. In
Fig. 5.10 the same integration has been performed, only the statistics have been increased by a
factor 10. This increase already reduces the impact of missed binning effects considerably. Including
bin smearing s = 0.05 and s = 0.1 reduces the effects further. The contribution of d&? to the full
next-to-leading order cross section is rather small. In the given example case it amounts of less than
10%, such that smearing uncertainties are negligible.
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dogr F

[pb]

dy, dy, dy,

Figure 5.10: The effects of bin smearing on the statistical error of differential hadronic cross section dé, for
10 million integration points. The center-of-mass energy is 8 TeV. The differential distributions are taken in the
rapidity of the top quark y; for different values of the smearing parameter s, which is defined in the text.

5.5.1 Missed binning in integrated subtraction terms

Integrated subtraction terms suffer from missed binning in the same way as the finite subtracted
contributions discussed previously. In principle, the same treatment can be applied to minimize its
effect on the distribution. The difference to the finite subtracted contributions 615 and 6§R is that
in the unresolved contributions the pole term and the subtraction term contain the same resolved
and unresolved partons. However, the kinematics in the collinear and the soft-collinear limit are
different due to the specific parameterization. This leads to missed binning. A mapping of the
kinematics in the collinear limit to the kinematics in the soft-collinear limit is however possible and
this treatment avoids effects of missed binning completely. There are several cases to distinguish.
One parton can become soft and collinear to an initial or final state parton, which occurs in the
single-collinear sector. Two partons can become collinear to an initial or final state parton, where
either both or only one can become soft. This occurs in the triple-collinear sector. Finally, two
partons can become collinear to two different partons, which can be both in the final state, both in
the initial state or one in the final state and one in the initial state. Either both unresolved partons
can become soft or only one of them. This configuration occurs in the double-collinear sector.

Single-collinear sector

In this section the reparameterization of the collinear pole term in 65 and 6]1%. The case of an
initial-state collinear limit is discussed first. Including the convolution with the parton distribution
function the collinear configuration is

1 1
/0 ae [ do fla)olag) (5.79)

ZLmin

where f(z) is the parton distribution function, given in Eq. (3.9). The variable x is the convolution
parameter x1, if the reference momentum is p1, or s, if the reference momentum is ps. The soft
variable of the collinear parton is . The minimal value Zpin = (Qmin/ \/5)2 is related to the sum of
external masses and is given in Eq. (4.14). The resolved particle entering the matrix element in the



5.5 Missed binning 105

collinear limit has energy

1
§Ecms(:v) — Fmax ()€, (5.80)
where the partonic center-of-mass energy Fcps(x) is obtained from the hadronic center-of-mass

energy /s by .
iEcms(x) =5 . (5.81)

The unresolved parton energy is rescaled as in Eq. (4.25), where the maximal energy depends on

the momentum fraction x
Ecms(x) Qmin 2
Buax(7) = —2ms\) () _xmin . 82

By a change of the convolution variable x — 2’ it is possible to change the energy of the collinear
parton, such that the center-of-mass energy is the same as in the soft-collinear limit, where & — 0.
This requirement reads

2 <;Ecm5($) - Emax(@f) Eems(z) = Egms(x/) ) (5.83)

which leads to the transformation rule

2(2') =

x' 1-¢
- (5.84)

. 2 :
1— (2es) ¢

The integral is rewritten in terms of the new convolution variable

/

R e e TN

The kinematics entering the matrix element in o are as if £ = 0. The transformation x — 2’ is
nothing but a boost along the beam axis.

If the reference particle is in the final state, the same reasoning can be applied. The reference energy
is rescaled by its maximal energy 70 . given in Eq. (4.22) with z = 1, in the collinear limit it reads

da’

1d 1 d = 1d
[ o[ ars@ote = [ agg

Tmin

0 = Emax(l - 6)57” : (586)

The energy of the parton that enters the matrix element in the collinear limit is the sum of the
energy of the reference parton and the unresolved parton. A transformation of the energy variable
& — & can be determined, such that the kinematics in the collinear limit are the same as the
kinematics in the soft-collinear limit. The requirement reads

Emax(l - f)fr + Emax£ = Emaxfr/ 5 (587)

which is rewritten as

(5.88)
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The transformation of the relevant integral is finally given by

! ! . ! ! dé, _ & — & )
[ ae [Cagateer = [as [ o 00 ($5E) (589)

Single-collinear sector in a boosted reference frame

There is yet another situation that has to be taken into account for a single-collinear sector. The
collinear renormalization contribution 61, as given in Eq. (3.24) contains a convolution of 6% with
a splitting function. The reference and the unresolved parton are defined in the center-of-mass frame
of p1 + po, while the contribution is evaluated for a boosted initial state momentum zp; + ps. The
case p1 + zpo is obtained by symmetry. Missed binning is related to the different kinematics of the
case z = 1 and z # 1. It can be avoided by changing the convolution variable 1 — z/z, if z # 1.
The center-of-mass energy is as if z = 1, since effectively the partonic momentum pq is replaced by

p1/z. This is effectively a boost along the beam axis, where the corresponding rapidity is

1
y=5 log z . (5.90)
Unfortunately, the reference momentum and the unresolved momentum in 6% are now defined in
the center-of-mass frame of p;/z + pa. In order to match the kinematics at z = 1 they have to
be boosted to the center-of-mass frame of p; + p2, by a boost in z-direction of rapidity y. The
corresponding Lorentz-matrix for the transformation of the energy and the z-component reads

1 1+2z z-1
Alz) = . 5.91

) 2ﬁ<z—1 1+z) (5:91)
Since, the unresolved parton is parameterized with respect to the resolved parton, as explained in
section 4.2.1, only the angle of the reference momentum with respect to the z-axis, a, is effected by
the boost. In this particular case the rescaled energy parameters &, and £ do not change, as they
describe the same energy fraction in both frames. The transformation of the cosine of the angle
reads

(I+2)cosa; — (1 —2)
(1+2)—(1—2)cosay

cosag —» (5.92)

Triple-collinear sector

The triple-collinear contribution to 6%% is considered. The energy of the collinear parton entering

the matrix element is given by the sum of the reference parton and the unresolved partons
4 ul +ud (5.93)

where the parameterization in terms of sector variables is given in Eq. (4.35) and Tab. 4.2. A
transformation of the integration variable in the collinear limit should either reproduce the triple-
collinear double soft kinematics, if both unresolved partons can become soft or the triple-collinear
single soft kinematics, if only one of the partons can become soft. The former case corresponds to a
mapping of ¥+ u(l) + ug — 79 while the latter corresponds to a mapping r° + u(l) + ug — 70 +u(1]. The
mappings given in Tab. 4.2 allow that either both partons are soft or us is soft. Another possible
case is, when uy is already soft. Then the mapping should be % +u{ — r°. As in the single-collinear
case the reference parton can be in the initial state or in the final state. If the reference parton is in
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the initial state the condition Eq. (5.83) can be generalized and reads

1

2 (;Ecms(a:) - Emax(:c)g) Eems(z) =2 (QEcms(x’) - Emax(w’)£’> Eems(z') (5.94)

where depending on the mapping the variables £ and & are given in Tab. 5.2. The solution is easily
obtained
1-¢

e () o)

SHECE

o(2/) = (5.95)

The integral reads

! 1=¢ / / ' !
- dz f(x)o(z,£) = dx ¢ O(z(z") =2 f ) o ) £ (5.96)
If the reference momentum is in the final state, the reasoning of the single-collinear case can be
easily generalized, see Eq. (5.97). The condition that the kinematics of the triple-collinear limit are
the same as in the soft triple-collinear limit is given by

Emax(l - €>£T + Emaxf = Emax<1 - §/)§r’ + Emaxgl . (597)
The transformation rule is , ,
fr _ gr/(l - ﬁ )__5(6 - 5) , (598)

and the transformed integral reads

[ asater = [ ae [ ae i Sotee0 - ) - - o (S LS

The relation of the variables £ and £’ to the sector variables for the different mapping. is given in
Tab. 5.2.

(5.99)

mapping § ¢
0 0 0

T + U1+ — T 51

O+ ul +ud =0 &+ &minfg,1-&] 0

) -0+ &+ Emin[G,1-&4] &

Table 5.2: Identification of the auxiliary variable £ and ¢’ with the sector variables of the two unresolved partons
in the triple-collinear sector. The variable £, = &3 in all sectors but sector 82, where it is £, = 171£2. The remappings

are performed in the triple-collinear limit of the three partons, where the function £omax = min [1, 12151 ]

Double-collinear sector

The transformations for the double-collinear sector are obtained in a similar way and are mixed
cases of the ones, that have been discussed already. In the double-collinear limit the hard momenta
that enter the matrix elements are r1 + u; and ro + us. The possible mappings have to reproduce
the kinematics as additionally, uJ = 0 or u{ = 0 and uJ = 0. The list of possible mappings is

{r) +ud, r) +ud} — {r) + 0}, 9},
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{rl +ul, b +ug} — {r],75} .

These mappings can be related to the mappings in the single-collinear case. Similar remappings are
applied iteratively to the collinear pairs. Additionally, if at least one of the reference momentum is
in the initial state and a mapping as in Eq. (5.84) is applied, the second collinear parton pair is
effectively boosted by z(z'). A boost as in Eq. (5.91) has to be applied to the second pair in order
to match the kinematics.

The presented mappings improve the convergence of the Monte Carlo integration and completely
avoid missed binning.

5.6 Functionality of the software

In this section, the functionality of the software is presented and first histograms are obtained. A
full phenomenological study of processes is beyond the scope of this work and will be presented
elsewhere.

In order to verify the concept of the implementation first differential distributions for different
observables are presented. Since the one-loop matrix elements for pp — tt are already interfaced,
first tests can be performed for this process. Differential distributions at leading order and next-
to-leading order are shown in Figs. 5.11 and 5.12 respectively. The center-of-mass energy is fixed
to /s = 8TeV. The left plot shows the rapidity distribution of the top quark, while the right
plot shows the distribution in the transverse momentum p; of the top quark. The theoretical
uncertainty is obtained by varying the factorization and renormalization scale independently in the
range m/2 < ppr < 2my, where 1/4 < pp/pr < 4. The modular structure of the software allows
to evaluate the cross section for different scales in one integration run. Different scale choices are
organized by the class Scales. For the presented example, the evaluation has been performed at seven
different combinations of scales, where the depicted error band is given for the largest difference
between two choices. The central value is evaluated at the scales ug = purp = m;. The rapidity
distribution is shown for the CT10 PDF sets and the p;-distribution for the MSTW2008(nn)lo68cl
PDF sets are depicted. The evaluation of the different contributions has been performed for four
different PDF sets at the same time. As explained in section 5.1 the management of the different
sets is controlled by the class InitialState. Another important feature of the implementation is that
the output is completely managed by the Measurement class, where different observables can be
defined simultaneously. Therefore, both plots in the shown figures have been obtained in the course
of one evaluation.

First partial contributions to the differential distributions at next-to-next-to-leading order are
presented in Fig. 5.13. The previously given comments apply to this differential distributions as
well. The cross section is denoted by ¢™© in order to highlight that it contains only partially
contributions to the next-to-next-to-leading order cross section. It is therefore phenomenologically
not relevant yet. On top of the full next-to-leading order contribution it contains the following
parts. The finite part of the real-virtual contribution UFRV is included. This contribution includes
the n 4+ 1-parton one-loop finite remainder and is finite due to the appropriate subtraction terms,
that include the infrared limits of the one-loop finite remainder. In general high statistics are
required to obtain a reliable result. In the present case 2 x 108 points have been evaluated for this
contribution, which took about 8 hours on cluster of 800 cores. In addition, the finite part of the
double-real contribution JER is included, where in the presented plots only the partonic contributions
gg — ttgg and gg — ttuw are considered. The summation over spin states has been performed by a
deterministic summation for all external particles except the reference and unresolved partons. The
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sum over polarization states of the reference and the unresolved partons has been performed by a
helicity Monte Carlo, as explained in section 5.3. Hence, the convergence of the calculation provides
another important test of the polarized subtraction terms in a more realistic context. Additionally,
a smearing has been applied in order to reduce the effects of missed binning. The evaluation of
2 x 107 integration points in the presented set up, requires 2 hours on a 800 core cluster. These
two contributions are the most costly parts in terms of computation time, since they are the only
contributions that contain the one-loop n + 1 parton finite remainder and the n + 2 parton tree-level
matrix element respectively. Finally, the full contribution that contains the n particle one-loop finite
remainder opg is included in both plots in Fig. 5.13

The given examples show already the main functionality of the software. Differential distributions
for cross sections that are relevant at the LHC will be available on a short computational time scale,
while the observable can be tailored individually to a multitude of experimental setups.
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Figure 5.11: Differential distributions for top-pair production at hadron collisions at leading order obtained
with STRIPPER. The error band is due to the variation of the renormalization and factorization scales in the range
me/2 < prr < 2my. The central value is given at ur,r = m:. The total cross section is 172.2 + 66.7(scale)
44.4(PDF) pb.

Left: Differential distribution in the rapidity y: of the t-quark. The PDF set is CT10.

Right: Differential distribution in the transverse momentum p; of the t-quark. The PDF set is MSTW2008lo68cl.
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Figure 5.12: Differential distributions for top-pair production at hadron collisions at next-to-leading order
obtained with STRIPPER. The error band is due to the variation of the renormalization and factorization
scales in the range m;/2 < pr,r < 2my;. The central value is given at urp g = m¢. The total cross section is
226.2 £ 27.8(scale) £ 29.6(PDF) pb.

Left: Differential distribution in the rapidity y; of the t-quark. The PDF set is CT10NLO.

Right: Differential distribution in the transverse momentum p; of the t-quark. The PDF set is MSTW2008nlo68cl.
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Figure 5.13: Differential distributions for top-pair production at hadron collisions at next-to-leading order and
parts of the next-to-next-to-leading order contributions obtained with STRIPPER. In addition to the next-to-leading
order cross section the contributions on", orr and oi™* are included, where in the last case only the partonic
channels gg — ttgg and gg — ttuu are included. The error band is due to the variation of the renormalization
and factorization scales in the range m:/2 < up,r < 2m;. The central value is given at pur r = ms.

Left: Differential distribution in the rapidity y: of the t-quark. The PDF set is CTI0NNLO.

Right: Differential distribution in the transverse momentum p; of the t-quark. The PDF set is
MSTW2008nnlo68cl.



CHAPTER 6

Summary and Outlook

The main result of this work is a complete general construction of the sector improved residue
subtraction scheme STRIPPER, which has been outlined in chapter 4. STRIPPER provides a subtraction
framework that allows to compute fully differential next-to-next-to-leading order corrections in
perturbative QCD to arbitrary processes and in particular to processes that are relevant for the
interpretation of data at the LHC.

The main features of the scheme are summarized in the following:

e The cross section is separated into several finite and integrable pieces by providing all necessary
subtraction terms.

e A numerical cancellation of pole contributions between virtual and real corrections is ensured
by the explicit construction of the scheme.

e Subtraction terms are local, which allows a numerically stable efficient Monte-Carlo integration.

e The subtraction scheme is formulated in such a way that only four-dimensional matrix elements
are needed. Hence, it can be interfaced to available matrix element generators.

e The subtraction scheme is process independent due to universal factorization properties of
matrix elements in soft and collinear limits.

e The full color information is treated directly and no additional approximations are made.

The explicit implementation of the scheme has been discussed in chapter 5. The structure of the
software reflects the fact that the subtraction scheme is process independent. This means that the
implementation of the subtractions scheme is completely decoupled from the evaluation of single
matrix elements. General features of the implementation that improve efficiency and stability of
a numerical evaluation have been outlined. In particular, deterministic sums over polarization
states of external particles in the most time consuming contributions are replaced by Monte Carlo
sums over randomly polarized particles for all particles but the reference and unresolved partons.
For the reference and the unresolved partons the deterministic sum is replaced by a Monte Carlo
sampling over helicity states. Therefore complete polarized subtraction terms have been derived
and implemented.

In addition to the full subtraction scheme, the software includes already all necessary tree-level
amplitudes for first Standard Model applications. One-loop and two-loop amplitudes have to be
provided additionally. A standardized interface exists that can be adapted to existing one-loop
matrix element generators. Currently, all one-loop matrix elements for ¢t production at next-to-
next-to-leading order are included. Available two-loop matrix elements can be readily interfaced
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to the subtraction scheme. The functionality of the software has been shown for a specific, non-
trivial example. Fully differential distributions for ¢ production at next-to-leading order have been
presented. Partial results for the same distributions at next-to-next-to-leading order have been
presented as well.

STRIPPER represents the first next-to-next-to-leading order event generator that can be modularly
extended to new processes, if the corresponding two-loop matrix elements are available.

Outlook

Following the first partial application to tt-production, the next step is to include all missing
contributions at next-to-next-to-leading order. In particularly the two-loop finite-remainder will
be included, which has been calculated in [103, 104]. This allows to present fully differential
next-to-next-to-leading order predictions for tt-production in hadron collisions.

An important additional verification of the subtraction scheme and its implementation would be an
application to further processes of phenomenological relevance. The modular implementation of
STRIPPER allows, in principle, a straightforward inclusion of further processes, if the two-loop matrix
elements are available. An application of physical interest would be therefore dijet production in
hadron collisions at next-to-next-to-leading order. Currently, a computation of the purely gluonic
contribution exists [49, 50]. A full computation would allow to include dijet data from proton-proton
collisions in the determination of PDF sets at next-to-next-to-leading order.

In the future, it would be interesting to apply the software to processes with 3 final state particles.
Observing the rapid progress in the computation of two-loop matrix elements in the past few years,
first results for two-loop matrix elements with five external states are expected within a few years.
There are several extensions to the current implementation that can be thought of in the near future.
For example, the inclusion of decays of final state unstable particles is important in order to match
the measured quantities precisely.

Finally, the event generator will be made publicly available, after first benchmark processes are
successfully calculated.

STRIPPER is an important step towards fully automated next-to-next-to-leading order compu-
tations, which are necessary to understand measurements at the LHC in context of the Standard
Model, especially in the light of Run II.
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APPENDIX A

Notation and conventions

The spacetime dimension is continued to the complex plane and denoted by
d=4-2¢, (A.1)

where £ — 0 lead to a finite result for physical quantities.
The relation between the bare and the renormalized strong coupling constant is given by

2€7E €
o};:<’“‘i7r > Zo.CoCts | (A.2)

with
ur — renormalization scale |
Z4, — MS renormalization constant , (A.3)

Ca. — heavy-quark decoupling constant [66] .

Matrix elements are given as vectors in color- and spin space

e (prpa) = (e ooeal @ (10l My (roeopn)) . (A)
(M) = [May....an (P15 ---Pn)) 5 Z M [ = (Mo M) (A.5)
color
spin
pRe™ - 1 2
M) = (FE— ) (1) + ) + @)+ ) (A.6)
¢; — color of parton i, a; — flavor of parton 17,
s; — spin of parton i, p; — momentum of parton i,
le1, ... ,cn) — color basis vectors, |s1,...,8n) — spin basis vectors,

[ — as power of Born approximation.
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Phase space integrals over n final state particles are

n d—1 n
fami(mem3o0) - (“R”E) Tty en's(Sa-n-p). 07

=1

Sums over massive, massless and arbitrary partons are distinguished

E — sum over all indices 4,7, ..., E — sum over distinct indices ,j, . . . .
if... (4:4---)
1,5,k, ... — indices for arbitrary partons, both massless and massive,
10,J0,k0, . . . — indices for massless partons, (A.8)
1,J K, ...— indices for massive partons.

The following kinematic invariants are used in several places of the text

pi =mj (A.9)
vy = pr/mr , (A.10)
2,2
mymy
Vijg — 1-— A.ll)
(prpJ)? (
sij = 20ijpi - pj + 107", (A.12)
where 0;; = 41 if the momenta p; and p; are both incoming or outgoing and o;; = —1 otherwise.
0;; = +1 — if the momenta p; and p; are both incoming or outgoing , o0;; = —1 — otherwise.

A.1 Color decomposition and color algebra

Matrix elements are given as vectors in color space. Operators in this space are the color charge
operators that are defined by [16]

<Cl, ceesCiyen ,Cn,C‘Ti‘bl, ce ,bz‘, ce ,bn> = <01, ceesCiyens ,Cn’TZ-C’bl,. .. ,bi, ce ,bn>

=0cby Ty, - Ocnby - (A.13)

> TiMp) =0, TIF=T; - T;=T;-T;, T;-Ty=T;=C;i=0C,,, (A.14)
Cg=Ca, Cy=C3=CFp. (A.15)

T ., = 1f"°? — emitter is a gluon , (A.16)

Ty ., = te e, (= —te,.,) — emitter is an outgoing quark (anti-quark) , (A.17)

Ty ., = —leye, (= te,,) — emitter is an ingoing quark (anti-quark) . (A.18)
(A.19)

1
Tr [t“tb] = Tpd® = 267 (A.20)
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The above treatment assumes that the gluon is treated as a eight dimensional vector in the adjoint
representation of SU(3), while the quarks are in the three-dimensional fundamental representation
of SU(3), where the number of colors is N, = 3.

Another basis, which is also used in this work, is the color flow representation of matrix elements
[229, 230]. The single gluon index ¢ (¢ = 1,...,N2 — 1) is traded for two indices in the fundamental
representation and the complex conjugate fundamental representation. On a Langrangian level this
can be achieved by replacing the gluon field by

1 .
& C C\1?
Ay — \ﬁAM(t )% (A.21)
where upper indices are in the fundamental representation and lower indices in the conjugate
fundamental representation. The indices of the color flow basis should not be confused with the
indices labeling the partons introduced in Eq. (A.8). Each matrix element, that contains n external
partons can be decomposed according to its color structure as

7 ) in 0 _ 0
MOy = % 6ji1<1)5j(27[(2)...5j01(n)Mg)(p1...pn):D[Mg)(pl...pn), (A.22)
I=P(2,..n)

where Mgo) is the color ordered amplitude. The summation runs over all (n — 1)! permutations oy
of (2,...,n). The k-th external gluon is labeled by the double index (ig,j,,(x)), While the k-th quark
is labeled by (i1,0) and the k-th antiquark by (0,j,,(x))- Squaring the amplitude and summing over
all colors the color matrix is given by

Cry=Y_ DD} = Nmores) (A.23)
color

The function 1 < m(or,07) < N counts the number of closed delta contractions, where N is the
number of gluons and ¢g-pairs. In the leading color approximation (LC), only diagonal terms I = J
are kept, with m(or,07) = N. The squared matrix element reads

P = N2 ST I (o) 2+ OV ). (A.24)
1

Even though here the color flow representation is only given for tree-level amplitudes it can be
generalized to amplitudes containing loops.

A.2 Spherical coordinates in d-dimensions

The parameterization of momenta for the subtraction scheme STRIPPER relies on spherical
coordinates in d-dimensions. It is therefore useful to have a consistent notation for vectors and
integration measures in those coordinates.

The notation has been established in [1].

Let d% be the Euclidean integration measure in R?. Tt is decomposed into a radial and an angular
part with the help of a J-function insertion, if the r vector is rescaled as r = r

ddr = [ drrdt [ d?as(1—|al) = [ drrd? de. (A.25)
d—1
Rd 0 R 0 8§
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This defines a rotationally invariant measure, df2, on the unit (d — 1)-sphere, 8’%71. The versors fu
are always further specified by their dimensionality and are recursively defined in terms of angles

cos 01
ﬁ’(d) (917 02, CIRIEIES ed—l) = , ﬁ(l) =1 y (A26)
sin 61 ﬁ(dfl)(eg, RN Gd_l)
where
01,...,04_9 € [0,71’] , B4 € [0,27‘1’] . (A27)

An important property of this parameterization is

DO, 0,-1,0,0n1,...,00-1) =AD(O,...,0,.1,0,0,...),
DO, .. 01,7 Opsts .. 001) = AD O, 0,_1,7,0,0,...) .

The recursive definition of the versor can be implemented in the integration measure
/ dﬂ(el,eg,...,ad,ﬁ = / d6 sin?—2 01/ dQ(@Q,...,@d,l) . (A.28)
gd-1 0 §d=2

The volume of the unit (d — 1)-sphere is

d
)
/ an1="""_. (A.29)
gd-t

d
r(s)
The following formular is essential for the four dimensional formulation of STRIPPER and is used
in section 4.6

/Sil_ld:za(d) (an®) = o'~ /Rd a* (0 ®) 5 (o~ [oan®]) 5@ (an®) = L5y, (A30)

a

as it takes care of the correct reduction of the dimensionality of space

/Sd1 A2 s <ﬁ(d)> - /Snl e, (A.31)
1 1

In the context of STRIPPER, unit vectors are defined through rotations of a single basis vector
pointing along the z-direction

(d) _

1
R 0
nO = 0

: (A.32)
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where d X d rotation matrices transforming the coordinates ¢ and j are defined by

i J
1
1
cos 6 sin 6 i
1
R)(60) = , (A.33)
1
—sinf cosf J
1

The unspecified entries vanish. If rotations act in different planes, then the respective rotation
matrices commute

(i3} 0 {1 =0 = |R(01), BP(0:)] = 0. (A.34)
The versor parameterization can be expressed through rotations as
A D0y, 041) =R (01,...,041)a" (A.35)
where useful shorthand notation is given by
d d
RO (01,...,04-n) = R{)_ | (04-0).. R, . (01) . (A.36)

Due to the commutation properties of the rotation matrices, there is

RY01,...,0,1,0,0,...), R (611,....001)| =0. (A.37)

A.2.1 Angular integration beyond four dimensions

The subtraction scheme STRIPPER presented in chapter 4 relies on a parametrization of momenta
in angles and energies in d = 4—2¢. The formulation of the scheme in 't Hooft-Veltman regularization
however restricts resolved momenta to d = 4 dimensions. The unresolved momenta are explicitly
integrated beyond four dimensions, where the relevant dimensions are restricted to five for the
first unresolved momentum and to six for the second unresolved momentum in the worst case of
the double soft limit. Here the angular integration measure is explicitly given, if four, five or six
dimensions need to be integrated explicitly.

If the integrand only depends on four dimensional parameters the remaining angular space can be

analytically integrated using
(A4m)~cIr'(1—¢)
df21=2 . A.
/57—25 F(]. - 25) ( 38)
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If there is only one unresolved momentum five dimensions need to be integrated explicitly. The
corresponding angular integration is [20]

_ @n)*r(1—¢)
/S‘IZSdQ(ph“.)_ F(1—25>

+ 457(1 — 2¢) 1
></1 dcos p; (5(1—cosp1)+6(1+cosp1)—25 T2(1=2) [(1—cos2p1)1+5}+> . (A.39)

In the worst case scenario two unresolved momenta are present in the integrand and six dimensions
have to be integrated explicitly for the second unresolved parton. The corresponding formula reads

_ (@m)cr(1—e)
/8126(19(0'1,0'2,...) 2F(1—25)

+1 +1
x/ dcosal/ d cos o3 ((5(1—00501)—1—6(1—1—00501)) (6(1 = cosoz) + (1 + cosoz))

-1 -1
45T (1 — 2) 1
I2(1-e) {

2+4e [ 1 ] 1
T (I —cos?a1)!*< ], | (1 — cos? 02)§+a . ’

— 2¢

(1 — cos? 0-1)1+s] N (5(1 —cosoz) + (1 + cos 0'2))

(A.40)
The distributions present in the given formulas are defined by
+1 1 0 o -1
/ dcosp |:20¢:| f(cos p) —/ dCOSp f(COS P) 2f( - )
1 (1 —cos?p)™ ]|, 1 (1 — cos? p) (A1)
+ f(cos p) = f(+1) |
+/ dcosp d—cop)s -
0 P

A.3 Spinor helicity formalism

Matrix elements for a fixed polarization can be described in a compact way using the Spinor-Helicty
formalism. Massless Dirac spinors are separated into right- and left-handed Weyl spinors

u(p;) = <uL(pi)> ,u(pi) = <UL(pi)> : (A.42)

ur(p;) ur(pi)

The left and right-handed spinors are represented using a bra-ket notation:

e

+ =ug(p) = Pyu(p) = Pro(p) =lp),  u_ =ur(p) = P-u(p) =P-v(p) =1|p],  (A.43)
u(p)P- = v(p)P- = [p| , u(p) P+ = v(p) Py = (p| . (A.44)

In Tab. A.1 the corresponding spinors for a fixed helicity of outgoing and incoming massless fermions
are given. The following identities are fulfilled by the spinor representation

(pipj) = —(pjpi) (A.45)
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particle type helicity spinor
outgoing particle -1 (p|
+1 [p|
incoming particle -1 Ip]
+1 [p)
outgoing antiparticle -1 Ip)
+1 ]
incoming antiparticle -1 [p]
+1 (pl

Table A.1: Identification of left and right handed massless spinors with fermions of definite helicity.

[pipj] = —[pspil , (A.46)
(pips)* = sign(p!p})[p;pi , (A.47)
(pipj)[Pjpi] = 2pi - pj, (A.48)

where incoming momenta are treated as outgoing with negative energy component p°. Polarization
vectors up to a term proportional to the direction of the gluon as eigenstates of the helicity operator
with eigenvalues +1

0 0 E
1 —1 1 7 0
¥ —_ 1 — [ — 1 =
e'(py, + 1) 7|1 , ef(ps,—1) AR with p, 0 (A.49)
0 0 E

The polarization vectors can be expressed using helicity spinors, an additional reference momentum
k has to be introduced

el (pk) = e"(p, — Lk) = ol e =el(p, + 1,k) = bl (A.50)

V2(pk) - V2[kp)

This representation is equivalent to the axial gauge, which is reflected by the following properties

e (p.k) = e (pk) (A.51)
b 5i(p7k) =k- 5i(pvk) =0, (A52)

- v PUEY A+ PR
> Ak (k) = —g" + 2k (A.53)
A=+






APPENDIX B

Infrared limits

B.1 Infrared divergences of virtual amplitudes

The IR renormalization constant Z(e,{p;},{mi},1r) introduced in section 4.5 satisfies the renormal-
ization group equation

Z(g){pi}’{mi}vuR) = _F({pi}ﬂ{mi}7NR) Z(&{Pi}a{mi})HR) ) (B‘l)

dlnpug

where the anomalous dimension operator I' is given by [231-236]

.. . 2 )
P((ohmider) = 30 F27 o) o (L) 4 350

— —Sigj
(i0,j0) 0J0

T;-T m
- Z ! J ’Ycusp(UIJuas) + 271(0&5) + ZTI : Tjo ’Ycusp(as) 11’l< IMR)

2 —S7;
(Iv‘]) I I»jO I.]O

+ Z i fU T TY T Fy(vrs,0K VK1)
(I.J.K)
- pabc ra b e —O0Jko VJ * Pkg 3
+ YD TP TTE fo <U1J,1D <>> + 0(ey) -
(I,J) ko —OTkg vr - pk‘o
(B.2)

The explicit solution of the RGE (B.1) can be found in [237], and reads up to order o

as\2 [(IH)? T} 3 I r n 5
i 23 \(To—5 <z Lo —2 —+—=|+0 B.3
T (47‘(’) |:32€4 + 83 0 2 BO + 8c2 ( 0 BU) + 16e2 + de + (as) ) ( )

where the lading contribution to the beta-function is

11 4
Bo = gcA - gTFnl , (B.4)
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with n; the number of massless quark flavors. The expression contains the anomalous dimension I”
and its derivative

I'(as) = I'({pi},pr0s) , (B.5)

Olnpug

expanded according to

r- Z r, ( )"H ZF’( )"+1 . (B.6)

I’ is given in terms of the anomalous dimensions Ycusp, 79, 79, 49, and two functions F; and fo.
The explicit formulae for the coefficients of the expansion in «y read

v(as) = i Yn (%ﬁ)nﬂ : (B.7)

n=

which are taken literally from [232, 237]. The massless cusp anomalous dimension is

PY(():usp 4
268 472 80
oush o (- ——T B.
" ( 9 3 ) Ca o Lrmu- (B.8)

In the massive case the cusp anomalous dimension can be written as

171, [14+0\ .
PYcusp(%Cts) :%usp(as) > [2 In ( ) _ Z7T:|

1—wv
Qg 2 572 1 14+wv
i) I I
+SCA<47T) {C?’ 6 i (1—1})
11 1+ 1+v) (1 1—w 52
— |=1n? 1 —Li -
T [24 " <1—v>+n<l—v> (2 12<1—|—v) 12)

()
AP ()
(i)

i)
3 () ()
) (22)

@ +

|
o3,
o
=)
VN
-
He T
<
N———
+
/\\
—_
@

where v = vy for the massive parton I. For massless quarks (anti-quarks)

’Yg = _3CF7
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3 961 1172 130 272
I =C%—-=+2n%—24 CpCa | —— — —— +26(3 | + CrT, —+ B.10
" F<2+7T ¢3 ) +CrCa 1 6+C3+FFm 27+3 , ( )
whereas the massive quark (anti quark) anomalous dimension is
’}/82 = -2CF,
272 98 40 (B.11)
’}/?ZCFCA — — — =4 |+ — CpTpny.
3 9 9
The anomalous dimension for gluons reads
11 4
Y% =—Po= —§CA+ gTFnly
692 1172 256 272
I=Ci|-——=+—+2 CaT, o T ) +4CFTEn, . B.12
Vs A( 27+18+C3>+ aTrm | - o ) TACFTFm (B.12)
Finally, the functions F} and fy are [235]
1 3 o
F1(v12,023,031) = 3 > ek I;g(vu)%usp(vm,as%
1,J,K=1 (B.13)
Forasn ZZE Y 05 ) () In <023v2p3> |
—013V1 - P3 4m —013V1 - P3
where
572 1 1+v
=77 _ T1p2
90 =51 (1 - v)
1[ 5r? 2v 1+wv 1, o, (14w 1—w
—|—— 41 1 -1 — Li B.14
+u[ 6 +n<1+v>n<1—v>+4n<1—v> 12(1—!—1})] (B-14)

rfu(2)-Hon(2) 20}

B.2 Soft and collinear limits of tree-level matrix elements

Soft- and collinear limits of tree-level matrix elements as discussed in section 3.4.1. Here, some
explicit expressions for soft and splitting functions are summarized.

B.2.1 Splitting functions

The collinear limit of two partons is described in Eq. (3.48), while the factorization formula is given
in Eq. (3.49). The possible splitting functions are defined as operators in spin space that act on the
spin of parton a

(5P |5y = PLO)ss (B.15)

ajag aiaz

The splitting functions are

5(0), i N y z 1—2z
Pg(g)’u (Z,kj_,&')—2CA I:—gu <1—Z >

(B.16)
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N v N v kM kY

PO (o kyse) = PP (2 k1) = Te [—gwf +4z(1 - 2) 2;] , (B.17)
1

A , N s’ , 1 2

PO (ke se) = PO 2,k 156) = 8 O [ ;:Z —e(1— z)] : (B.18)

Pg(g)’ss/(z,k:L;E) = 15;2)’83 (z,k15e) = f’q(g)’ss/(l —zki;e), (B.19)

while averaging over the transverse direction leads to the factorization formula

2 ~(0)
NG (P12, - )2 = Ay — (Pl (2:0)) C () (B.20)

where the averaged splitting functions read

@ (2:e)) = 20, [1 — 1%2 +a(1— z)] , (B.21)
(B (z:0)) = (P (1)) = T [1 - 2?_‘)} , (B.22)
(B :9) = (B ese) = O [FE2 —c1-)] (B.23)
(B (z:6)) = (B (232)) = (Pl (1 - 25¢)) . (B.24)

The triple collinear limit is defined in Eq. (3.52) and the factorization formula is given in (3.53).
Possible splitting functions are

<f)tj’1q§q3> ) <]-S§1q2q3> ) <pg192qs> )

S A
P91q2673 ) Pg1gzg3 ’

(B.25)

where in the case of a quark splitting spin correlations are absent and only averaged functions are
needed. Explicit formulas can be found in [1, 138].

B.2.2 Soft functions
The soft limit of a gg-pair (3.55) is described by the soft function

(pi-a1) (pj - a2) + (pj - 1) (pi - @2) — (Di - pj) (@1 - q2)
(@1 @2)? pi - (@1 + @)] [p) - (@1 + 2)] '

Jij(q1,q2) = (B.26)

The soft limit of two gluons is described by the soft function

8ij(q1,02) = 8iF " (q1,42) + (m? SI70(qr.q2) + m? S;Z#O(thb)) ; (B.27)
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where [138]

S7=0(q1,q0) = (1—¢€) pi-q1pj-@2+Dpi-@2pi @
" ’ (q1-42)? pi- (1 + @) pj- (1 +q2)

_ (pi - pj)? [2_pi'Q1pj'QZ+pi‘Qij'Q1
2pi-qipj @ D@D G pi- (@1 +q2) pj - (q1 + q2)
(B.28)
pi'pj |: 2 + 2 o 1
2q1-q Di-q1pj-q2 DPj - q1 pi-q2 pi'(Q1+Q2)pj'(Q1+Q2)
2
% (4+(pi'Q1pj'QZ+Pi'Q2pj'Q1) ﬂ 7
Pi-q1Pj-q2pi-q2P; q1
and [20]
1 pi-pjipj-(@1+qe
Szio(qh%): . + i P Py - ( )
4q1-q@pi-qipi-q2 2pi-quPj-q2Pi-q2p;-qDpi-(q1+q)
(B.29)
_ 1 < (pi-9)*  (p-a2)® )
2q-@pi- (@ +@)pi-(@+@) \pi-apj-2 Dpi @D -«

B.3 Soft and collinear limits of one-loop matrix elements

The soft and collinear limits of the one-loop matrix elements are described in Eq. (3.58) and (3.59),
where explicit formulas can be found in [1, 139-146]. However, for the construction of separately
finite contributions in section 4.5 the one-loop matrix elements is split as

2Re (Mgg)rﬂM&)rﬁ = 2Re <M£L(121|Z(1)‘M7(10~)Fl> + 2Re <M£LU<)Fl‘3:7(114)>1> . (B.30)

The collinear and soft limits for both contributions on the right hand side are needed.
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B.3.1 Limits of matrix elements of Z(%)

The matrix element of the Z(") operator can be obtained from Eq. (B.3)

2Re (M) 1ZO M)y =

Eg [<_ZCZO +Z ) |M$LOJ)F1|2

N (0 0
+2 Z In | £ nll\Tio 'Tj()’M?(w—i)-1>
(107‘70 20]0
1 1+wvrs 0
-3 e (i) el mady
() IJ 1J
MIUR 0 0
+4ZI 17 (M( )1|TI’Tj0’MfzJ)rl>] :
1,50 Jo

The factorization of Eq. (B.31) in the collinear limit, Eq. (3.48), reads

2Re <M¢(1?)a2 (p1)p27 )|Z(1 ’Mal,ag, (p13p2a e )> =

a1a2 a,

dmos— {2Re M (p, PY
512

as 1 1 I
- 2 a — ay a - 1 -
+47T6 (Ca = Cay 02)(6+n512>

— (5 =" —6%)

+2C, In|z(1 — 2)| +2(Cqy — Cay)In

A (0
< (MO (p, .. )P (kL) MO

a,...

(2.k1;6) ZV MY (p, ...

(RS
= N
T

(B.31)
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This expression is valid for both final- and initial state collinear limits, if the signflip by crossing of
a fermion is taken into account. The factorization of Eq. (B.31) in the soft limit, ¢ — 0, reads

2Re <M§7[,)a1,...(qap17 )|Z(1)|j\/[g,ob17 (qvph i )> =

_4ms{ Z 84;(q )> 2Re (MO (p1,..)|Ti - T, ZOMO _(p1,...))

toc [(‘ ') (Sz‘j(Q) - Sii(Q)) <—QCA <i + ln(%/ﬁ%g’ij(q))) T 78)
i

x (M) (p1,-- )T - THME) (1))

—Ca Y (S[J(q) - SH(q)) (UL m(izz) N 21n<m;:fzj>> (B.33)

(1,J)
x MO (pr,. )T T MO (p1,...)

i 3 sl ) (000 ~0lei) b))

7]7

X OO (. I FTITITENG (.. .>>] } |

B.3.2 Limits of the one-loop finite remainder

The factorization of the finite remainder in the collinear limit, 3.48, reads

2Re <Mgl)az (p17p2 )‘ a17a2 (p17p27 .. )> =

2
dras— |2Re (M) P z,ki ;=0 F) yees
= |2Re (M0 (p.. P, (ke = 01T (b)) _

Qs
L )Py (k)M (5, )

A (1
The finite one-loop splitting functions, P%}H a,(2,k1), are operators in spin space

(1) ~(1), ss’
(5P oy (2h)|8") = P (2h1) (B.35)
with
p(l)JW( k ) _ .99 ( )P(O),;w( k O) - 70 (C _ 9T )k‘ﬁ_ki
Fgg \#FL Tsr\Z) Lgg k1€ = 3 AlCAa F1Y ki )

(1), pv (1), pv 0),uv
PRI (zkr) = PO (2 k1) = r8a(2) PO (2k e = 0) T

PRy (2ks) = PLr (k1) = 18 (2) PO (2 k16 = 0) + 205 (Ca — Cp) 6%,

P}g)q“ (k1) = pg;;s (2,k1) = ;1;;5 (1—2k1).
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The finite coefficients g} (2) are given by

o z " 2
99 — —1n2 _ PR _1p2|ER
rép(z) = Ca < G In . z’ +2In|2(1—z)|In . In o > , (B.37)
; 152 3x? Tn? 40 z
ng%(z) =Cy <9 T ) +CF <3 — 16) - gTFnl —Cx In® 1— 2
( MR MR
+ 2 Bo—3CF+CAln’z(1—z)’ In (C’A—ZC' )ln (B.38)
S192 512
+2(Ca — Cp) m 0(—s12) , (B.39)
52 2 2 2
réa(z) = —CA+4CFln]z|ln ERI _Cy(ln + In|—£ (B.40)
6 512 1- 512
. 1-=2
4(Cp — Ca) ReLiy <— . > : (B.41)

These expressions are valid for both final- and initial state collinear limits, if the crossing relation is
taken into account in the initial state case.

The factorization of the finite remainder in the soft limit, ¢ — 0, reads

2Re<Mé?g«l (Q7p1 )‘ gal, ( 7p17'~-)> =

—dmas Z(Sij(Q) - Su‘(Q)> 2Re (M) (p1,.- )| T - TFE) (pa,...)
+= 1) (8i(g) — 8ul) RE MO (p,.. ) Ti - Ty (pr, - )

—4m Y Sula) 1 M) (o1, ) TITITEIMG, (P12 ) | ¢ s
(B.42)

where the functions Rf; and If; are the O(e%) coefficients of the one-loop soft functions given in
[146] after expanding in e.

RE = 4Cx (RS + RS (3u385(0)) + 3RS P 1w (3185(0) )

=2 (Ig?) +150 (%Mgslj(g))) . (B.43)

B.4 Helicity splitting functions

The limit of matrix elements as external polarized partons become collinear is described by the
function Split§ ' (pi‘l,pg‘z) in Eq. (5.40) and by Split§ 1423 (pi‘l,pg‘Q ,p§‘3) in Eq. (5.44). The
explicit form for all possible flavor assignments has been given in [224]. However, they have been
rederived for the Implementation of STRIPPER, due to some inconsistencies in the formulas in the
literature. For completeness all formulas for the triple splitting functions are listed in the following.
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In contrast to [224] the helicity of the splitting particle is treated, as if it is outgoing.
The purely gluonic case is considered first

. C £Ci . )\o- )\o‘
Sphti—mgg(pi\l ’pg\Q ’pgs) = (47ray) Z (_fccglcfccalcg) Sphti—mgg(pall ’p0227p§\3) ’ (B.44)
ogES2

where the sum over repeated color indices is always understood. The summation runs over the two
permutations Sp of {1,2}. The color stripped functions read

. 1 1
split] "% (p{ ,p3 .p3) = 2 = a oap
2
. _ z 1
split? "% (py ,p3 .p3) = 2 Tiz?, Do o)
2
. _ z 1
Sphtg_%ggg(pir »Do ap:;r) =2 sz?) <p1p2><p2p3> 5
2 B.45)
. _ z 1 (
Sphtgﬁggg(pi‘r 7p;_ »P3 ) =2 /7;1’)23 <p1p2><p2p3> 5
. _ 2 $12%22 62(p1,p2,p3) Z2
1it977999 (1) _ P2, 1 — 23)8(p1.po, ’
split? " (p1,p3 ,p3) 512593 | (1= 21) + - + 2123( 23)0(p1,p2,03)
split] "% (py ,p3 .p3) = split] 9% (p3 .p3 07 ) ,
split] "% (pf ,p; o3 ) = —split] "9 (p; .pi .p3) — split] "9 (pf .p3 .3 ) .
where
d(p1,p2,p3) = [p1p2) (Vz1(p1p3) + /z2(p2p3)) - (B.46)

The splitting of a gluon into a gluon and a qg pair can be expanded in its color structures
. qq (, A1 A2 . —A
Sphtg\ﬁgqq (pllap22ap3 )=

. qq (, A1 A2 . —A . qq (, A1 ,.—A2 A
(47Ta5) (tctc1 )03 c2 Sphtg\ﬁgqq (pl ! ’p22 7p3 : ) + (tCI tc)cgcQ Spht?\ﬁgqq (pl ! 7p3 ? ’p22 )]
(B.47)
The color stripped functions read
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+ [p1p3]s12 ((22 + 23) <\/Z(21 + 223)(p1p2) — 23/2 <p2p3>>
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The splitting for ¢ — ggg can be decomposed according to its color structures as
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g€S2
where S denotes the permutations of {2,3}. The color stripped functions read
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Finally, the splitting for the purely quark case reads

. ia ;A\ A A = a . aq ;)\ A A:
SRt 77 (p) 37 ) = (87a) [£6,ot6,c, 501t 77 (91 97 p)?)

o I (B.50)
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where the color stripped functions read
7ol 1 (/71222 0(p1,p2,
Sphtz——)qq I (p—li—ap2_7pg—) = ( 12 + (pl P2 p3)> )
so3 \ 1— 21 $123
split™ """ (p1 5 pg ) = splity " (pf p3 p3) - (B.51)
The remaining splitting functions, Split® ) “14243 (pl_/\1 Dy A2 ,pg)‘3), are obtained from

Split§ 7414293 (pi‘1 ,pé\2 ,pg‘g) by replacing (p;p;) with [p;p;] and vice versa. A factor (—1) has to be
multiplied, if the splitting function contains a ¢g-pair in the final state.

B.5 Crossing

a(p1 + p2)
a1(p1)
a(p1 + p2)
az(p2)

az(p2) o
a1{p1)

Figure B.1: Final state collinear splitting configuration (left) and initial state collinear splitting configuration
(right).
All formulas presented in the previous sections have been given for final state collinear particles. If
however, one of the particle is in the initial state the correct formulas are obtained by crossing. If
the particle with momentum p; and flavour a; is crossed to the initial state,as depicted in Fig. B.1,
the splitting functions obtain a sign for each fermion that is crossed

P — (—)FtPap (B.52)

where s, and s,, are the spins of partons a and a; respectively. The splitting variable z can be
obtained in the collinear limit from the energies of the involved partons. The crossing amounts to
the replacement

n »
z= e[0,1] — = € [1,+oof, (B.53
P+ o1 ) — | | )
and similarly for the triple splitting functions
n »

pPRS— S—=y (|| [N 4 S PSS (B.54)
P + P9 + pd p) —p3 — P
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