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Summary

The huge amounts of data on particle scattering which have been collected by the
LHC in the recent years, has enabled the investigation of interactions and other
effects which so far have been too minuscule to be observed. A perfect example of
this is the recent discovery of the Higgs particle.

The large amount of background to such processes has caused an ever increasing
need for precise predictions by the fundamental theory. For most collision processes
the leading contribution comes from QCD, the theory of the strong interactions,
which is the main focus of this thesis. In practice the required precision corresponds
to the next to next to leading order in the perturbative expansion of the cross section,
which requires the calculation of Feynman diagrams with two or more loops.

For one-loop diagrams the corresponding problem has been solved to the extent
that almost all one-loop amplitudes of physical interest are known, and their calcu-
lation automated. This is mainly due to the technique of generalized unitarity cuts
combined with integrand reduction into what is known as the OPP method. This
method is sufficiently easy and fast that the one-loop contributions can be incorpo-
rated into event-generation software on equal footing with the tree contributions.

More specifically, the OPP method calculates individually each topology in the
expansion given by the integrand reduction. First it calculates the topologies with
the most propagators, and when they are known one may calculate the lower topolo-
gies using the higher ones as subtraction terms. Combined with specialized methods
to find the rational term, the OPP method provides a complete procedure for finding
the one-loop corrections to any amplitude.

In this thesis we will develop a method to extend the OPP method to two
loops and beyond. It is based on a categorization of the integrand using algebraic
geometry, in which the set of propagators corresponding to each topology is identified
with an algebraic ideal I. This allows for the identification of the set of terms
which are allowed in the numerator corresponding to each topology, with those of
the members of the quotient ring R/I which lives up to a set of renormalization
constraints. The method works in both four and d space-time dimensions.

We start the thesis with an introduction to QCD, amplitudes, and unitarity cuts.
Then we do a number of four-dimensional examples of our form of the OPP method
in the context of the process gg — gg. We calculate the one-loop contribution in
significant detail, the three two-loop, seven-propagator topologies called the double-
box, the crossed box, and the pentagon-triangle, and finally we calculate the triple-
box three-loop topology. We also take a brief look at another three-loop topology,
the tennis court.

By the additional calculation of a number of six-propagator two-loop topologies,
we illustrate two problems with our method in its four-dimensional version. The
first is the minor problem in which a unitarity cut solutions for a topology coincide
with a cut solution for one of its parent topologies causing infinities to appear
in the calculation. The other is denoted the major problem, and is characterized
by the existence of terms which vanish on the cut without being a sum of terms



proportional to products of the propagators. These terms may be identified with
members of VI /1.

It turns out that both of these problems can be solved by going to d dimensions.
We illustrate the d-dimensional method by repeating part of the one-loop gg —
gg calculation, showing how the higher dimensional contributions give rise to the
rational term of the amplitude.

For doing d-dimensional two-loop calculations, we describe how to embed the
higher-dimensional parts of the loop-momenta, denoted p-parameters, into two extra
dimensions, and we describe how to do calculations in these dimensions using the
six-dimensional spinor-helicity formalism. As an example we calculate the planar
two-loop contribution to gg — gg for the case where all external gluons have the
same helicity, and we get agreement with the known result.

The main calculation of this thesis is that of the planar part of gg — ggg for
the mentioned helicity configuration. There are eight topologies contributing to the
amplitude and we find that the result agrees with numerical checks. We find a
curious relation between the result and the MHV result for N = 4 SYM, similar to
a known relation at one-loop. We also calculate a few non-planar contributions to
the amplitude.

We end the thesis by comparing the method to a number of alternative meth-
ods proposed by other groups, and by a number of appendices. Primary among
the appendices are a detailed introduction to the six-dimensional spinor-helicity for-
malism, and a derivation of the method used to perform integrals over the higher
dimensional p-parameters.



Resumé

De enorme maengder partikelspredningsdata, som er blevet indsamlet af LHC i de
senest ar, har muliggjort udforskningen af vekselvirkninger og andre effekter, der
indtil nu har veeret for sma til at kunne ses. Et perfekt eksempel pa dette er den
nylige opdagelse af Higgspartiklen.

Den store maengde baggrund til sddanne processer gor, at behovet for praecise
forudsigelser fra den fundamentale teori bestandigt vokser. For de fleste kollision-
sprocesser vil det dominerende bidrag komme fra QCD, teorien om de steerke vek-
selvirkninger, som er det primzere fokus for denne afhandling. 1 praksis svarer den
ngdvendige preaecision til tredjelaveste orden i den perturbative udvikling af spred-
ningstveersnittet, hvilket kraever en udregning af Feynmandiagrammer med to eller
flere loops.

For enkeltloopdiagrammer er det tilsvarende problem blevet lgst i en sadan
grad, at sa godt som alle enkeltloopamplituder af fysisk interesse er kendte, og
udregningen af disse er blevet automatiseret. Dette skyldes primaert den generalis-
erede unitaritetssnitsteknik, som kombineret med integrandreduktion giver, hvad
der kendes som OPP-metoden. Denne metode er tilpas hurtig og let at automatis-
ere, til at enkeltloopbidrag kan inkorporeres i eventgenereringssoftware pa lige fod
med treeniveaubidragene.

Mere specifikt sa udregner OPP-metoden hver enkelt topologi i den ekspansion,
der fas fra integrandreduktionen. Fgrst udregner den de topologier, der har de fleste
propagatorer, og nar de er kendte, kan man udregne de lavere topologier ved at
bruge de hgjere som subtraktionsled. Kombineret med specifikke metoder til at
finde det rationelle bidrag, giver OPP-metoden en komplet procedure til at finde
enkeltloopbidragene til en vilkarlig amplitude.

I denne athandling vil vi udvikle en metode der generaliserer OPP-metoden til
to og flere loops. Den er baseret pa en kategorisering af integranden ved hjeelp af
algebraisk geometri, idet maengden af propagatorer bliver identificeret med et alge-
braisk ideal I for hver enkelt topologi. Dette muligger en identifikation af det saet
led, som er tilladt i teelleren for den enkelte topologi, med de elementer af kvotien-
tringen R/I, som opfylder et st renormaliseringsbetingelser. Metoden virker bade
for fire og d rumtidsdimensioner.

Vi starter athandlingen med en introduktion til QCD, amplituder og unitaritetss-
nit. Dernaest vil vi gennemga et antal eksempler for vores udgave af OPP-metoden
illustreret ved processen gg — gg. Vi udregner enkeltloopbidraget i nogen detalje,
de tre syvpropagatortopologier for treloopbidraget kaldet dobbeltboksen, krydsbok-
sen, og femkantstrekanten, og tilslut udregner vi trelooptopologien tripelboksen. Vi
tager ogsa et hurtigt kik pa en anden trelooptopologi, tennisbanen.

Ved den yderligere udregning af et antal tolooptopologier med seks propaga-
torer, illustrerer vi to problemer med vor metode i dens firdimensionale udgave.
Det forste er det mindre problem i hvilket en unitaritetssnitlgsning for en topologi
sammenfalder med en snitlgsning for en modertopologi, hvilket far uendeligheder
til at dukke op i udregningen. Det andet kalder vi det stgrre problem, og det er



karakteriseret ved eksistensen af led, som forvinder efter snittet uden at vaere en
sum af led proportionale med produkter af propagatorer. Disse led kan identificeres
med elementer i v/1/1.

Det viser sig, at begge disse problemer kan lgses ved at ga til d dimensioner.
Vi illustrerer den d-dimensionale metode ved at gentage dele af enkeltloopudregnin-
gen for gg — gg, hvilket viser hvorledes de hgjeredimensionale dele tilsvarer det
rationelle bidrag.

Med de d-dimensionale toloopudregninger for gje, viser vi, hvordan man kan
indeslutte de hgjeredimensionale dele af loopimpulserne, kaldet p-parametre, i to
ekstra dimensioner, og vi beskriver, hvordan man kan lave udregninger i disse di-
mensioner ved hjzlp af den seksdimensionale spinorhelicitetsformalisme. Som et
eksempel udregner vi toloopbidraget til gg — gg for det tilfaelde, hvor alle de ek-
sterne gluoner har den samme helicitet, og vi finder overensstemmelse med det
kendte resultat.

Den primaere udregning i athandlingen er for den planaere del af processen gg —
ggg i den ovennavnte helicitetskonfiguration. Der er otte topologier der bidrager, og
vi finder, at resultatet passer med numeriske beregninger. Vi finder en spgjs relation
mellem vores resultat og MHV-resultatet for N' = 4 SYM, som svarer til en kendt
enkeltlooprelation. Vi udregner ogsa et par ikke-planare bidrag

Vi slutter athandlingen med at sammenligne metoden med alternative metoder,
fremlagt af andre forskningsgrupper, og med et antal appendices af hvilke de primeere
indeholder en detaljeret introduktion til den seksdimensionale spinorhelicitetsformal-
isme og en udledning af den metode, vi benytter til at beregne integraler over de
hgjeredimensionale p-parametre.
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Chapter 1

Introduction

Ever since the dawn of civilization, mankind has shown an interest in understanding
and explaining the phenomena of nature. The philosophical tradition arising out of
ancient Greece, is perhaps the first of the attempts at systematizing the inquiries
of nature which have survived to this day. The axiomatic geometry of Euclid is a
precedent of modern mathematics, and the theory of the classical elementsﬂ which
was accepted and developed by philosophers such as Aristotle, survived all the way
into the middle ages.

Theories such as that of the four elements may be seen as attempts at describing
all phenomena in terms of the behaviour of a few “ontologically basic” substances.
The atoms of the early atomic theory is a newer example of such a theory, and so is
the Standard Model of particle physics which, to the best our current knowledge, in
principle describes the behaviour of everything in our universe, with the exceptionﬂ
of gravity.

As the inquiry of nature moved from the realm of philosophy to the realm of
science, the mathematical complexity of the theories grew. The Greek philosopher
Pythagoras whose candidate “ontologically basic substance” was “mathematics”, did
in a sense turn out to be right, as no serious proposals for new physical theories
are formulated in a language other than the mathematical. The Standard Model of
particle physics is described using group theory, Hilbert spaces, non-Euclidean geom-
etry, and complex analysis, mathematical tools and concepts which were unknown
200 years ago.

What is perhaps the main result of this thesis is given by eq. on page m,
and admittedly that result is rather far from anything a philosopher like Aristotle
would have acknowledged as describing nature in any way. In a sense this is perhaps
regrettable, but it is more than justified by the fact that where the theories of
Aristotle and his contemporaries were of a purely qualitative nature, the current
theories describe nature quantitatively, in the best cases with the deviation between
theory end experiment being less than a factor of 1077,

'In the Greek and western tradition, these are the four elements fire, air, water, and earth, with
a fifth, the aether, occasionally added to explain the heavenly bodies.
2And also with the exception of dark matter, dark energy, massive neutrinos, baryogenesis, etc.
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Thus the remainder of this thesis will be written in the language of modern
physics, with little further mention of Greek philosophers.

The Standard Model of particle physics describes everything in nature as made
of quantized fields interacting under the gauge group

SU(3) x SU(2) x U(1) (1.1)

with the SU(2) x U(1)-part being broken by the Higgs mechanism. The focus of
this thesis will be on the SU(3)-part, which in its physical realization is denoted
quantum chromo dynamics, or QCD.

QCD is the theory of the strong nuclear interactions which is one of four funda-
mental forces of nature, alongside electromagnetism, the weak nuclear interactions,
and gravity. It is responsible for keeping the nucleons and the nuclei stable, so
matter as we know it could not exist without the strong force.

As the the name suggests, the strong nuclear interaction is by far the strongest
of the four fundamental forces, so when doing a scattering experiment with particles
that interact strongly, as it happens in the LHC, it is QCD which is responsible for
the dominant contributions. If the goal of the experiment is to investigate another
part of the standard model, like the Higgs couplings or the weak sector, or perhaps
to search for new physics like supersymmetry, QCD contributions will make a back-
ground to the signal of the process which will have to be subtracted rather precisely
in other to see the potential new signal.

The LHC which has been running since 2008, has been collecting huge amounts
of data with immense precision. The primary result of this so far, has been the
discovery of the Higgs boson in 2012 [6], which until then was the only unobserved
particle predicted by the standard model. The amount of data is high enough to
allow the discovery of effects small enough to make the second-order corrections
to the QCD amplitudes necessary for a proper background subtraction. Second
order corrections to an amplitude will have contributions from Feynman diagrams
containing two (and in some cases more) loops, and the main purpose of this thesis
is the development of a method to perform (parts of) the calculation of such higher
loop contributions.

At one-loop the corresponding problem has not only been solved, but solved
in a way that allows for fast, numerical calculations of the involved amplitudes.
Most of these numerical implementations have been done using generalized unitar-
ity cuts [7H13|, and it is that fact which inspires the attempts made in this thesis
and elsewhere [14-16] to extend the generalized unitarity-cut method, and for this
thesis specifically the OPP method of [9], to two loops and beyond.

Another motivation for the work done in this thesis, is that innumerable struc-
tures, some of which are rather unexpected from a traditional Feynman-diagrammatic
point of view, have been uncovered in scattering amplitudes during the recent two
decades. Most of these structures are to be found in unphysical theories like N' = 4
SYM [1722], but also in QCD have such structures been appearing [23-27]. In

11



order to discover and to check such relations, and perhaps to cast some further light
on their origin, it is convenient with a large “data-set” of known amplitudes. It is
the hope that the calculations described in the present document will provide a few
extra data-points to this set, and that the methods developed will help with further
discoveries in the future.

So to summarize: The goal of this thesis is to derive an extension and general-
ization of the OPP method which is applicable to higher-loop cases, and to use it to
derive a number of new results for such higher-loop topologies, with the hope that
both the method and the specific results will be of interest for future experimentalist
and theorists alike.

1.1 Notation

In this thesis, we will use the standard QFT unit convention which has h =c¢ =1
such that the units of any quantity is some power of the unit of momentum. We
will use the “mostly negative” space-time metric such that

g = diag(1,—-1,—1,...) (1.2)

For momenta we will denote external momenta as p!’, loop-momenta as k', and
propagating momenta as [}'. The Feynman slash-notation p will denote contractions
with the gamma-matrices or with the Pauli matrices depending on context.

Our spinor-helicity convention is such that

(i)l = (pi+p;)° = sy (1.3)

and for further details on the spinor-helicity, see section or appendix [Al We will
also encounter a six-dimensional version of the spinor-helicity formalism, and for
that case the conventions are listed in section and in appendix

For four-point kinematics we will use the traditional names for the Mandelstam
parameters defined as

s = (p1 +P2)2 t=(p +p4)2 u = (p1 +p3)2 (1.4)

in the case where all the momenta are out-going, which is our main convention in
this thesis.

For five-point kinematics we will mainly use the cyclic Mandelstam variables
Siir1 = (p1 + pir1)?, and additionally we will encounter the quantity trs defined as

trs = tr(vysp1pepsps)
= 44 1, s pa P DD D

= [12](23)[34](41) — (12)[23](34)[41] (1.5)

12



and the related quantities try(abcd) defined as

try (abed) = $tr((1 4 75)Papobeba)
) (b)) )
r_(abed) = 5tr((1 = 7s)papsPeiba)
= {ab)[bc](cd)[da] (1.6)

For more discussion of such kinematical quantities, see appendix [C.1]

The colour-algebraic conventions are given by egs. and (3.3), but note that
these convention are not followed in chapter

Scattering amplitudes are denoted A, partial amplitudes A, and primitive ampli-
tudes AP). Loop-level quantities are denoted with the number of loops in brackets,
i.e. A® while the number of dimensions is in a square bracket, i.e. A

Pn1+27Pn1+1 P27Pl

\\ ky — Poy 11

ky + ko

I,

//

Privny = Poyina—1 Py — Poy—1
711+71;+1 }3711+712

Figure 1.1: This figure shows a two-loop topology which would be referred
to as (tnine1;P).

In this thesis we will encounter a number of two-loop topologies. To name them
we will use a semi—systematicE] notation in which a two-loop topology will be denoted
(tabc; P). Here t is an actual t and is short for “topology”; the a, b, and ¢ denotes the
number of propagators along the three branches of the topology, and the P denotes
any additional labels necessary to identify the topology which will be determined on
a case-by-case basis and left out when superfluous. For a general planar example,
see fig.

If a topology y corresponds to a set of propagators which is a subset of the
propagators for another topology x, y will be denoted a daughter topology of =z,
while x is a parent topology of y.

31t is possible to define a completely systematic notation at the cost of clarity, see [1].
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1.2 Structure

The structure of this thesis is as follows:

In chapter [2| we will take a look at the theory of QCD, including the formal
definition of the theory, properties such as asymptotic freedom and confinement,
and a description of how to relate the theory to experimental results.

In chapter 3] we will describe scattering amplitudes, discussing Feynman dia-
grams, colour ordering, the spinor-helicity formalism, and Feynman rules. We will
also take a look at some n-point tree-level amplitudes, and discuss their mutual
relations including the BCFW recursion relation. At the end of the chapter we will
discuss the amplitudes of theories other than QCD, such as QED and N/ = 4 SYM.

In chapter 4| we will describe loop-level properties and effects. First we will de-
scribe the issues of regularization, renormalization, and infrared divergences. Then
we we will discuss integrand reduction and evaluation of Feynman integrals using
Feynman-parameters, IBP identities, and differential equations. In the last sections
we will introduce the ideas of unitarity, generalized unitarity cuts and the OPP
method, which we in this thesis will try to extend to multi-loop cases.

In chapter 5| we will do a one-loop example of (our approach to) the OPP method,
illustrated by the process gg — gg in pure four dimensions. We will do the complete
calculation of the box-coefficients for arbitrary helicities and particle content, and
sketch the corresponding calculation for the triangles and the bubbles.

In chapter [6] which is based on [1], we will present the first real results, a cal-
culation of the four-dimensional part of the three seven-propagator topologies con-
tributing to gg — gg at two-loops. These are the double-box (¢331), the crossed box
(t322), and the pentagon-triangle (t421). We will also discuss some simplifications
that occur for supersymmetric theories.

In chapterwe will, based on [2|, calculate the three-loop triple-box contribution
to gg — gg to illustrate that our method is not limited to two-loop. We will also
show that our method is applicable to another three-loop topology, the tennis-court.

In chapter [§]we will discuss three four-dimensional six-propagator two-loop topolo
gies, the three box-triangles (£321;P). The purpose of this is to expose two problems
with the four-dimensional version of our method: the minor problem which occurs
whenever a cut-solution for a topology is identical to a cut-solution of a parent
diagram of the topology, and the major problem which occurs whenever a part of
the irreducible numerator for a topology cannot be found from generalized unitarity
cuts.

In chapter [J] we will discuss the central role of algebraic geometry in the method
developed in this thesis, including the use of Grébner bases and multivariate polyno-
mial division to find the irreducible numerator, and the use of primary decomposition
to identify the individual cut solutions. We will look at both the four-dimensional
and the d-dimensional case, and show that both the minor and the major problem
gets solved by going to d dimensions.

In chapter [10] we will take another look at the one-loop contribution to gg — gg,
but this time with the full dimensional dependence. We show how to embed the
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extra-dimensional momenta in a fifth dimension, and show how to regulate the
polarizations of internal gluons using a scalar loop.

In chapter which is based on the first half of [3], we take a look at the be-
haviour of two-loop amplitudes in d dimensions. We show how the extra-dimensional
loop-momenta can be embedded in two extra dimensions, and we introduce the six-
dimensional spinor-helicity formalism which may be used to perform calculations for
such embeddings. As an example we look at the gg — gg process for the case where
all the external particles have helicity plus.

In chapter [12] which is based on the second half of 3], we calculate the planar
two-loop contribution to gg — ggg in pure Yang-Mills theory, for the case where all
the external particles have helicity plus. Fight different topologies contribute to the
process, and we find a curious relation...

In chapter which is based on results from [5], we calculate two non-planar
contributions to gg — ggg.

In chapter [14] we sum up and conclude the thesis, and attempt to outline some
directions this line of work could take in the future.

We end the thesis by a number of appendices:

In appendix[A]we derive and list our conventions for the four-dimensional spinor-
helicity formalism in detail.

In appendix [B] we derive and list our conventions for the six-dimensional spinor-
helicity formalism. We derive expressions for spinors for six-dimensional space-
time and we show how to use them to form spinor-products, vector-products, and
polarization vectors as it is done in four dimensions. We also show how to relate a
set of six-dimensional spinors to two four-dimensional ones. We end the appendix
by listing the gluonic three-point amplitudes in six dimensions.

In appendix[C|we discuss how to parametrize results for amplitudes with different
kinds of kinematics, either using Mandelstam variables and epsilon contractions, or
using momentum twistor variables.

In appendix [D] we discuss how to evaluate Feynman integrals which are a function
of the higher-dimensional p-variables. We first introduce the concept of Schwinger
parameters, and then show how to use them to evaluate the p-integrals by relating
them to integrals in higher dimensions. We go through cases at both one and two
loops.

In appendix [E] we list and explain a number of concepts from algebraic geometry,
and provide examples of their use.

In appendix [F]we collect a number of minor appendices. One on flattened vectors,
one on spurious vectors, one on spurious integrals, one on discrete Fourier sums, and
one on PLU decomposition.

In appendix |G| we list a number of (one-loop) Feynman integrals which are of
frequent use in this thesis. We list the general expressions, and their e-expansions
in four, six, and eight dimensions.

In appendix [H] we list the Feynman rules for SYM theories which we use in this
thesis.
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Chapter 2

QCD

QCD is defined as a Yang-Mills theory with gauge group SU(3) coupling to six
massive quarks, denoted down, up, strange, charm, bottom, and top, and their
corresponding anti-quarks. The properties of the quarks are are

symbol | charge mass symbol | charge mass
d (—=1/3)e | 4.9 MeV u (2/3)e 2.4 MeV
s (—=1/3)e | 100 MeV c (2/3)e | 1290 MeV
b (—1/3)e | 4200 MeV t (2/3)e | 173000 MeV

where the masses have been listed as their central value only. Additionally does
the gauge-group give each of the quarks an extra quantum number called “colour”
which can take values from one to three, thereby metaphorically corresponding to
the primary colours red, green, and blue. The anti-quarks have a corresponding
anti—colomﬂ. The particles carrying the colour-force are denoted gluons, and they
too are coloured, with one colour and one anti—colourﬂ The coloured particles, i.e.
the quarks and the gluons, are collectively known as partons.

Observable particles do never have a colour, they can only be colour neutral,
or “white”, so the partons can only appear in colour neutral combinations, called
hadrons. Two types of hadrons are by far the most common. These are the
mesons, which can be obtained from combining a quark and an anti-quark, and the
(anti)baryons, which are formed from three (anti)quarks, one in each (anti)colour.
The proton, which is the particle type collided at the LHC, is a baryon made of two
up-quarks and a down-quark.

2.1 The theory of QCD

QCD is defined by the Lagrangian density

1 ~ /.
L= —ZFg‘”FaW—l—w(le—m)w (2.1)
IThe anti-colours are often illustrated as cyan, magenta, and yellow.
20One might imagine that this would lead to nine different gluons. In fact there are only eight,
due to the S in the SU(3) gauge group. See any introduction to QCD, such as [28}29].
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where the first term describes the Yang-Mills theory, and the second term contains
the interaction with the quark fields ) and . The flavour, colour, and spinor indices
for the quarks have been suppressed. D* is the covariant derivative

Dt =o' —ig, ALT, (2.2)
and F} is the field strength tensor
FIv = ot A, — 0" Al + gs fanc A AL (2.3)

which both are given in terms of the gauge field (or gluon field) A~.

Even though QCD has the gauge group SU(3), we will in all of the following work
with SU(V.), with N, as a free variable. The gauge group makes its appearance
through the generators T,, as a general member of the gauge-group can may be
written as an exponentiation of the generators as

U(z) = exp (iTo¢d)) (2.4)

where the a-indices are known as adjoint indices and run from 1 to N? — 1 which
is the number of generators of the gauge group. The colour index of the quarks is
a fundamental index, and it runs from 1 to N.. The structure constants f,,. which
are defining for the algebra of the group are related to the generators, the relation
being

[To, Ty) = ifapeTe (2.5)

A general gauge-transformation works on the fields as

v — Ut W — YU AP 5 U <A" — iU‘la“U) Ut (2.6)

s

where A* = ANT,, and we seeﬂ that this transformation leaves the Lagrangian of
eq. (2.1) invariant, thus justifying the name gauge theory.

2.2 Regimes of QCD

There are no known, exact, analytical solutions for the eigenstates of QCD or Yang-
Mills theory. One approach to finding approximate solutions is perturbation theory,
in which one finds the exact solution for the free theory (with g, = 0), and then
treats the full theory as a perturbation around the free state. This approach will
yield valid solutions if g, < 1, or rather if oy < 1 where

_ 9

=2 (2.7)

A

3To see this, it is helpful to use that the first term in the Lagrangian may be written as
—Itr(FME,,).
2 j24
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But is that inequality true? It turns out that quantum effects makes the physical
value of o, dependent on the characteristic energy scale for the process p through
the beta function

dovg
) = ——— 2.8
70 = og () (25
where the beta function for QCD may be calculated] to
1 a 3
Blay) = =5 (11N, = 2n,) 2 + O(a?) (2.9)

where n, is the number of quarks in the theory.

As [ is negative, we realize that the solution for a,(u) is a decreasing function
that asymptotically will go to zero as the energy scale goes to infinity, an effect
known as asymptotic freedom. This effect makes the perturbative approach more
and more correct in that limit. The critical energy scale below which the perturbative
approach no longer yields useful results, is that for which a,(u) ~ 1. That value
is denoted Aqcp and has the value of approximately 250MeV [30]. This value may
be compared with the energy scales of current particle physics experiments which
go into the TeV regime corresponding to o < 0.1, so we see that the perturbative
approach is justified for our use.

In the other regime where u < Aqcp we find that free quarks and gluons are by
no means a good approximation, and it is also here we find the quarks and gluons
bound inside hadrons like protons, neutrons, and pions, and the nucleons bound in
nuclei. This tendency for the coloured particles to bind together to form colourless
states is known as confinementPl

In the rest of this thesis we will work solely within the perturbative approach in
the high energy regime. We will go on to describe the details of the perturbative
approach in higher detail, but let us first make an attempt to connect the rather
abstract theory described by eq. with the experimental reality.

2.3 Measurements in QCD

As we have seen, is an experimentalist going to encounter the gluonic and fermionic
fields of eq. (2.1) as quantized particles known as gluons and quarks. The way to

4This expression is the result of the one-loop calculation only. Each extra loop-order will give
another term in the o, expansion.

5There is no method as elegant and systematic as perturbative QCD to describe the confined
regime, but it is still worth to take an ultra-brief look at some of the methods one might use in that
case. One is the flux-tube model in which one regards the individual particles as bound by strings,
called flux-tubes, where it is the tension in those strings that keeps the partons bound. Another is
lattice-QCD in which one performs calculations on a lattice of a theory described by a discretized
version of the Lagrangian of eq. , in a way that allows for a consistent continuum limit at the
end of the calculation. A third method is the ADS/CFT correspondence in which one utilizes the
duality between certain quantum field theories in the weak coupling limit, and certain gravitational
theories in the strong coupling limit which may be solved approximately using methods developed
for the study of black holes.
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investigate the behaviour of these particles is to make them interact with each other
and study the results of the interactions. In practice this is done by colliding the
particles at high energies and observe the results in a detector. Due to the prob-
abilistic nature of quantum theories, repeating an experiment is not guarantied to
repeat the result, the correct quantum mechanical description assigns a probability
P to each final state |f) given an initial state |i), that is

P = [(fISli)] (2.10)

where the matrix S, known as the S-matrix, describes the spatiotemporal evolution
between the stateﬂ. As the by far most common result of a scattering experiment
is | f) = |i), we chose to write the S-matrix as

S=TI+iT (2.11)

where 7, known as the T-matrix, contains all the interactions. Each state is charac-
terized by its quantum numbers such as the flavour, colour, helicity, and momentum
of the involved particles. As the momenta are continuous, the probabilities of eq.
are best described as a distribution

1 4 ¢4 9
25 o1 (pr + 2 — ;pf) A1, .., )] (2.12)

P({ps}) =
of the (three-)momenta of the final states, with the momenta of the initial states
being fixed. Ey denotes the energies of the states. The quantity A is the scattering
amplitude, which is defined as

A= sy ppaliT ity - -, Pin) (2.13)

- an object of such importance that most of the remainder of this thesis will be
devoted to (a part of) their calculation.

Often a description in terms of a cross section o, defined as the effective target
area corresponding to the probability distribution for a classical scattering process,
is preferred. An expression for o may be derived from eq. (2.12), see for instance [2§]
for many more details.

Naively one might hope that eq. was the end of the story, and that
accurate and frequent enough measurements would enable one to deduce the particle
distribution, calculate (the square of) the amplitude using , and compare this
with the theoretical prediction. But nature is not that kind, at least not for the case
of QCD. The scattering one may investigate using the basic theory for the elementary
partons, is called the hard scattering. But due to the colour-confinement neither
the particles which are collided, nor the ones that are measured, are partons, rather

6In non-relativistic quantum mechanics it would be given as S = exp(—iHt).
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the collided particles (at the LHC) are protons, and the measured ones may be any
hadron[’| with a life-time long enough to reach the detector.

Let us start by investigating the initial state. A proton is usually said to be
made of two up-quarks and a down-quark bound together by gluons, but for high
energy protons, quantum fluctuations may create anti-quarks or higher generational
quarks complicating the picture further. Which fraction of the total momentum
of the proton is carried by which of the individual constituents is indeterministic,
and described by a function called the parton distribution function (or PDF). It is
necessary to know this distribution to be able to deduce the (squared) scattering
amplitude from an experiment, but as the interior of the proton is beyond the per-
turbative regime, the PDFs have to be calculated using a non-perturbative approach,
usually combined with a fit to experimental data.

In the final state matters are just as involved. As the final state (off-shell)
partons move away from the interaction point they will begin a process of parton
showering whereby each parton will “branch”; creating a large number of gluons and
quark-antiquark pairs in its wake. This happens due to the colour-force between the
partons, which makes it energetically favourable to form such particle-pairs out of
the vacuum. In principle there is no physical distinction between the hard scattering
process and the showering process, the separation is made due to calculational con-
venience. Eventually the showering partons will bind together to form the hadrons
that are observed in the detector - a process known as hadronization. The hadrons
will come in clusters corresponding to the initial hard partons, these clusters are
known as jets. The parton showering is usually treated using statistical Monte
Carlo methods, and the hadronization takes place outside the regime and has to be
treated accordingly.

All of these issues, along with imprecisions in the detectors, statistical uncertain-
ties in the data sampling, and several other issues [29], lie between the experimental
observables and the hard scattering process. With this in mind we will ignore these
issues completely in the following, were we will investigate the central mathematical
object of the hard process, the scattering amplitude.

"This is in QCD only. In general one may also measure leptons, photons, etc.
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Chapter 3

Amplitudes

In this chapter we will develop the basic theory for scattering amplitudes and men-
tion some more advanced developments.

3.1 Feynman diagrams and colour ordering

From a careful quantization[] of the theory given by the Lagrangian of eq. (2.1)),
or indeed of any quantum field theory, one arrives at the surprising result that
any scattering amplitude may be written as a sum of objects known as Feynman
diagrams

A(pr,...,pn) = Z Z diagram(order, graph, py,...,p,) (3.1)

order graphs

where ‘order’; refers to the order in the perturbative expansion in the coupling
constant. Fach order has a number of contributions known as Feynman graphs, so
called as they correspond exactly to the different connected graphs one may draw
which join the initial and the final particles. The vertices of the graphs describe the
interactions of the theory, and expanding eq. will give three kinds of interaction
termg?, terms with three gluonic fields, a term with four gluonic field, and a term
with a gluonic field along with a quark and an antiquark. This corresponds exactly
to the three kinds of vertices allowed by the Feynman rules of QCD: a three-point
gluon vertex, a four-point gluon vertex, and a ggq vertex. Each order corresponds to
a number of loops in the graphs. The lowest ordelﬂ has zero loops, and is therefore
denoted tree-level, the next order has one loop, the next two, etc.

Eq. made no mention of which of the external particles were in the initial,
and which the final state. That is because of a property called “crossing symmetry”
which relates the amplitude of a configuration which has a particle with momentum

1See [28] or any other book on quantum field theories.

2that is terms with at least one power of the interaction constant.

3Usually one uses a convention in which lowest order means lowest non-zero order, making this
statement false in cases where the tree-diagrams vanish.
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p in the initial state, to the amplitude of the configuration in which the same particle
is in the final state with momentum —p. For this reason we will not discriminate
between initial and final states in the following, and our convention will be that all
particles are out-going.

We will not use the traditional Feynman rules in this thesis, but rather an up-
dated version known as the colour ordered Feynman rules. Colour ordering uses the
fact that a scattering process of ng gluons and n, quarks will have ny adjoint indices
and n, fundamental indices, and that the Feynman rules ensure that they in the

. . b b . A
final amplitude will appear as factors of Tj; or f*. But as f**° may be written a
—1
je = 2 (e (TeT'T) — tr(T0TT) ) (3.2)
V2
we see that all colour dependence may be written in terms of T'* only, and using the
additional rules of colour algebra

1
Ti(;'Tl?l = 0qr; — ﬁéijékl tr(T“Tb) — gab

tr(7%) =0 8ii = N, 5% = N2 —1 (3.3)

we realize that the colour dependence may be split completely from the rest of the
amplitude. This allows us to write the amplitude as

A({p}, {h} {a} {i}) = 90720 Y t({ah (i) x A({p}. {h}) (3.4)

where the factor ¢ denotes a colour factor made of factors of 7, with only those free
indices {a} and {i} that correspond to the external particles, and where A;, denoted
the partial amplitude, contains all the kinematic factors. The coupling constant g;
to a total power which is a function of the number of external legs n and the number
of loops L have been taken outside the sum.

The colour algebra defined by eq. and eqs. (3.3), may be performed
systematically, using a diagrammatic formalism known as the double line notation.
As we will not do much colour algebra in this thesis, those rules will not be described
here, see [31] for a review.

At tree level, the partial amplitudes may be calculated directly from an alterna-
tive set of Feynman rules, called the colour ordered Feynman rules [2331]. When
mentioning Feynman rules in the rest of this thesis, this is what will be referred to.
Before presenting these rules, let us first make a brief discussion of some properties
of the colour ordering.

4Tf one tried to derive this from eq. , one would get a factor of 2 instead of 1/4/2. That
is because this chapter and the rest of the thesis uses a different normalization of the T* and
fe¢ than was used in chapter 2| The present normalization is most suited for the colour ordered
formalism.
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In the ordinary Feynman rules one has to sum over different configurations of the
external particles as their position in the diagram does not have a physical meaning.
But in the sum of eq. the different configurations are summed over, giving each
partial amplitude a specific ordering. This makes the number of terms contributing
to each (partial) amplitude significantly smaller than it would have become by using
the ordinary Feynman rules.

For loop-level amplitudes, there is not a one-to-one correspondence between the
partial amplitudes, and the results which one obtains from the colour ordered Feyn-
man rules. In such cases the result of the colour ordered Feynman rules will be
denoted primitive amplitudes A}, and the relation between the primitive and the
partial amplitudes has to be computed on a case-by-case basis [23,32-34]. One fea-
ture, however, is recurrent. For purely gluonic amplitudeﬂ, eq. will contain
terms of the form NZtr(7¢---T™), and no other terms having N, raised to that high
a power. Those terms give the leading order (in N.) contribution, which is defined
as

Arc(p1y .-, pn) = g?_2+2L NCL Z tr(T“f’m . -T%(">) X Avc(Doys - - - Do)

U'ESn/Zn
(3.5)
where A ¢ gets contributions only from the planar primitive amplitudes
ALC(p17"'7pn) = Z A[P}(plavpn> (36)

planar

Before we can look at the colour ordered Feynman rules and some actual ampli-
tudes, we have to present some new notation: the spinor-helicity formalism.

3.2 The spinor-helicity formalism

The spinor-helicity formalism is the natural notation for amplitudes, as it enables
a joint description of all particles, vector-bosons, quarks, scalars using the same
language. The formalism is particularly suited for massless particles, which is all we
will consider in the followinéﬂ This section will omit some explicit expressions, a
more thorough but also more brief summary of the formalism is given in appendix
[Al

For all four-momenta we may contract with the vector of Pauli matrices as

1
_ p- —pt
Pap = Pu0o; = { —Py P+ ] 3D

Sor in general, for amplitudes for particles which all transform under the adjoint representation

of the gauge group.
6This is not a fundamental limitation. See [35] for the use of spinor-helicity for massive particles.
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with
Pr =poEps L =p1Eips (3.8)

For massless momenta, this matrix will have determinant zero, implying that its
rank is one. Thus we know that we may write it as an outer product of two two-
vectors. These vectors will be the spinors A\, and A 5 which are respectively denoted
holomorphic and anti-holomorphic, that is

Pap = Aatg (3.9)

One representation of the spinors is

Ao = ( —sz/\/p_+> A= (—pt/(ap5) . VPi/7) (3.10)

2/ P+

where z is a degree of freedom in the definition. If one imposes that AT = X as it
is custom, at least for real momenta, this freedom becomes restricted to a phase
exp(i6/2) that reflects the little group[] freedom for massless particles.
Manipulating the spinor indices using the Levi-Civita symbol as A\* = ¢’ )5 and
similarly for the anti-holomorphic spinors, we may define the abbreviated notation

(i] = A*(p:) 1) = Aa(pi) (il = Aalps) [i] = A (p) (3.11)
which essentially defines the spinor helicity formalism. We see that this gives
pO‘B =p- 5P with o = (09, —01, —09,—03) (3.12)

We may define spinor products as

(ab) = X*(pa)Aa(ps) [ab] = Aa(pa)X* () (3.13)

These products have the properties of anti-symmetry (ab) = —(ba), [ab] = —[ba],
and additionally they obey the relation

(ab)[ba] = 2p, - pp = Sap (3.14)

By contraction with the Pauli-matrices, one may also form a vector-product of
the spinors, (a|o*|b]. This vector is perpendicular to p, and py, and if the two
momenta are identical, one recovers the momentum through

L) (3.15)
2

The spinors, spinor products and vector products, fulfill many additional identi-
ties. Some of those are listed in appendix and for a more thorough list see |31,[36].
We should note that the spinor-helicity formalism as described here is limited to the
case of four-dimensional space. It is possible to construct similar notations for other
dimensions, and the special case of d = 6, as summarized in section and in
appendix |B] will play an important role later in the thesis.

"The little group is the subgroup of the Poincaré group that leaves the momenta invariant. For
massless particles in four dimensions that group is SO(2) ~ U(1) ~ phase.
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3.3 Feynman rules

At this point we are ready to write down the colour ordered Feynman rules for
massless QCD. The rules of this section are consistent with those listed in [31].

Let us start by considering the gluons. Two types of purely gluonic vertices are
allowed, a three-point and a four-point as given by

l
V’gl;zﬂzm — % <gu2u3 (p2 _ p3)ul + gusm (p3 _ pl)m + guwQ (pl _ p2)u3>

Vg;;gpgtzusiu — Z’gulungM _ %(gﬂlﬂ29ﬂ3ﬂ4 + g#2ﬂ3gﬂ4ﬂl) (3.16)

The gluonic propagator (for gluons with momentum p) is usually given as

g gl
prop,” = ;‘Z (3.17)

which is the expression in Feynman gauge, but in this thesis we will mostly use axial
gaugd®| where the result is

i faV 4 ghp?
propy” = e (—g“” + p—qp'qq P ) (3.18)

where ¢" is the axial vector defined so A - g = 0. External gluons with helicity +
may be written using the polarization vectors

(qo* p] (pg) = (po*q] (3.19)

V2 (qp)  V2[pq]

in axial gauge. These polarization vectors obey the expected relations

e (p,q) =

e+(p,q) - ex(p,q) =0 e+(p,q) - ex(pq) = —1 (3.20)
and

P'q” + q'p”

e (3.21)

e (p, )" (p,q) + " (p, 9)e’(p, @) = —g" +

which we see to correspond to the expression in eq. (3.18) as expected. No expres-
sions similar to egs. (3.19) exist for Feynman gauge, which is part of the reason for
the use of the axial gauge in this thesis.

Physical massless quarks and antiquarks are usually given by Dirac spinors u
and u. In that case the Feynman rules are given by the vertices

1 —1
Vags = EV“ Vied = Ev“ (3.22)

8 Axial gauge is also known as Arnowitt-Fickler gauge.
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and the propagator

prop, = ;iz (3.23)

The massless Dirac spinors may be written as

() ()

at = (0, \*) " = (Aa, 0) (3.24)
in terms of two Weyl spinors, and we see them to obey the helicity sum
wuT +utut = (3.25)

where we have used eqgs. (3.7) and (3.12).

A theory with Weyl-fermions f (with positive chirality) instead of Dirac fermions
will the give the Feynman rules

1 —1
ot K

Vfgf - E

m

Vier = 5

and the propagator

ot (3.26)

prop; = % (3.27)
p
with p = o - p for this case. We see that the rules are effectively the same for the
two cases of Dirac and Weyl.
For each loop in the diagrams, there will be a free momentum . That momentum
has to be integrated over using the d-fold| integral

dk
/ G (3.29)

where d denotes the number of space-time dimensions. Additionally each loop con-
taining a fermion has to get multiplied with a factor of —1.

The propagators of egs. (3.17), (3.18]), and (3.23)), are occasionally written with
1 1

%
p*  p*tie

(3.29)

to ensure picking up the physical branch of phase-space and loop integrals. As we
will not evaluate any such integrals explicitly in this thesis we will in general not
include that factor explicitly, we will however see it again in the next chapter.
Often a ‘ghost’-particle has to be introduced to regularize the propagators in
gluonic loops [28], but in the axial gauge, the coupling between the ghosts and the

9See section
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remaining particles is zero [31], allowing us to ignore the ghosts for the remainder
of this thesis.

This should summarize the colour ordered Feynman rules for massless QQCD. The
rules are alsd'”| listed in appendix [H along with the rules for massless scalars.

3.4 Amplitudes

In this section we will list some properties of amplitudes in massless QCD, and the
relations between them. Most of the content of this section is described in higher
detail in [31}36].

The study of scattering amplitudes and their properties has been a swiftly grow-
ing field for the last perhaps twenty years. Before then, most introductory text-books
on quantum field theory (like [28]), showed result for the cross-sections only, in which
the spin or helicity of the external particles has been summed over or averaged out.
The introduction of the spinor-helicity formalism helped to remedy this, and the first
major result for a tree-level scattering amplitude is the Parke-Taylor [37] amplitude

(ig)*
(12)(23) - - - (n — 1n)(nl)

for n-point gluon scattering (with all particles outgoing), in the case where all the
particles have helicity plus, except particles ¢ and j which have helicity minus. The
helicity-configurations described by eq. are known as MHV, or maximally
helicity violating.

The corresponding amplitudes for configurations with one or zero particles with
helicity minus are identically zero

ApE,pf, +,p) =0 (3.31)

and the opposite configuration with n — 2 particles of helicity minus and 2 with
helicity plus, can be obtained from eq. (3.30) using parity symmetry, with the
result
A(pr,.=opf, =opf<apy) = (1) ]! (3.32)
‘ J " [12][23] - - - [n — 1 n][n1]

The Parke-Taylor formulae allow us to calculate all tree-level gluonic amplitudes
up to 5-point, and quite a few at higher points as well. Configurations with 3 gluons
of one helicity, and n — 3 of the other are known as NMHV (next-to MHV), and
for these cases the corresponding expression will have more than one term, but still
be much simpler than would be expected from the number of Feynman diagrams
contributing to the processes.

9Feynman rules are of such importance that they belong both in the main text and in an
appendix.

27



For processes with external massless quarks, there exists similar expressions. For
one configuration the result is [36]

(12)*(13)
12)(23) - - - (n — 1n)(nl)

A @001 Faph) =17 (3.33)

From eq. we see that the amplitude has a cyclical symmetry A(p1, pa, ..., pn) =
A(pa, ..., pn,p1) and a reflection symmetry A(py,...,pn) = (=1)"A(pn, - .., p1), giv-
ing us that for a n-point configuration, only (n—1)!/2 different primitive amplitudes
would contribute. But actually the number is lower than that due to the linear
Kleiss-Kuijf relations [38] which brings the number down to (n — 2)!, and the more
involved BCJ relations |27] which brings the number further down to (n — 3)! differ-
ent primitive tree-level amplitudes contributing to each process. We will not make
use of such relations in this thesis, see [36] for a review.

Equations such as eq. can not be derived from Feynman diagrams alone
as they are true for any number of external particles, clearly a recursion relation is
needed. Several such relations exisf'] but the one we shall present here is the most
impressive.

The BCFW [25,26] recursion relation if™]

n—1 —h gh
A, = > ; AL%'P—;R” (3.34)
where
Al = A<p1 + zin, p2, - -, pi, — D — Zﬂ?)
AR, = A(H + 2N, Dis1s -+ Pro1,Pn — zm) (3.35)
with
i . P
P=3n y= ol = (3.36)

so we see that an n-point tree-level amplitude A can be written as a sum of products
of lower-point amplitudes with a shifted momentum p — p + zn, allowing for the
evaluation of a tree-level amplitude without referencing any off-shell quantities. For
the elegant proof of the BCFW relation, see [26]. The success of BCFW has been so
immense that all tree-level amplitudes is QCD and related theories are considered
known [39-41].

I Other recursion relations for tree-level amplitudes are the Berends-Giele off-shell recursion
relation, and the CSW relations [24].
12There is a little more to the BCFW relation than what is presented here. The shift presented
here does not work for all configurations of the external helicities, for others one may use n =
n
7@""; P Gee |25L(36].
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One might say that the BCFW recursion relation provides a more physical
method to evaluate an amplitude than the traditional Feynman diagrammatic method,
if it was not for the fact that it introduces complex momenta in the intermediate
steps as the vector 7 is complex (see eq. ) This trade-off, on-shellness for
complexness, is one we will meet again later in this thesis.

Thus we see that amplitudes may be evaluated without any references to Feyn-
man rules, except that one has to know the three-point tree-amplitudes. But we
see from the Feynman rules, and also from the resulting amplitudes like eqs. (3.30)),
(3-32), and (B.33), that if we count the powers of the little group phase z of the
spinors of eqs. , external negative-helicity gluons will get 2 powers, negative-
helicity quarks will get 1 power, positive-helicity quarks will get —1 power and
positive-helicity gluons will get —2 such powers. No other powers will come from
anywhere. This makes it possible to deduce the results for the three-point ampli-
tudes in any theory, and using BCF'W one may thus obtain expressions for any
tree-level amplitudes without reference to Lagrangians or Feynman rules at all!

This discussion should have given a hint about the developments in the ampli-
tudes field, which hold true even in completely physical theories such as QCD. For
more such developments, see [42}/43].

3.5 Other theories

In this section we will take a look at some other theories, of no less physical or
theoretical interest that QCD.

QED

QED, or quantum electro dynamics, is the quantum theory of electromagnetism. It
was the first theory to be formulated as a quantum field theory, and it is also the
QFT which has been tested experimentally to the highest precision, as theory and
experiment agrees to a factor of 1078 [28]. The Lagrangian for QED looks similar
to eq. (2.1)), but as the gauge group for electromagnetism is the Abelian U(1), the
structure constants ¢ vanish along with the gauge boson self interactions. This
means that QED only allows for one kind of vertex, [y, where [ denotes the charged
leptons (electrons, muons, and tau-particles), and - denotes the photon, the gauge
boson of QED.

As QED has no concept of colour, it is not possible to split QED amplitudes into
ordered partial amplitudes as we did for QCD in eq. (3.4). Thus the expression for
amplitudes in QED cannot have the cyclic structure we see from eq. . In the
MHYV case, the amplitude is [44]

A(pg pfprops, topt) = Zﬁ%?;:;f;(q;; (3.37)

with a more involved expression known as the Kleiss-Stirling formula [44] existing
for the general case.
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Due to good properties of the theory, QED allows for [45] an improved version of
the BCFW relation which has even less terms in the sum than eq. (3.34)), allowing
for a highly computationally efficient calculation of amplitudes in that theory: Using
the fact [46] that no triangle and bubbles (see chapter [5)) exist for photon amplitudes
in QED for n > 6, a one-loop amplitude may be calculated using the generalized
unitarity cuts of section using quadruple-cuts only, from tree-amplitudes calcu-
lated using eq. or the improved BCFW formula. Such a calculation yields
a computational speed-up of 1.5 orders of magnitude compared to the use of the
general Kleiss-Stirling formula, and the result may be checked by the vanishing of
the e-poles in the resulting amplitude.

The weak sector

All the parts of the Standard Model which are not QED or QCD belong to the weak
sector as it is the weak nuclear force that is responsible for the remaining interactions.
The gauge group of the weak sector is SU(2) x U(1), but the gauge symmetry is
broken due to the Higgs mechanism, yielding QED, three massive vector bosons
called Wy and Zj, and the Higgs particle H. The weak interactions are the only
part of the standard model capable of mixing quark or lepton flavours, and as such
it is the weak interactions which are responsible for beta-decays n — py +e_ + 7.
It is also the weak interactions that are responsible for all interactions of the charge-
and colourless neutrinos. It is in the week sector that by far the most exotic effects
of the Standard Model are to be found, as the interactions break parity-symmetry
maximally, and also C P-breaking effects are to be found in the week sector.

The exact nature of the breaking of the gauge symmetry was controversial until
the Higgs particle was finally found in 2012 [6], completing the discovery of all the
particles predicted by the Standard model and further grounding it as the best
candidate to a theory of the elementary particles found in nature.

As it is the Higgs mechanism that is responsible for giving mass the the elemen-
tary particles, the Higgs particle couples only to particles with mass with a coupling
strength proportional to that mass. So in order to calculate the QCD corrections to
Higgs production, one has to use diagrams in which a massive (top) quark runs in
a loop, coupling to both the gluons and the Higgs boson. Such calculations may be
troublesome, so frequently the m; — oo limit is used, which corresponds to an ef-
fective model in which the Higgs particle couples to an effective vertex which allows
it to interact directly with the massless gluons.

Supersymmetry and super Yang-Mills

Supersymmetry is a proposed symmetry relating fermions and bosons. It was orig-
inally proposed to explain various otherwise unexplained features of the Standard
Model and of the universe, such as dark matter, grand unification, and the hierarchy
problem. A minimal supersymmetric model is the MSSM (minimally supersymmet-
ric standard model) in which each of the fermions in the SM are given a scalar
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super-partner, and each of the gauge bosons of the theory are given a (spin %)
fermionic partner. None of these superpartners have however been found in nature,
but this has not stopped the study of supersymmetry as supersymmetric theories
are interesting also for their own sake.

For that reason we will not focus on the the full supersymmetric Standard Model,
but only on supersymmetric extensions of Yang-Mills theory, called super Yang-Mills
or SYM. In the minimal SYM the gluon has as fermionic partner galled the gluino,
which interacts in a way similar to the quarks of QCD, except that they transform
under the adjoint representation of the gauge group like the gluons.

It is possible to introduce more than one supersymmetry into the theory, a
number denoted by N, with the minimal SYM being N' = 1. In the complete
quantum mechanical formulation of supersymmetry which will not be described here,
each supersymmetry corresponds to a supersymmetric generator with is defined to
lower the helicity of a particle in the state with % So starting from a theory with a
positive-helicity gluon we see that having N' > 4 will introduce states with h < —1,
in which case we leave the domain of Yang-Mills theory. Therefore SYM theories
have N < 4.

The particle contents of the various SYMs are

(N g [ ns ]
0Jo0]o0
110 (3.38)
2 [ 21
1473

where ny denotes the number of chiral gluinos, and n, the number of complex scalars.
The case of N’ = 3 has been omitted as it is identical to A" = 4. The scalars present
for N' > 2 are new to SYM, the Feynman rules for them are listed in appendix

One reason to study supersymmetry is that at tree-level the amplitudes of Yang-
Mills theory are identica]@ to those of supersymmetric Yang-Mills, so relations be-
tween the tree-level amplitudes which may be found using the supersymmetries will
also apply to pure YM. An example of this is the supersymmetric Ward identities
which allows the creation of relations between amplitudes containing particles of
different species, see [23] for an introduction.

It is possible to make fully supersymmetric expressions for the full amplitudes
as well [47], quantities known as superamplitudes, and it is possible to define a
BCFEFW recursion relation for these superamplitudes [19] allowing the simultaneous
calculation of all the amplitudes in a supermultiplet. In this thesis we will do
calculations in SYM theories, but not with these methods as the goal is to develop
a method which applies directly to physical theories.

13This is also true for massless QCD, at least if the number of quark pairs is < 4 [40].
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N =4 SYM

The theory of N' = 4 SYM, also known as maximally supersymmetric Yang-Mills
or MSYM, is the beloved theory of many theorists.

The original reason for this was that it was the theory that naturally came
out of the low energy limit of superstring theory upon compactification down to
four dimensions, and correspondingly out of ten-dimensional N' = 1 SYM after
dimensional reduction. Yet since then the theory has become the subject of interest
in its own right. A reason for this is that a large number of simplifications, some of
which were extremely surprising, are present in the theory, making it a close second
for the title of “the simplest quantum field theory” [19].

Imposing the four supersymmetries on YM, forces the Poincaré symmetry group
of space-time to “grow” into a larger group, the (super)conformal group, making
N = 4 a (super)conformal field theory. Conformal field theories have a number of
remarkable properties, for instance is the beta function for such a theory guarantied
to vanish.

The conformal symmetry of ' =4 SYM has been known since it was first stud-
ied. This is unlike a corresponding symmetry known as dual-conformal symmetry
which was discovered in 2006 [17], and appears as a conformal symmetry in a new set
of variables called dual coordinates y, defined cyclically so that y; —y;+1 = p;. These
developments inspired the introduction of a new set of variables called momentum
twistors [48], which, however, are also of use in theories without dual-conformal sym-
metry. We will use the momentum twistors in this thesis to simplify some analytical
expressions, which is why they will be (partially) introduced in appendix

Another peculiarity of N' = 4 worth mentioning is the “no-triangle™property
[19,/49,/50] which says that loop-contributions which contain sub-diagrams that are
triangles or bubbles (see chapter vanish along with the rational terms (see chapter
. This may be seen as one source of the simplifications happening in loop-
amplitudes of N = 4.

Many further more or less expected properties of N = 4 are the subjects of on-
going research. Primary are the ADS/CFT correspondence [51], the amplitude /Wilson-
loop duality [18,552], a complete reformulation of the theory involving “Grassmanian
polytopes” [22,|48]53,[54], and much more [20,55], none of which will be expanded
upon further in this thesis. For a review of some of these properties, see [47].

Gravity and SuGra

The fourth fundamental force, that of gravity, is not a part of the Standard Model.
The reason for this is that attempts at quantizing general relativity, the classical
theory of gravity, yields an unrenormalizable theory. But despite of this fact, it is
possible to make a perturbative, quantum field theoretical formulation of the theory
with a set of Feynman rules, even if those rules are much more involved than those
of gauge theories.

It is possible to build supersymmetric extensions of gravity, called supergravity
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or SuGra. The force carrying particle of gravity, the graviton, is a spin 2 particle,
so the same counting as we did for SYM, shows that the maximally supersymmetric
gravity theory is N' = 8 SuGra. Adding supersymmetries make the ultraviolet
divergences less severe than for pure gravity, and there are signs [56] that NV = 8
SuGra is going to be finite at all loop orders.

One interesting and highly unexpected aspect of quantum gravity theories, is
that the tree-level gravity amplitudes, and for loop-diagrams the numerators, turn
out to be related to the product of two of the corresponding quantity in colour
ordered amplitudes Yang-Mills theory. This is known as the KLT relations [57].
The relations are such that a product of two pure YM quantities yields (almost)
pure gravity, a product of two N = 4 SYM gives N' = 8 SuGra, etc. For more on
KLT, see [58,59] or the review [47].

Presumably there would be no problem in applying the methods developed in this
thesis to quantum gravity, other than the fact that the renormalization constraints
mentioned in in the next chapter in the context of eq. would have to be
loosened to take the unrenormalizability into account. But due the KLT relations,
this is probably not of any practical use.
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Chapter 4

Loops and unitarity cuts

In this chapter we will discuss some aspects of loop calculations, culminating in the
description of the generalized unitarity cuts to which the remainder of this thesis is
devoted.

4.1 Regularization and renormalization

For loop diagrams, the momentum circling the loops is a free parameter k in the
sense that it is not fixed by momentum conservation. To get a result for the loop-
amplitude we have to integrate over the loop-momenta according to eq. ([3.28).

/ (jﬂ’; (4.1)

and we see that the integration is done in d dimensions, where d is taken to be a
free variable.

To see why that is necessary, let us look at the result for perhaps the simplest ex-
ample imaginable, a one-loop bubble integral with a massive incoming and outgoing
momentum p. In that case the integral evaluates to (see appendix |G| or textbooks
like [28,60|)

T :/ddk 1 rrE-1yre-9 (42)
P SRR =) T D(d - 2)(—p2)*t |

Inserting d = 4 gives
Toubble|d=4 = T'(0) = oo (4.3)

As the result of our calculations has to be physical, such infinities can not show
up in the result, and therefore we know that they will have to cancel between the
individual diagrammatical contributions. An infinity as the one in eq. is not
sufficiently well-defined mathematically to be made to cancel with anything, and
therefore the loop integral has to be regulated in a way that controls these infinities.
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The method that we will use in this thesis is called dimensional regularization]| and
consists of letting the dimension be taken slightly away from four, as

d=4-—2 (4.4)

Inserting this into eq. (4.2)) and expanding in €, gives the result
1 .
Tubble = (—p°) " e™" (E e (4 - 7{_;) o (8 —% - %) € + 0(63)> (4.5)

and we see the infinity as the first term in the expansion.

Dimensional regularization come in various flavours. In traditional dimensional
regularization one takes all parts of the amplitude to be d-dimensional, but in this
thesis we will like to keep the external particles four-dimensional, in order for them
to have the same quantum numbers as physical particles. This means that only
the internal particles will be taken as d-dimensional. Allowing an internal gluon
to move in d dimensions, is not the same as allowing it to be polarized into the d
(or rather d — 2) dimensions too. Whether or not this is allowed for distinguishes
the four-dimensional helicity, or FDH-scheme, which restricts the internal gluons
to four polarization directions, from the 't Hooft-Veltman scheme which allows d-
dimensional polarization [61]. In this thesis we will do both, and keep the number
of polarization directions of the internal gluons as a free parameter D,.

If one calculates an amplitude naively using dimensional regularization, one will
get an infinite result. There are two kinds of such divergences, those that show up
in the limit where p — 0 which are called infrared divergences, and those that come
from the limit p — oo which are called ultraviolet divergences.

Let us start by regarding the ultraviolet divergences. In QCD ultraviolet diver-
gences show up only for diagrams with have a loop-containing subgraph containing
four or fewer external particles. There are ﬁveﬂ such divergent combinations: Loop-
corrections to the gluonic propagator, to the fermionic propagator, to the ggg vertex,
to the gggg vertex, and to the ggq vertex. These divergences may, at each loop order,
be absorbed into the fields and the constants of the Lagrangian of eq. (2.1]), A*, ¢,
gs, and m, yielding a renormalized Lagrangian which in addition to the Feynman
rules of section [3.3] has rules for a number of counter terms which will cancel the
divergences. It is further considerations on these rescalings that yield the running
of the coupling constant given by eq. (2.8). At a given loop-order, the diagrams
containing the counter terms will always be proportional to the lower loop orders,

1One may also use other regularization methods. The most famous is the dimensional cut-off
in which one lets the momentum integral of eq. have an upper limit such that k3 < A with
A being the regularization scale. This method can be seen to break Lorentz invariance, so another
method is the Pauli-Villars regularization in which one replaces a propagator as 1/1> — 1/I?> —
1/(I> — A). This method breaks gauge invariance instead, leaving us dimensional regularization.

2We are discussing QCD in a no-ghost gauge, like the axial gauge. If one were including ghosts
X, also the ghost propagator and the xgyx vertex would be divergent and require renormalization.

35



and therefore we will mostly ignore the issue of counter terms for the rest of this
thesis.

The infrared divergences is another story. If one considers an amplitude, as the
one given by eq. , we see that it may have a divergence in soft or collinear
limits, that is limits where one of the gluons have zero momenta or where two of
the gluons become parallel. Experimentally such cases can never be observed, as no
detector can detect a zero energy particle, or distinguish two particles hitting the
detector simultaneously in the same point, but theoretically this might anyway be
a source of worrying as such detector limitations should not be what prevents us
from observing infinite quantities. The solution turns out to be that this infinity
will cancel with the infrared divergences, not on the level of the amplitude but only
in the final probability (or cross section) of eq. , such that for instance the
soft and collinear limits of a tree-level contribution to the cross section, will cancel
with the infrared divergence of the 1-loop contribution for one particle lesﬂ. As
this subtraction can be performed only at the level of the cross-section, it will not
concern us more in this thesis either.

4.2 Integrand reduction

For each (colour ordered) diagram contributing to an L-loop amplitude, one gets an

expression like
diagram = / ﬁ A% |\ Nk, oK) (4.6)
(2m)d g% o 1123 )

=1

where the momenta [y, ..., [p are those of the propagators which are a function of at
least one of the loop-momenta k;. The remaining propagators are considered a part
of N. As N is a scalar, its functional dependence of the loop-momenta k; has to be
through scalar products of the k; with each other, with the external momenta for
the particles p;, or with vectors of the form (p;|o#|p;] which are the only additional
vectors one might get from the Feynman rule{’] For d-dimensional amplitudes it is
desirable to write the squared loop-momentum as

k= ()2 —p (4.7)

where p contains the information about the d-dimensional part of & (see section [9.2)),
and this rewriting introduces p as effectively an extra scalar product for such cases.

31f there are more loops, one has to also account for double-soft limits at L — 2 loops etc.

4One source of this is the external polarization vectors, which have this factor explicitly. Another
is the external quarks where the quark set will end up sandwiching a string of Pauli matrices
(pilo#r - - |p;] giving the term. (This is also true in cases of massive particles, even if it may be
harder to see in such cases.) From the Pauli-strings one might also get terms like (p;|}{1¥2|p;) but
such terms are reducible to the other kinds.
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Occasionally a factor in one of the terms in N will coincide with one of the prop-
agators [?, making the two cancel. If for instance a diagram has the two propagators
[y = k; and Iy = k; — pj, we may write the two corresponding scalar products as

showing how both of these scalar products can be made to cancel with the propa-
gators for such configurations. The scalar products that can be made to cancel in
such a fashion are called reducible scalar products (RSPs), and the remaining ones
are called irreducible scalar products (ISPs). This cancellation can be done system-
atically using methods based on algebraic geometry, as described in later chapters,
particularly in chapter [9] Doing the reduction allows us to write the diagram as

diagram = /( ddk) Z HISPS (4.9)

oesubsets

where the sum goes over the various subsets of the original set of numerators for
the diagram. The numerators N denote the part of the numerator which is left
after the reduction, and which can be a function of the k; only through the ISPs
corresponding to the subset o.

We may do this reduction for any diagram contributing to a primitive amplitude,
allowing us to write the whole L-loop amplitude as

» LAk, Ay(ki, ...k

i=1 ocsubsets YIS

where the subsets here refer to subsets of the complete set of propagators present for
the amplitude. The individual terms in the sum are known as topologieﬂ and the
numerators A are called the irreducible numerator of the corresponding topology.
The procedure of writing an integral on the form given by eq. is known as
integrand reduction.

The functional dependence of A on the ISPs z; for given topology with v ISPs
is in general

= Ciy,oii gl .
Z 1y--tv (Lll v (4 1]‘)

Each of the sums start from zero, as the only poles in the amplitude can come from
the propagators [? which are not considered part of A. For renormalizable gauge
theories, the upper limit for each ISP is no higher that the number of propagators
containing the corresponding loop-momentum k;.

There will in most cases be further constraints on the number of terms in the
irreducible numerator. In principle such identities may all be generated by relations

5This use of the word “topology” is different from the use in mathematics.
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imposed by the vanishing of Gram determinants of sets of five four-momenta [62].
There is for instance the relation

ki By B2 Bs Ba\ _
detG(kj 5 5 B 54)_0 (4.12)

where the (§; denote a linearly independent set of momenta of the form p; or (io*j],
which in four dimensions will impose the relation that the scalar product k; - k; may
be written as a combination of the products &; - 8;, showing that one can pick the set
of ISPs to never contain scalar products of the form k; - k;. In practice we will not
use Gram-matrix relations directly other than for simple examples, but rather use
the more advanced approach involving algebraic geometry, which will be described
in detail in chapter [0

In principle one may obtain the value of N, and thus for each A, directly from
Feynman diagrams. In this thesis we will mostly use another approach, but let us
first take a look at how to actually evaluate a Feynman integral.

4.3 Evaluating Feynman integrals

In this section we will describe a number of methods which may be used to evaluate
a Feynman integral. Most of these methods are described in detail in [60).

Feynman integrals are the kind of integrals that show up in loop-calculations in
quantum field theory. They are defined as integrals of the form

L

dk; \ N(ky, ... kL
I:/<H (27r)d) 571"'Dp) (413

i=1

where the integral fddk,- means that each of the d components of k; has to be inte-
grated along the real axis. The denominator components D; are quadratic functions
of the k; variables, as one will get for the denominators of the propagators in the
Feynman rules.

Before describing the methods which one may use to evaluate the Feynman
integrals, let us diminish the problem by reducing to a minimal independent set. It
has been conjectured that such a minimal set can be obtained by the application of
integration-by-parts (IBP) identities, which use the fact that an integral of a total
derivative vanish, that is

0 (4.14)

/ddka ¢“N
Wd/Qak’“Dl"'Dp_

where ¢ is some momentum, loop or external, occurring in the problem. (See also
[63.,64]). By performing the derivative under the integral sign, we see that the result
will be that some linear combination of Feynman integrals with a subset of the
propagators of eq. will sum to zero, which we may use to solve for the most
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complicated one. By repeating the procedure twice, we might for instance obtain
the famous relation between the one-mass triangle and bubble integrals:

(d _ 3)) [bubble<5) (415)

[triangle (S) = s(ﬂl——Q
2

with

Lisiangle(s) / L 1
triangle /2 k2(k; — p1>2(]€ —P1— p2)2

dk 1
Thubble(s) = /wd/Q 20k — pr— pa)? (4.16)

As there is some freedom in choosing the set of propagators and the momentum
¢ in eq. (4.14), it may seem hard to know whether one knows all available IBP
identities for a given integral, but there exist an algorithm, the Laporta algorithm
|65], which allows one to find all the identities in a systematic way, thereby allowing
a reduction to a minimal set of integrals, called master integrals. There is a freedom
in choosing the set of master integrals, but conventionally one chooses a set with as
few propagators, and then with as small a numerator, as possible.

A number of computer programs exist which implements the Laporta algorithm.
In this thesis we have used the programs FIRE [66,[67] and Reduze2 [68].

Let us now take a brief look at some methods to evaluate Feynman integrals,
like the master integrals found by the IBP method, from scratch. The traditional
method to calculate such integrals is the method of Feynman parametrization. We
will not go through the detail of the method heref| as we will not be evaluation any
integrals in this thesis, only say that the method shifts the problem from evaluating
the momentum integral, to evaluating P ordinary integrals over a set of parameters
called Feynman parameters.

Another, related method is that of Schwinger parametrization which is a different
parametrization performing the same duty. Schwinger parametrization is not as
suited as Feynman parametrization for actual integral evaluations (as it has one
integral more to be done in the end), but it is more suited for other tasks including
the task of making sense of integrals with an insertion of the higher-dimensional p-
parameters mentioned in the previous section, which is why they will be introduced
in appendix [D]

There are other methods which too can be used to perform Feynman integrals
directly, but let us instead describe another approach, that of relating Feynman
integrals to simpler ones using differential equations.

At loop-order two or higher it is often necessary to calculate Feynman integrals
indirectly, i.e. by relating them simpler integrals rather than calculating the from

6 A short, concise description of the method is given in the fabulous appendix of [28|, with the
proofs in the main text.
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scratch, and one highly successful method is that of differential equations (see i.e.
[69]). The idea is to apply differential operators of the form

0

(2

to the Feynman integral one wants to solve, relate the results to derivatives with
respect to the Mandelstam variables s;; (and masses m;), and use the resulting
differential equations to get an expression for the integral. As the equations are
first order differential equations they may be solved in general provided that one
knows a boundary condition, but these conditions can usually be found, either by
identifying the boundary value as a simpler integral, or by using the vanishing of
unphysical poles. In some cases (like the double-box solved in [70]) there are however
more than one unknown master integral, and then the differential equations will in
general couple, making the evaluation much harder.

This issue was solved by a recent development[] by Henn [72] which suggested
to use a basis of integrals with the property of “uniform transcendentality” [73]. In
that case the differential equations may be written

df = edAf (4.18)

where f is a vector containing the master integrals, and A a matrix containing all the
relations. As the e goes outside the equation, we do not have to worry about coupling
of the equations, as we may solve the system order by order in its e-expansion, and
express the result in terms of a set of functions called Goncharov polylogarithms
defined |73}/74] recursively as

t—a1

G(al,...,an;z):/ Y . an:t) (4.19)
0

with G(;z) = 1. The Goncharov polylogarithms generalize logarithms and Euler
polylogarithms (Lin(z)), yet not all Feynman integrals may be written on this form
[75].

Much more could be said about these issueﬁ, but as integral evaluation is not
the purpose of this thesis, this is not the place.

4.4 Unitarity cuts

In this section we will explain and derive the Cutkosky rules [77] for finding the
discontinuities of a Feynman amplitude. The S-matrix as defined by eq. (2.10) is

"For another recent development of the differential equation method in a different direction,
see [71]

8And also about how to simplify integral expressions using symbols [74] and co-products [76],
and about how to get the symbol directly from the differential equation.
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necessarily unitary, S'S = 1. This imposes on the T-matrix as it is given by eq.
(12.11)):

S=TI+iT (4.20)
that
—i(T=T") =T'T (4.21)

Contacting each side with an initial state |i) and’] a final state (f|, and inserting]

S tal =1 (422)

we get that
(A (9) = A (67)) = Yo Aia(6) e (5 (4.23)

where we have been using the crossing symmetry of the amplitudes Af ., (s) =
—Apa(s*), where s collectively denotes all the variables on which the amplitude
depend.

Physically the s parameters will all be real, but if we reintroduce the fact from
eq. that the propagators of our theories actually have a tiny imaginary part
in the numerators (k? + i€), corresponding to the replacement s — s + i€, we see
that the LHS of eq. only will give a contribution in the case where s is just
on top of a branch-cut. Such branch-cuts may only come from the logarithms or
polylogarithms in loop-integrals and thus not for tree-amplitudes, so in that case
the LHS of will equal the discontinuity, denoted ‘disc’, over that branch cut.

The states = on the RHS of (4.23), have to be physical as A;_,, is not defined
otherwise, and thus the integral is limited to on-shell states. Therefore it is impossi-
ble, due to momentum conservation, for x to consist of 1 or 0 particles. If x contains
two particles, a counting of powers of the coupling constants on each side of eq.
will show that the sum of the loops in the amplitudes on the RHS must be
one smaller than the number of loops in the amplitude on the LHS. If x has three
members, the sum of the loops must be smaller by two, etc. This means that we

may rewrite eq. (4.23) as
disc(A2,,,() =3 3 [avall,, ()AL w2
=0 ny=2

where the d® denotes the phase-space integrals over the particles in z including a
sum over flavours and helicities, and the superscripts denote the number of loops.

9We are now for a moment back to the quantum mechanical notation of section so |-) does
not denote a spinor.
10This integral is the same as the integral over the distribution of eq. (2.12).
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As an example, the discontinuity of a two-loop 2 — 3 amplitude will contain three
terms (each with a phase-space integral):

: 2 0) L1 1) 40 0) 4
disc (Ag—)xs) = AP, A + AL, AP+ AR AD (4.25)

For each individual term on the RHS of eq. (4.24)), way may write the amplitude
on the LHS in a way that mirrors the structure of that term:

ng—1 1 1
e E H t Nz 2 _ 2
flavours i=1 szl (kxj mj)
helicities

dk,;

4.26
where the tildes on the RHS denote the fact that the x-states in the corresponding
amplitude are off shell. So we see that if we define an operation called a unitarity

cut, asE-]

% s 27i5(D) (4.27)

we may write eq. as
de(ALL,) = 30 YA, (125

flavours cuts

helicities

where the ‘cuts’ refer to cuts in the channel ¢ — f. This is the Cutkosky rule.

After having been largely unused for a number of decades, the Cutkosky rules
were resurrected in the 1990s [7,78], where they were used to find a number of one-
loop amplitudes. The method used an integral reduction for one-loop amplituded™|

A[lli]loop - Z diIbox,i + Z Ci[triangle,i + Z bi[bubbleﬂ‘ + Z aiItadpole,i + R (429)

where Iiox, Iiriangles Ibubbles and Iiadpole, denote four-dimensional integrals which 4, 3,
2, or 1 propagator. R is denoted the rational term, and contains terms that cannot
be obtained directly from the cuts in four dimensions (see chapter [10).

Each of the integrals in eq. have their own characteristic discontinuities
due to the different combinations of logarithms which appear in the results, so a cut
in each channel of the amplitude allows one to construct a set of equations capable
of identifying the coefficients of eq. . Expressions derived by supersymmetry
allows one to also identify the rational term, and thus it becomes possible to find
the whole one-loop amplitude.

HTn fact the operation is more complicated, as the cut defined like this does not account for the
complex conjugation on the RHS of eq. . This is however not important if we assume the
terms on the RHS to be away from branch cuts.

2which is similar to the integrand reduction which we will see in eq. (5.3).
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4.5 Generalized unitarity cuts

The success in the use of unitarity cuts led to the idea of generalizing them beyond
the cuts of eq. |8], which after all only discusses cuts in a single channel,
that of i — f. We will describe the concept of a generalized unitarity cut™| by an
example, the one-loop four-dimensional box-integral defined as

[ A% N(k)
Toox = /(2@4 (k+p1)2 k2 (k — p2)2 (k + p1 + pa)? (4.30)

Let us first make a variable change from the d*k-integral, to an integral over four
parameters x such that

(tlo*f2) | 2lo"]1]

kKt = iL‘lpT + $2pg + x3 5 Ty 5 (431)
This gives
;o2 d4z N(x
Thox = E/ $4 2 1.2 (w)Q 2 (4.32)
4 ) (2m)* (k +p1)? k2 (k — pa2)? (k + p1 + pa)
where the is?/4 is the Jacobi-determinant of the variable change.
If we try to do the quadruple-cut naively as
is> diz ,
s = 5 [ o7 (2m) N (@) 8 (s((@1 + 12 = )
X (5(5(331332 — x3x4)> (5(5(:1:1(352 —1)— 333304)) (4.33)

X 6(5((:{:1 + D)y — z3wq) + ((z1 + 1)t + zou + 25(14)[42] + x4<24>[41])>

we get that the cut-constraints have two different solutions

YU RO - [T s
(13) 2 [13] 2

But looking at egs. (A.11)) and (A.14), we see that these vectors are complex and
therefore outside the original integration domain! A quadruple cut done using the
real delta-functions of eq. would have no solution.

The solution to this, which is the main difference between generalized unitarity
cuts and the Cutkosky cut of eq. ([£.27), is that the cut should be defined not as a
delta function insertion but rather as a deformation of the integration contour from

134Generalized unitarity cut” is a tricky expression. One could be tempted to interpret it as a
cut done using “generalized unitarity”, but that would be incorrect as there is no such thing as
“generalized unitarity”. Rather, as explained in the main text, it refers to a unitarity cut which
has been generalized. It is tempting to try to find another word, as there is quite far from StS =T
to expressions like eq. (4.28), but the name has stuck.
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the real axis to a circle, or in the complex case a torus, around the pole of the cut
propagator

TN ]f ! (4.35)

D D '
The residue theorem takes care of the 277 making this definition in a sense more
natural than eq. (4.27). Let us see what we get for the cut of eq. (4.32). There

will still the two results to the cut constraints which are given by eqs. (4.34]), or
correspondingly by

{.1'17372,333,334} = {0707 %a O} or {1‘1,1'27373,334} = {Oa 0707 E_:zj} (436)

The Jacobian determinant corresponding to the collective contour deformation is
given as

J = s°((24)[41]zy — (14)[42]z5) (4.37)
so for the two solutions, the results for the quadruple cuts are

1 —1
I ox |cut so = -, —[ ox |cut so - — 438
b ‘ t sol 1 Ast b ‘ t sol 2 Ast ( )

We see that generalized unitarity cuts are a relative to the BCFW recursion re-
lations mentioned in section as both methods express an amplitude by referring
only to on-shell states at the cost of introducing complex momenta. Historically the
connection is also present as unitarity methods were the original justification for the
validity of BCFW [25]. It further considerations along these lines which lie behind
many of the other developments in the field of amplitudes [22,24]

A lot of work was done at one-loop using the generalized unitarity cuts [8-11,/79|,
enough to make a complete automation of the one-loop calculations possible 12,13}
80-85]. It is that success that inspires the work in this thesis which is an attempt
to generalize these techniques to two loops and beyond.

The combination of generalized unitarity cuts with the integrand reduction of
section [4.2] which will be used in this thesis, is denoted the OPP method after Ossola,
Papadopoulos, and Pittau, the authors of [9]. It consists of writing the integrand as
an expansion in topologies, as by eq. (4.10), and then extracting each term in the
expansion using the corresponding cut. For topologies with less than the highest
number of propagators, a cut will not completely isolate one term, and will therefore
have to be combined with a number of subtraction terms coming from higher-point
cuts. As the whole of the next chapter consists of a one-loop example, we will not
go into further details here, but just remark that since the cuts are made on both
sides of eq. the two Jacobians and details about the contour will drop out, and
therefore they will not feature very prominently in the remainder of this thesis, even
when they are technically there.
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This thesis and the works [1}:3] on which it is based are not the only attempts to
extending the OPP method to higher loops, other contributions are |15}/16,86-90].

There is also another direction [14,91-97] in the attempts to extend the gen-
eralized unitarity cuts to higher loops. In this approach the leading singularity is
extracted using a maximal cut, which for a four-dimensional L-loop diagram means
4L cuts. If the diagram does not have this number of propagators, the remaining
cuts will be of the poles introduced by the Jacobian corresponding to eq.
in our example. The resulting cut solutions are then combined according to some
physical constraint{'] and rather than fitting coefficients to the full integrand basis
the fit is made to a smaller basis, that of the master integrals mentioned in section
4.3

The two methods each have their upsides and downsides, for a comparison see
the perspectives of chapter

14The vanishing of spurious terms of the kind mentioned in appendix
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Chapter 5

Example: one loop

Let us as an example of the use of our version of the OPP method, calculate parts
of the irreducible numerator for the one-loop four-point primitive amplitude in four
dimensions.

W

PN l
3
\p}

l I L
b

7 D
N Y

AN N
& A, 2
D °

-

Figure 5.1: This figure shows the four types of contributions to eq. ,
the box, the triangle, the bubble, and the tadpole, with the rooting corre-
sponding to Apex, Atri; 123, Abubble, 13, and Agadpole,2 - the examples calcu-
lated in this chapter.

That amplitude is given as

A(l)_/ dk ﬂ (5.1)
) )R BBE '
1°2°%3%4
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where NNV is a numerator which will depend on the theory and on the helicity config-
uration under consideration, and where [; to l4 are the propagators

l1:k+p1 ZQZk lgzl{?—pg l4:/€+p1+p4 (52)

We may write the numerator N as a sum of topologies corresponding to each
subset of {l1,l,13,14} as described in the previous chapter. The topology with four
propagators is called the box contribution, those with three are called triangles,
those with two, bubbles, and those with one are called tadpoles, as seen on fig.
That is

N(l) Abox Atrlangle zyz bubble XY Ataudpole T
B2 - B2 + Z 121212 Z 212 + Z (5.3)
<z z z <y

From combinatorics we see that there will be one box, four triangles, six bubbles, and
four tadpoles. Eq. (5.3) features no rational term of the kind we saw in eq. (4.29),
as (b.3)) is purely four-dimensional and R comes solely from the higher-dimensional
parts.

5.1 The box coeflicient

Let us start by regarding the box-coefficient Apqy. As it is a scalar quantity, it may be
a function of k only through contractions with itself, pl', or w# oc e®1"**3p,, 1y, D4,
- that is

Apox = Z Ci1i2i3i4id(k2)ll(k ]?1) (k? 'pQ)ig’(k 'p4)i4(k ) W)is (5~4)

1112232415

where each sum starts from zero, as all the poles of the integrand are in the propa-
gators. That expressions does, however, turn out to be too general. k? is identical
to one of the propagators, so if such a term were present it would cancel with the
propagator and contribute to the corresponding triangle term instead. Similarly
may all of the k - p; terms be written in terms of constants and propagators

K=l kp=0-5)/2 kp=0-15)/2 kp=>0-10-1/2 (55

meaning that they too will contribute only at lower point cuts.
k -w has no such property, and therefore it is a Irreducible Scalar Product (ISP).
This means that the box-coeflicient Ay can be written

Apox = ch(k - w)’ (5.6)

7

From renormalizability we know that the power of k in the numerator cannot be
bigger than the the power in the denominator, and therefore we get that c¢;~4 = 0
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putting an upper limit on the sum. But in fact the limit is even lower than that.
As {p1, p2, ps,w} spans the four-dimensional space, we know that

detG(k brp2 P “):0 (5.7)
k' pi p2 ps w

as the Gram determinant of a linearly independent set of vectors will vanish [62)].
Using the specific expression

(231] (1fo"[2]  (132] (2]0*|1]

— 5.8
S 2 S 2 ( )

wH =

with the property w® = &, eq. (5.7) is equivalent to

(k- w)? = j‘?(““ )2 — 2tulk - p)(k - po) — 2su(k - py)(k - pa)
12k - po)? — 2st(k - po) (k- pa) + s2(k - pa)? + stuk2> (5.9)

showing that (k-w)? can be expressed solely in terms of RSPs and constants, which
means that it too is reducible. This means that our final result for the general
expression for Ay is

Apox = o + c1(k - w) (5.10)

The (k - w)-term is denoted a spurious term as it will integrate to zero as shown in
appendix but we will calculate it anyway as it is needed for the subtractions.

In order to find the values of ¢y and ¢;, we will use generalized unitarity cuts.
We see that performing a quadruple-cut on eq. will isolate Ay as cutting a
non-existing propagator yields zero, giving

N(1)|4><cut = Abox|4><cut- (5'11)

Parametrizing the loop momentum £k as

(24) (Afoj2] | [24] @lo"]1]

L — 5.12
TP B Ty T TR T (5.12)
the quadruple cut equations
B=L=05=15=0 (5.13)
have two solutions
1 | Lo ZT3 Ty
Lol 0|=£]0 (5.14)
2110101 0 —5

and we see that the two solutions are each others complex conjugates.
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On these two cuts, Ay has the general values
Abox|4><cut7 sol1 = dl Abox|4><cut7 sol 2 = d2 (515)
so inserting the values of (k-w) on the cuts (¢/2 and —t/2 respectively), we get that

d= Mec (5.16)

=(n) =) el ) e

which may be inverted to

with

c=M"1d (5.18)
where
1 1/2 1/2
M = [ 1/t —1/t} (5.19)

In order to find the values for d; we need to find the value of N(l)\cut, the LHS
of eq. (5.11)). That value will in general depend on the theory under consideration.
Let us in the following consider the case where all the external particles are gluons,
and regard the various flavour-options for the propagating particles individually.

The gluonic contribution

Let us start by regarding the case where all the internal particles are gluons too.
Thinking in terms of Feynman diagrams, only diagrams which has all four of the
cut propagators will survive the quadruple-cut. From the relations eqs. (3.18) and

B21), we get
ERYEACENGD

112%
propgluon - k2

(5.20)

and we see that cutting a gluonic propagator is equivalent to replacing it by (i times)
the helicity sum of products of polarization vectors carrying the on-shell cut momen-
tum k, and thus the result of cutting all propagators in a loop diagram is equivalent
to the helicity sum of the product of the tree level amplitudes corresponding to the
vertices of the diagram.

For the gluonic box in question, we get that

= 00 S A= ) A=l ) A~ e A~
{h1,....,ha}

Abox,g

(5.21)
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where {ay,..., a4} denotes the helicities of the external gluons.
Using the well-known Parke-Taylor expressions for tree-level three-point gluonic

amplitudes
(12)°

A(17273%) = T35 (3T) A(172737) = —

[12°

—[23] 31 (5.22)

we can calculate each of the 16 terms in eq. (5.21)), to get their sum Apgy|et. The
result is only vanishing for MHV helicity-configurations, that is configurations for
which two of the external particles have helicity plus and the other two helicity
minus. There are six of such configurations,

(—=++) (=+—-+) (=++-) +——+) +—+—-) (++-——) (5.23)

but only two, say (— — ++) and (— + —+) are truly independent, as the others are
related through cyclic permutations of the legs.

For the the adjacent helicity configuration (— — 4++4), the value of the helicity
sum is the same at the two solutions, that is

(12)*

W =TT = ey

st) (5.24)

where we see the tree-amplitude factor out of the result. Solving for the c-coefficients

of eq. (.10), we get that
Gt = st gt =0 (5.25)

where we have defined the tilded variables as ¢; = ic;/Agee, that is as the corre-
sponding c-coefficient without the tree-factor.

For the non-adjacent helicity configuration the result is somewhat more compli-
cated. Defining the tilded d-coefficients correspondingly as Jj = id;/ Atree, We get
that the d-coefficients become

4 44
it = (= st) &yt = w (5.26)

which corresponds to the c-coefficients

—st(s? + 12 + st)2

—232t(232 + 2t + 3st)
ud ’

ul

S—+—+ _
[N =

~—+—+ __
9 Cl -

(5.27)

The fermionic contribution

Let us now regard the case where all the internal particles are fermions. The
fermionic propagator is given by eq. (3.23) as

PIOPfermion = Z% (528)
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and for Dirac spinors we have that
¥ =vtu +uut = |k)[k|+ k(K| (5.29)

This shows that cutting a fermionic line is equivalent to replacing it with a sum over
the two helicity-states of the fermion, just as in the gluonic case.
After the quadruple-cut we therefore get

Avos flewt = =13 > Ay (=17 piME) Agg (=1 " D52 15) Ao (=15 P51 A gy p (13 "5 17)
he{+,—}
(5.30)

where the over-all minus comes from the Feynman-rule of eq. (H.12), telling us to

multiply each independent fermion-loop with such a factor. We have limited the

sum to two states, due to the fact that amplitudes of gluons with massless fermions

with the same helicity, always vanish. Had we considered Weyl-spinors rather than

Dirac-spinors, the result would have been the same and the two states in the sum of

eq. would come from the two independent chiral and anti-chiral contributions.
The fermionic tree-amplitudes used in eq. are given as

(12)* (23)*

Apr(17273%) =4 1) Apr(172737) = —i 1) (5.31)

and their complex conjugates. Asin the gluonic case, there are only two independent
contributions which correspond to the external gluons having the helicities (— —++)
and (—+ —+).

For the (— — ++) contribution the result is

Crp T =T =0 (5.32)

as both of the terms in the helicity sum vanishes identically, and where the subscribed
f refers to fermions. For the (— + —+) contribution the result is given as

— 522 (52 + t2) B 8225(82 + t2)

St _ St
Cro = oo , ¢ = " (5.33)
The scalar contribution
The scalar propagator is given by eq. (H.2)) as
1
PIODgcalar = E (534)

which shows that a cut only leaves a factor of 7, but no sum. This means that the
tree-product will be given as

Abox,slcut =2X Asgs(_llp(flZQ)Asgs(_ZQPgQZS)Asgs(_l3pg314)Asgs(_l4pZ4l1) (535)
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where the factor of two comes from the fact that we use complex scalars which have
two non-coupling but otherwise identical degrees of freedom. The result is purely
zero for the adjacent helicity configuration (— — ++), and for (— + —+) the result
is

253t2

ul

343
e+ = P ¢ e+ =
5,0 - ud ) s,1 -

(5.36)

The total box-contribution

Let us regard a theory with ns fermions and ny complex scalars. Combining the
result from the previous subsections as

A= Ag + anf + RSAS (537)

we may obtain the result for Apoy in such a general theory. The combinations give

L (12)3

Abox " o W <_St)’
e (13)*

Abox - <12><23> <34> <41> .

(—st) <1 + % ((52 +12)(4 — ny) + 2st(3 — ns)> ((k: ‘W) — t/2>) (5.38)
We see that both results reduces to the known result

AN=4 — A0 st (5.39)

box

for the N' = 4 theory, as it has ny = 4 and ny = 3 which we see by the table of eq.
(13.38)).

5.2 The triangle coefficients

Four triangle coefficients contribute to the gg — gg process, Ay ,jx where {7, j, k}
is a subset of {1,2,3,4}. Let us in the following focus on Ay,; 123 which corresponds
to the three propagators

l1:k+p1 12:]{? lgzk—pg (540)

One propagator less means one less reducible scalar product, and one possible choice
for ISPs is {(k - p4), (k - w)}. But as ps does not appear at all in the topology, a
better choice is {(k - w4 ), (k- w_)} where

(1o12] |, (2l
2 2

(5.41)

wh
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is defined such that w4 are perpendicular to pi, po, and to each other. This means
that the general expression for the irreducible numerator (corresponding to eq. (5.6))
for the box case) can be written as a monomial sum as

Aui =Y cijk-we)'(k-w_) (5.42)

ij

Renormalizability imposes the criterion that ¢ + 7 < 3, but just like for the box-
coefficient there are further constraints to be found. In principle this too could be
done using Gram matrix relations (see [1,/62]) but finding the right relations gets
tedious quickly, so we will call in some more heavy machinery.

For any topology, the set of propagators generates what is mathematically called
an ideal, i.e. a subset of the full set of possible numerators N, consisting of polyno-
mials of the RSPs with kinematic coefficients. As an ideal, it has the properties of
closure under addition and multiplication. Let us call this ideal I. Any ideal can be
spanned by a basis, and for I, one such basis is the set of propagators, but another
basis with useful properties is the Grobner basis G. To see this, let us make a new
parametrization of k

(Llo*2) | 2le"]1]

k = x1p1 + xaps + 3
for use in the triangle case. For this parametrization, the three propagators are

l% = s(r119 — x% + xi + x9) l; = s(z129 — x% + xi) lg = s(x1xy — a:% + xi — 1)
(5.44)

and these three form a basis for the ideal . In this case the Grobner basis for I (for
the DegreeLexicographicE] ordering) is simpler, as it is given by

G = {xq, 1, :I:Z — :1:?,} (5.45)

which means that any sum of products of the three propagators can be written as a
sum of products of the elements of G with kinematic coefficients.

The first two elements of G corresponds to our RSPs, z; = 2(k - p2)/s and
xo = 2(k - p1)/s, but the third element is less trivial

ay— 5= ((k-w_)®— (k- wy)?)/s (5.46)

indicating that that particular combination of ISPs is reducible after all. This means
that all terms involving (say) (k - w,)? can be recast as terms involving (k - w_)?
instead, making the basis

Am = 600 + 601(]{? . w_) + 502(]{? : w_)2 + 503(]{? : w_)3 + 610(]{? : w+)
+én(k-wy)(k-w) + Gk -w ) (k-w_)? (5.47)

1See chapter @
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which is the minimal basis we were looking for - corresponding to eq. for the
case of the box. In more complicated cases where the Grébner basis will have more
non-trivial elements, this reduction can be performed systematically by a multivari-
ate polynomial division with the elements of G as implemented by Zhang as the
code BASISDET. See [16] and chapter [9

Even though this basis is minimal and correct, and has only two non-spurious
terms, Cop, and cos, it does, however, turn out that it is possible to pick an alternate
basis in which there only is one non-spurious term and a higher degree of symmetry.
That basis is

Atri = Coo + C(n(k : w_) + Clo(k’ : UJ+) -+ 011(]6 : w+)(k‘ : w_) + 612(1{3 . w+)(k . w_)2
+en(k-w)?(k-w) + 002/20((k? cwo)? o (k- W+)2) (5.48)

which we will use in the following.
Just like for the box-case, we will try to find the ¢;-coefficients using generalized
unitarity cuts. The three cut equations

B=05=I03=0 (5.49)

have the two solutions

1 | g | T3 | T4
1folo[r]o0 (5.50)
21010710

7 is a free parameter which reflects the fact that three constraints cannot fix a four
dimensional momentum completely, so after the cut A has a remaining degree of
freedom, which is parametrized by 7. The two ISPs are linear functionsﬂ of 7, so as
the maximum total power of ISPs appearing in eq. is three, A will be given
as

3
A1;1ri|(:ut s — Z dszj (551)
=0

on each cut solution s, making the topology completely characterized by the the
eight d,; coefficients. By inserting the specific values for Ay on the cuts, we may
relate the seven ¢; coefficients of (5.48)) to the dy; coefficients by a linear relation:

d= Mc (5.52)
with

d= (d10>d11,d127d13,d207d21, d22>d23)T c= (COOa Co1, C10, C11, C12, C21, 002/20)T (5-53)

20n solution 1, (k- w4) = Fs7/2. On solution 2, (k-wy) = —s7/2
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and

1 0 0 0 0 0 0
0 & -2 0 0 0 0
o0 0 -5 0 0 %
o0 0 0 -2 £
— 8 8
M 1 0 0 0 0 0 0 (5:54)
0 -2 =2 0 0 0 0
o 0 0 = 0 0 =
00 0 0 -% -£ 0|

That M is non-square, or correspondingly that eq. has more equations than
unknowns, shows that the system of ds is over-determined. This means that a
solution of ¢ in terms of d exist but that additional ng; — n. relations are imposed
between the d-coefficients corresponding to the null-space of the equation set .

Mathematically this redundancy may be described as M not having an inverse
in the usual sense, but for our purpose it is enough to find a “pseudo-inverse” W
with the property that WA = I such that eq. becomes ¢ = Wd. This can
for instance be done using PLU decomposition as described in appendix One
such pseudo-inverse isﬂ

1 0 0 0 0 0 0 O
o X o o o - o0 o0
o - 0 0 0 - 0 0

W={0 0 -3 0 0 0 % 0 (5.55)
o0 0 -5 0 0 0 —-%
o0 0 % 0 0 0 —%
o0 £ 0 0 0 % 0 |

with the additional null-space constraint that di;qg = dap.

The next step is to attempt to find the value for the triangle contribution using
generalized unitarity cuts. Performing the triple-cut of the propagators [, I, [3 on
both sides of eq. (5.3)), will allow us to identify the LHS with a product of trees as
for the box contribution, except that one of the trees will now be four-point. On the
RHS of eq. , the triple-cut will not isolate the triangle contribution Ay 93, as
we will get a contribution from the box-coefficient too, but we know that coefficient
as we calculated it in the previous section. So for the gluonic loop we may isolate
Agrig as

. — a — a — a3, a Ab X u
Aplsens = i Y A= P A(=1 2 pg 1) Ag(— 15 Mopge i) — =i e 1'5’“ :
hi,h2,h3 4

(5.56)

3Mathematically this is not always true (i.e. if rank(M) < min(ng, n.)) as we see in section
but it is true in this case.
4This is the last time in this thesis, such a matrix will be written out in full.
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where the Aypg-term is denoted a subtraction term or a OPP subtraction term
after [9].

As the triangle has lost some of the symmetry of the box, there are more substan-
tially different helicity configurations contribution than in that case. There will be
three such contributions, (— —++), (—++—), and (— + —+), where the remaining
MHV-contributions will be non-vanishing too, but related to these three by parity.

We will not list the results here, only note that the (— — ++)-contribution
vanishes, and that the remaining ones are proportional to 4 —ny or 1 — ny + n, of
which the latter vanishes in all supersymmetric theories and the former in N = 4
in accordance with the no-triangle theorem mentioned in section [3.5]

5.3 The bubble coefficients

In this section we will take a look at the bubble coefficients.

There are six different bubbles contributing to eq. which are of two differ-
ent kinds. There are four for which the two propagators are adjacent on the box
(i.e. Apybble,iit1), and two for which they are not (i.e. Apybble,iit2). Let us start
by regarding the four adjacent bubbles. For those cases the corresponding bubble
integral will be given as

dk 1

Toubble, adjacent = /(27T)d 20— ) (5.57)

where p is one of the four external momenta, and k may be linearly shifted com-
pared to the k of eqs. . As that integral is scalar it may only depend on scalar
combinations of the external momenta in the expression, and as the only such mo-
mentum is p which squares to zero, zero is the only value that integral may possible
have, and by regarding the general expression given by eq. we see that this
indeed is correct. This means that the values of the four coefficients multiplying the
zero-mass bubbles are unimportant as they will multiply zero.
Thus we may concentrate on the non-adjacent bubbles, exemplified by

d’k 1
Thubble,13 = /(271')d - pe (5.58)

where k =k + p, and P = p; + ps compared to egs. (5.2).
The problem will have three ISPs, which we take to be (k- w1), (k- ws), (k- ws),
withP]
(1lo"]2] — (2]o*|1] (1lo"|2] | (2]0"[1]

_ _ — =p — 5.59
w1 5 5 Wa 5 + 5 W3 = Pp1 — P2 ( )

5Here we refer to momenta p; and py even though they do not occur in the problem. It is
possible to pick a basis based directly on P, see appendix
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which all are perpendicular to P* and to each other. BASISDET gives that a general
basis will contain nine terms, which we choose as

Abubble = C1 —+ 62(1{5 . wl) + Cg(k‘ . (,LJQ) + 04(]{3 . wg)
+c5(k - wr) (k- wa) + co(k - wo)(k - w3) + cr(k - wq)(k - w3)
+es((k-wi)® + (k- w2)?) + co((k-w1)® — (k- wo)® +2(k-ws)?)  (5.60)

where we see that only the first term is non-spurious.
The double-cut has only one solution:

~ 1|o*|2 (1 — 1) (2|c*|1
SN i (LY Tl
2

(5.61)

and inserting this into eq. (5.60), allows us to write the Apypple|cus @s a Laurent
polynomial in 7y and 7 with a total of 25 terms, with the relation being

d= Mc (5.62)

where M is a 25 x 9 matrix with full rank.
The tree-product will be given as

Apox:13|2xeut = 12 Z A4(—lfh1p§l1p§2ZQB)A4(_Z:;}L3P§3PZ4Z?I)
hi1,h3

N At1ri;123|2><cut At1ri;134|2><cu‘c Abox|2><cut

- - (5.63)

3 I 313

where we see that three subtraction terms are necessary, two from the two triangles
which contain both /; and I3, and one from the box.

Like for the triangle-case we will not list the results here, just note that there
are three different helicity configurations (— — ++), (— + +—), and (— + —+), of
which (— — ++) vanishes identically, and the other two vanish in N’ = 4 SYM as
expected.

5.4 The tadpole coefficients

The tadpole integrals

A%k 1
[tadpole :/(27T)dﬁ (564)

all vanish for the same reason as the adjacent bubbles of eq. (5.57), and thus
evaluating the corresponding irreducible numerators A¢agpole is physically irrelevant
and will not be pursued here.
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Chapter 6

Two-loop cases

In this chapter we will calculate the three two-loop seven-propagator contributions
to 2 — 2 scattering in Yang-Mills theories in four dimensions. The results of this

chapter are based on [1].

6.1 The double-box (t331)

4
N lg 1
ls ) |
Vv Uy 5
3

Figure 6.1: The double-box topology (¢331) with the loop-momenta of eq.

(6.2) shown.

The double-box contribution to the four-point amplitude is defined as

ddkl ddkg A331
A331 = 7
(2m)d J (2m)? [1_,

where we will parametrize the seven loop momenta as

L =k, ly = k1 —p1, I3 = ki — p1 — p2,
ls = p4 — ko, le = —ko, lr = —k1 — ks,

o8

(6.1)

ly = p3 + ps — ko,
(6.2)



as shown on fig. [6.1]
We will abbreviate the double-box as (t331), referring to the number of propa-

gators along each of the three branches as described in section [[.II We choose to
describe the system using a basis of four vectors 5 = {p1, p2, p4,w}, with w as in eq.

(©.8)
(231] (1jo*|2]  (132] (2]o"[1]

wh = . T, 5 (6.3)
The system has four ISPs, with a natural choice being the set
(K1 - pa); (k2 p1), (K- w), (Be - w) (6.4)
making the expression for Ass; have the form
Az = Z Cirigizis (K1 'p4)i1(k2 'pl)iz(kl 'w)i3(k2 ) W)M (6.5)

11921374

Performing the division towards the Grobner basis of the ideal formed by the seven
propagators as described in the previous chapters and in chapter[9, we find the most
general basis to contain 32 terms, which can be chosen as the set corresponding to
the coefficients

{00000> €0100, €10005 C0200, €1100, C2000, C0300, C1200, €2100, C3000, C0400,
C1300, €3100; C4000, €1400, C4100, €0010, C0110, €1010, C1110, €2010, C2110,

C3010; €31105 C0001, C01015 C10015 C0201; €11015 C0301, 1201 01301} (6-6)

where only the first 16 coefficients are non-spurious.

As in the one-loop cases, we want to find the coefficients of Ags3; using unitarity
cuts. After the hepta-cut we may identify Assz; as the helicity-sum of the products
of the six trees obtained from the cuts, i.e.

A331 |7><C11t = i7 Z Z A(_ll_hl7plf1 ) ZSQ)A(_ZQ_h2ap(2127 ZQB)A(_ZS_hsa _l7_h77 li“l)

f het
X A(_l2h4ﬂp§3> l?5)¢4(—l5h5,pi4, lélG)A(_lghG? llllla 1?7) (67)

where the h; denote the helicities internal to the sum, the a; denote the helicities of
the external particles, and the f the flavours of the internal particles.
The hepta-cut equations have six solutions. Parametrizing as

23) (1|o#|2 23] (2|c"|1
W gttt 4 2,23 (U2 193] (lo¥]

13) 2 3] 2
ky = y1p5 + yapl + s gii <3’U;’4] + 1 Eﬁ] <4‘U;‘3] (6.8)
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the solutions are given ag]|

Solution || xy | x2 | @3 Ty | Y1 | Yo Y3 Ya
1 1 0 1 0 0|1 T 0
2 1 0 0 1 0|1 0 T
3 1ol 7o |ol1] =1 0 (6.9)
4 110 0 T 011 0 —1
5 |10 o |==0]1|ta+n)]| o0
6 | 1]ol==| 0 lol1| o |ru+7)

and we notice?| that the solutions come in complex conjugated pairs.

Inserting one of the first four solutions into eq. (6.5)), will give powers of 7 going
from zero to four, while inserting solutions five or six will give powers going from
—4 to 4, that is

4 .
o duT s€{1,2,3,4}
A cut s — ZZ*O ” : I 6.10

381 eut { S datt s € {5,6} (6.10)

which has 38 terms in total.
Again we may relate the coefficients of eqs. (6.5) and (6.10) as

d= Me (6.11)

where M is a 38 x 32 matrix, for which me may find a pseudo-inverse (using the
method of appendix that uniquely identifies the cs.

The non-spurious integrals corresponding to the first 16 terms of eq. are
not independent but are related through a number of IBP-identities as described
in section In fact there are only two independent integrals (master integrals)
which can be chosen as those corresponding to the numerators 1 and (k- p,) meaning
that the integral of the double-box topology can be written as

Ay [ A4y Cy + Cylky -
Agglz/ 1/ 2 C14 Colkr-pa) | (6.12)

2m)t ) @2m)*t BEEERERRE

where the ellipses cover terms with correspond to lower topologies, that is to topolo-
gies with less then seven propagators. C; and C are related to the coefficients of

!The parametrization is different from what we used in [1], but the ordering of the solutions is
the same.

2 Another thing which one might notice is the one-to-one correspondence between these solutions
and the non-vanishing combinations of MHV and MHV-bar trees in the sum of eq. . Such a
correspondence exists for all the four-dimensionally cut diagrams in this thesis. We will not say
anything more about this, see for instance [14].
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eq. (6.5) through

2 3
S12514 S$79514 512514
Ci = cooo + Cr100 — —2 (c1200 + C2100) + 12 (¢1300 + C3100)
8 16 32
4
S$19514
— Z2= (1400 + C100) (6.13)
64
3512 S14 3s
Cy = c1000 + Co100 — Tcnoo + > (o200 + C2000) + % (¢1200 + €2100)
52 3s3 53
+ f (o300 + €3000) — 1—(132 (c1300 + €3100) + % (o400 + C4000)
3st
+ 3—; (€1400 + C4100) - (6.14)

6.2 The crossed box (£322)

Figure 6.2: The crossed box topology (t322).

The only non-planar seven-propagator contribution at two-loop four-point, is the
crossed box, (¢322), which is shown on fig. We will choose to parametrize it in
terms of

i =k +p ly = ky l3 = ko +p3 ly = ko
5 = ko —pay le = ks — k1 +p2+p3 lz7 = ky — k1 + p3 (6.15)
As for the double-box there are four ISPs, and we pick the set
(/ﬁ 'Ps), (k?2 ']02)7 (lﬁ 'W), (/fz : w), (6-16)

with w defined by eq. (6.3) as for the double-box case. This makes the general
expression for the irreducible numerator

Asgy = Z Ci1i2i3i4(l€1 ']93)“(1432 'p2)i2(k31 'W)ig’(ké : W)M (6-17)

11121314
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with 38 terms remaining in R/I after the polynomial division, namely those given
by the list

{000007 €0100, €10005 C0200, €11005 C2000, C0300, C1200, €21005 C3000, C0400,
C2200, €3100, €4000, €0500; C3200, €4100, C0600, €4200,5 C0010, C0110, €1010;
C1110, €2010, €2110, €3010, C3110, €0001, C0101, €1001, C0201, €1101, C0301,

C1201, 0401, C1301, C0501 5 01401} (6-18)

where the first 19 coefficients are non-spurious, and the remaining 19 are spurious.
Like before we want to find these coefficients by performing a hepta-cut. On the
cut solutions, Agss will be given as a product of trees:

Asoolrxeus = 4 Z A(=1M p4r B A(—1", li]’:ga —l;h7)-’4(—l3_h3719§37 1)

he+
X A<_l2h4ﬂpi4v ZQE))A(_lghsv li“? l26)A(_lgh67 l?77p;2> (619)

and parametrizing as before

(23) (Lo(2] | (23] 2|o"[1]

ki = xpl + woph + x3

(13) 2 3] 2
A1) 3lo*|4] | [41] {4]0*|3]
kY =y ph n < 6.20
2 = Y13 + Yopy + Y3 31 2 + Ya 31 5 (6.20)
we find eight solutions to the hepta-cut equations, specified by
Solution T Ty T3 Ty Y | Y2 | Ys | Va
1 Ll—7)] 0| - 0 O[O0 7|0
2 ti-=7)] 0 0 —wr 00| 0| 7T
3 0 0 T 0 0101 1 0
4 0 0 0 T 0]0[ 0 1 (6.21)
5 é(l —7)1 0 0 “r—=1)]0]0] 7T 0
6 é(l —7)| 0 | 2(r—1) 0 0]0[ 0 T
7 -1 0 0 T 010 ]-=%1]0
8 —1 0 T 0 0,0 0 |—%

which again is parametrized by 7, the one remaining degree of freedom.
For the different cut-solutions different powers of 7 may appear, the expansion
is given by

670 dsiTi s € {17275a6}
. SO ' .22
A399]cut { Z?:O dgt s €{3,4,7,8} (6.22)

giving 48 d-coefficients in total. This makes the relation between the coefficients

d=Me (6.23)
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where M is a 48 x 38 for this case.

Like for the case of the double-box, there are relations between the 19 non-
spurious coefficients of eq. . There are also two independent contributions for
this topology, which we may chose as the integrals with numerator 1 and (k; - p3).
In that case the relation to the coefficients of eq. is

C1 = coooo + —=514513(C2000 — C1100 + 2€0200)

16
+ 5514513(814 - 813)(03000 — C2100 + C1200 — 260300)
1
+ 1—62(3(814 — 513)2 + 8%2)814813(04000 — 3100 + C2200 + 2€0400)
1
+ 1—62((814 — 313)2 + 8%2)814813(814 — 513)(€3200 — C4100 — 2C0500) (6.24)
b (5514 — s13)* + 1082, (512 — 515)% + %) 510515 (C4200 + 2C0500)
163 14 — S13 S12\514 — 513 $12)514513\C4200 €0600) >
Cy = c1000 — 2¢o100 + g(sm - 813)(02000 — C1100 1 200200)
1
+ 1—6(2(814 - 313)2 + 8%2)(03000 — €100 + C1200 — 2€0300)
2
+ 1—62(5(314 — 513)% + 75%5) (814 — 513)(Ca000 — C3100 + Ca200 + 2C0400)
1
+ 1—62(3(514 — 813)4 + 88%(514 — 813)2 + 5112)(63200 — C4100 — 2C0500) (6.25)
2
+ 16 (7(s14 — 513)" + 3087, (s14 — 513)° + 1187,) (s14 — S13)(Ca200 + 2C0600) -

6.3 The pentagon-triangle (¢421)

The pentagon-triangle (¢421), which is shown in fig. [6.3] is the last seven-propagator
topology at four-point two-loop. It may be parametrized by the seven loop-momenta
h=ky—ki—ps b=k —ki+pa+ps Ilz=ka+tpr+ps la=ka+ps

l5 = k?g l6 = ]{?2 — P4 l7 = k’l (626)
Naively it will have four ISPs like the other two topologies, one might for instance
pick the set {(ky - pa), (k1 -p4), (k1 -w), (k2-w)}. But it turns out that one of the four

((k;l w)) appears linearly in the Grobner basis, making it reducible after all, so the
general form of the integrand will be

Ayor :Zc’hizig(kl pa)t (k1 - pa)? (ko - w)™ (6.27)

i1inis
with the 20 coefficients

{00007 €100, €010, €020, €110, €200, €030, €120, €210, €300,

Co01, €101, Co11, Co21, C111, C201, Co31, C121, C211, 0301} (6-28)
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Figure 6.3: The pentagon-triangle topology (t421).

half of which are spurious.
The cut-solutions turn out to be redundant too, and after taking the redundancy
into account there are two solutions to the hepta-cut equations

Solution || x1 | X2 | X3 | X4 | Y1 | Y2 | Y3 | Ya
1 11 0|7 O0]0[O0O]1]0 (6.29)
2 1100 |m»|0[0]0]1

which due to the redundancy need two free parameters (m; and 73) for a complete
characterization.

Inserting the solutions into eq. (6.27), gives that each solution has ten different
combinations of the 7-variables

i+5<3
A421‘cut s = Z dsiijTg (6-30)
i,j=0
making the equation relating the coefficients

d= Mec (6.31)

a 20 x 20 linear systemf}

Applying IBP identities to each term of eq. yields the result that all
coefficients for the pentagon-triangle topology are reducible to topologies with fewer
propagators.

3For the pentagon-triangle there is a particularly pretty closed form for this relation. See [1].
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6.4 Results in Yang-Mills theories

Everything in the first parts of this chapter holds true for any renormalizable theory
of massless particles. In this section we will look particularly at the results in a
theory with a gluon, ny fermions (gluinos), and n, complex scalars, all transforming
under the adjoint representation of the gauge group, but with the external particles
all being gluons. The matter can flow in the loops in ten different ways, as shown in
fig. where the multiplicative flavour factor each contribution gets is listed too.

4 1
3 2
4 1 4 1 4 1
ny v \ y
3 3 2 3 2
4 1 4 1 4 1

nfns I I I

Figure 6.4: The ten flavour contributions to gg — gg at two-loop, exem-
plified by the (t331) topology. The corresponding flavour factors are also
shown.

Pure Yang-Mills theory and all its super-symmetric extensions fall in the category
of theories covered, where for each value of N the matter content is given as

EAEEN
0]0]0
1170 (6.32)
2 [ 211
443

as we saw in section 3.5
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The double-box (¢331)

For the double-box (¢331), there are three fundamentally different, non-vanishing
configurations of the helicities of the external particlef], (——+44+), (—+—+), and
(— + +—). The opposite helicity configurations are non-vanishing too, and can be
obtained by complex conjugation.

For the configuration (— — ++), the value of Ass; is

L ——t+
A331++ = _5%2514“4(0)331 (6.33)

that is only the cyggo-coefficient has a non-zero value, and that too is zero for both
the fermionic and the scalar contribution. In terms of the coefficients of the two

master integrals of egs. (6.13) and (6.14)) which Ags; may be reduced to, the result
is (obviously)

++

Cl__++ = —8%2514./4(0);3; (634)
Oyt =0 (6.35)
For the configuration (— + —+), the result is
A373+17Jr = A(O);::fJr — s14512°
4— 3 —ng 2
- QB RIS (1) 4+ (k) 200 ) (20 1) + 512) + 512 (20 1) = 314)
2 1—
o (3134nf = (16(/f1 -pa)? (2(k2 - p1) + s14) + 4(k1 - pa)? (6s12(k2 - p1) + (2512 — 514) 514)

+ 4(k1 - pa) (6s12(k2 - p1)? + s12 (2512 — s14) (k2 - p1) + 8(k2 - p1)® — s12514%)

—16(k1 - pa)* — (514 (2(k2 - p1) + s12) — 4(k2 - p1)?) 2)

(4- nf)8145122
25133

+4 (3512 + 514) (k2 - p1)® — 2514 (3s12 + s14) (k2 - p1) + s12513514

B nf)(§1;3n8)8143122 ((k2 - p1) (2(k1 - pa) + s12) (k2 - w) = (k1 - pa) (k1 - w) (2(k2 - p1) + $12))

5145122 (1 — np + ng
+1412( 4f )(

+ (4(/€1 -pa)? (4(k2 - p1) + 3s12 + s14) + 2(k1 - pa) (2(k2 - p1) — s14) (4(k2 - p1) + 3812 + S14)

+

513
(k1 - w)(8(k1 - pa)® (4(ka - p1) + s14) + 8(k1 - pa) (3s12(k2 - p1) + s14 (2(k2 - p1) + 512))
—16(k1 - pa)® + s12° (2(k2 - p1) + s14) )
+ (k2 - w) (= 2(k1 - pa) (4 (3s12 + 2514) (k2 - p1) + 16(k2 - p1)* + s127)
— 514 (8512(k2 - p1) + 8(k2 - p1)® + 512°) + 16(k2 'pl)S))

+ % <812513(—(1€1 ~w)) (2(k2 - p1) + 514) (6.36)

+ 2(k1 - pa) (2514(k1 - w) (4(k2 - p1) + 3512 + S14) + (512513 — 8514(Kk2 - p1)) (k2 - W))

+ 514 (512513 — 4 (3812 + 514) (k2 - p1)) (K2 - w))]

“that is (a1, a2, as,as) in the notation of eq. (6.7).

66



and the corresponding master integral coefficients are

1 — - 6512%514%(1 — 3(4 —
Cf+7+ = Z8122814./4(0)33—'1r " <— o1z 51 (S 1 i D + ( :f)SIQSM — 4)
13 13
(6.37)
e 3519°s ——
02 T = 2182 414./4(0)331 (2812814(1 — 7’Lf + ns) — (4 — nf)3132) (638)
13
For the (— + +—) configuration the integrand is:
As_:;ﬁ_ = A(O)??;{Jr_ [— $14512°
4515%(1 — s
- AR ) () (30 ) = s10) + () (s = 2 (B2 + 410) (1)

+ (k1 - pa) (k2 - p1) (4(k2 - p1) — 3s12 — 2514) (2(ka - 1) — s14) + 4(k1 - pa)* + (k2 - p1)? (512 — 2(k2 - 1)) 2)

# 20O ZI k) 20k )+ 1)~ )

w (8142((k71 -pa) + (k2 - p1)) — 2514 (— (k1 - pa) (k2 - p1) + (k1 - pa)® + (k2 - p1)?)

S14
— 8(k1 - pa) (k2 - p1)((k1 - pa) + (k2 'Pl)))

(4 —n5)(3 = ng)s12”
+
25135142

(8125142((1431 W) + (k2 - w)) — 2512514((k1 - pa) (k2 - w) + (k2 - p1) (k1 - w))

+ 851 (ky - pa) (ke - p1) (ks ) + (ke )

2
1- S
512 ( nf3+ n ) (28128143((k‘1 -UJ) + (ka . w))
513514

+ 512514° (3s12((k1 - w) + (k2 - w)) — 4(k1 - pa) (k2 - w) — 4(k2 - p1) (k1 - w))

+ 2514 (4513 (2(7431 -pa) (ko - p1) (k1 - w) + (ko - w)) + (k1 - pa)? (k1 - w) + (k2 - p1)? (k2 w))
—3519°((k1 - pa) (k2 - w) + (k2 - p1) (k1 - w))) — 8s13( — 3s12(k1 - pa) (k2 - p1) (k1 - w) + (k2 - w))

+2 (k1 - pa)((k1 - pa) + 2(ka - p1)) (k1 - w) + (k2 - p1)* (2(k1 - pa) + (k2 - p1)) (k2 - w)) )) (6.39)

+ w ( — 35125147 ((k1 - w) + (k2 - w)) — 16513(k1 - pa) (ko - p1)((k1 - w) + (k2 - w))
2513514

+ 2514 (3s12((K1 - pa) (k2 - w) + (k2 - p1) (k1 - w)) — 2s13((k1 - pa) (k1 - w) + (k2 - p1)(k2 - w))) )]

+

and the master integral coefficients are

e T ———
C1 T — _4811242 A(0)331 (2812 (108122 + 11814812 + 25142) (1 — Tlf + ns) (640)
+ S14 ((4 —ny)(3 = ng)s12 (2512 + 514) — (4 — ng)s12 (4512 + S14) + 45142) )
3512° gyt
02_++_ = FZSA(O)?);;’_ ( (208122 + 22814812 + 45142) (1 — Ny + ns)
+ S14 ((4 - nf)(?) - ns) (2512 + 514> - (4 - nf) (4812 -+ 814))) (641)

We notice that the flavour factors always factorize out as (4 —ny), (3 —n,), and
(1—ns+ns). All of these factors vanish in N = 4, and additionally does (1—ns+n;)
vanish in all supersymmetric theories.
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The crossed box (t322)

The crossed box too is non-vanishing only for the configurations (— —++), (—+—+),
and (— 4+ +—), and their opposites.

For (— — ++) the numerator is
Apytt = A(o);2;++[_ 145102
+ %(4 —nyg)sia (=2 (s12 + 2814) (k2 - p2) — 4(ka - p2)? + s13514)
+ W( — 4(ka - p2)® (2(k2 - p2) + s12) * — s14” (—8s13(k2 - p2) + 24(k2 - p2)* + 5157)
+ 4s14(ka - p2) (=6s12(k2 - p2) — 8(k2 - p2)* + s12513) )
= BRI () (13 200 ) + 510) = Zora (b ) + 2001 ) (512 + 2510) (- p2) — s13510)
+ W (20052 - p2) (51223001 - w) = (k2 w)) + Bsvasra (k1 - @) + (ke - ) + 65142z - )

+ 16 (812 + 2814) (kz . p2)2(k2 . W) + 16(]{}2 pg)j(k‘g . UJ) + 812813814((]{}2 . w) - 2(/61 . CLJ)) (642)

+2(k1 - p3) (16 (s12 + 2s14) (k2 - p2) + 16(ka - p2)® + 5127 + 12514 + 12512514) (k2 - OJ))}

and after applying the IBPs, this corresponds to the two master integral coefficients
being

__ 1 28 23 21_n +ns
O = A, s (‘ Lo PR 4 s - 48”2)
S12
(6.43)
__ ——++ =S
Cy = A(0)322 = (513 — 514) ((4 —nyg)s12” — 2s13514(1 — ny + ns)) (6.44)

28122
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For the (— + —+) configuration, the integrand is:

—ft—+ _ 0"+ 2
A322 = A( )322 [— 514512

4 —nyr)s14512°2
+%(_2513 (301 - o) (ks - pa) + 301 - ps)? + (ko - p2)?)

+ 8(ky - p3) (ka2 - p2) (k1 - p3) + (k2 - p2)) + s15° (k2 '102))

-2 nf)(i;g””s“slf (k1 - ps)((ky - pa) + (ke - p2)) (2(k2 - p2) — s13)

+ Auas1z’(1 _4nf 1s) (2814(k1 -p3) (k1 - p3) + (k2 - p2)) (2(k2 - pa) — s13) — 8(k1 - p3)>(ka - p2)

513

— 4(ky - p3)? (ko - p2)? — 4(k1 - p3)* — 5137 (k2 - p2)? + 4s13(ka - p2)® — 4(ko 'p2)4>

(4 — nf)512514
25133

+ (k2 - w) (2512513 (—3(k1 - p3) — 5(k2 - p2) + s13) + 514 (8(k1 - p3) + 3s13) (513 — 2(k2 pz))))

_ (4 —ng)3 —ns)si2514
25133

+ (k2 - w) (2(k1 - p3) (2514 (s13 — 2(k2 - p2)) — s12513) + s13° (2(k2 - p2) + s14)) )

W (2512(k1 -w) (8s12(k1 - p3)* (k1 - ps) + (k2 - p2))

+s14” (4(k1 - p3) (k2 - p2) — 513(2(k1 - p3) + (k2 - p2)))

+ 2514 (s13 (s12(2(k1 - p3) + (k2 - p2)) + 2(k1 - p3)?) — 4(k1 - ps) (k2 - p2) (k1 - p3) + s12)) )

+ (k- w) (s14® (— (8(k1 - p3) (s13 — 3(k2 - p2)) + s13%))

+ 28147 ((kl “p3) (8(k2 -p2)® + 3812813) + 513% (s12 — (k2 '292))) (6.45)

+ 4s12813514 (s13(k2 - p2) — s12(k1 - p3)) — 4s12” (k2 - p2) (513 — 2(k2 - p2)) 2))]

- (2512 (k1 - w) (Bs19(2(k - ps) + (k2 - p2) = (kv - ps) (k2 - p2)

(2812(k1 w) (513(2(k1 - p3) + (k2 - p2)) — 4(k1 - p3) (k2 - p2))

+

with the master integral coefficients being,

2

—4—+ (0)*4’*4’ 5127514
Cl - A 3922 3
4813

(25128142(1 — nf + ns) — (4 — nf)8148132 — 48133)
(6.46)

2
L —+—+ 81278
C5 = "4(0)322 ;913‘114 (s13 + 3s14) (2512314(1 —ng+mng) — (4 - ”f)5132)
(6.47)
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And finally for the (— + +—)-configuration the integrand is:

—ft—

- 2
At = A0, [—814312

2(4—nys)(3— ns)3122(

514 ki - ps)((k1 - ps) + (k2 - p2)) (2(k2 - p2) + s14)
s122(1 —nys +n,
B : 4 3f + 1) <2(k1 ~p3)2 ((k2 - p2) (k2 - p2) + s13) + s13514)

514
+ 2s13(k1 - p3) (ks - p2) (2(k2 - p2) + s14) + 8(k1 - p3)® (k2 - p2) + 4(k1 - p3)* + (k2 - p2)? (2(k2 - p2) + s14) 2)
- (4_87:3:2)8122 (2514 (3(k1 - p3)(k2 - p2) + 3(k1 - p3)* + (k2 - p2)?)
+ 8(k1 - p3) (k2 - p2) (k1 - p3) + (k2 - p2)) + s14° (ko 'pz))
4 LR (o 0y ) o1 (A0 p3) ) = a2k ) + (O -12)
+ 2514 (s13 (s12(2(k1 - p3) + (k2 - p2)) + 2(k1 - p3)?) — 4(k1 - ps) (k2 - p2) (k1 - p3) + s12))
+ 8s12(k1 - p3) (k1 - ps)((k1 - p3) + (k2 - p2)) — s12(ka - p2)) )
+ (k2 - w)(s14° (8(k1 - ps) (3 (/f2 p2) — s13) — $13°)
+ 2514” ((k1 - p3) (8(k2 - p2)® + 3s12513) + s12 (5s12(ka - p2) + s157))
+ 45127514 (k2 - p2) (—4(k1 - p3) + 4(k2 - p2) + s12) + s13(k1 - p3)) — 2514 (k2 - p2) + 16512% (ko '292)3))
(d=ns)B -
25142
+ s1a(ka - w) (2(k1 - p3) (4(k2 - p2) + s12 + 2514) + 513 (2(k2 - p2) + 814)))

i (4 — nf)slg
25142

RS2 (951 (ks - ) (a2 - o) + (k- p2) + (ks - pa) (k2 - po)

(25120081 - ) (Bs14(20k1 - ps) + (k2 p2)) + 8(k1 - p) (k2 - p2) (6.48)
— s14(k2 - w) ((s512 + 3514) (2(k2 - p2) + 514) — 2(k1 - p3) (8(k2 - p2) + s12 + 4514)) )}
which lead to coefficients of the master integrals of,

2
s —++— 8

(6.49)

2
e —f+- 5
Cy ™ = AV, % (3513 + 514) (4 — np)s14® — 2s19813(1 — ny + 1)) (6.50)
14

The pentagon-triangle (t421)

Unlike the two topologies we have looked at so far, the pentagon-triangle topology
(t421) is non-vanishing only for the configurations (— 4+ ——), (— — +—), and their
opposites, which all vanish at tree level.
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For the (— + ——) configuration, the integrand is

_ %(/{1 - p2)? (k1 - pa) + S—i(k’l - p2) (ks -p4)2)
—&i(1—ny+ ns)% (Uﬁ - p2) (k1 - pa)

= P pi) + 2l ) -p4>2) (hs-w)  (6.51)

and for the (— — +—) configuration it is

(12)*(14)%s%
<13>2812814

2 2
- —(k:1 'P2)2(k’1 'P4) + —(k:1 'P2)(k?1 'P4)2)
512 S14

(12)2(14)%s7;
(13)251953%,

(a2 p) + () -p4>2) (ky-w)  (6.52)

At ™ =4i(1 —ny +ny)

(k- po) -0

—8i(1 —ny +ny) ((lﬁ - p2) (k1 - pa)

2

S12

Discussion

We have compared the results to the known results from [14,98] and found complete
agreement.

There is a couple of issues worth noticing. For (¢331) and (¢322) the results were
always proportional to the tree-level amplitudes. This is not surprising, as that
factor is more or less fixed by the little group weights corresponding to the helicities
of the external particles as described in section [3.4 What is more surprising is
that (t421) vanishes for the MHV cases and only has a non-zero value for cases with
three identical helicitiesﬂ Additionally we see (t421) to vanish for all supersymmetric
theories.

Another thing worth noticing is thatﬂ no terms with a total monomial power of
five or higher appear, neither for (¢331) nor for (¢322), even though such terms are
present in eqs. and (6.18). The source of this is not completely clear as no
restrictions, neither from the renormalization constraints nor from the Gram matrix
identities, appear to rule out their presence.

This is sometimes called UHV (ultra helicity violating) configurations.
Seven though it is hard to see from the form of the equations as they are written here.
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Chapter 7

Three-loop cases

Nothing in the methods described in the previous chapters restricts the integrand
reduction procedure to two-loop (or one-loop) cases. In this section we will present
the full result for the three-loop triple-box topology, based on the calculation done in
[2], and additionally we will solve the on-shell constraints for an additional topology
- the tennis court.

7.1 The triple-box

P4 p1

Figure 7.1: The triple-box topology with the loop-momenta shown.

The triple-box integral is defined as

ddkfl ddk’z ddkS Atriplebox
Atriplebox_/(271_)51/(271_)6[/(271_)5[ HlO l2 ) (71)

i=1"
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where we parametrize the ten propagating momenta as

Ly = ki, lo = k1 — 1, I3 =Fki —p1 —p2, 1y =Fks+pi+po,
ls = ko + p1 + po, le = ko —pa, 7 = ko, lg = ks,
lg = ]{31 + ]{73, llg = ]{ZQ — ]{?3, (72)

as shown on fig. [7.1]

Solution of on-shell constraints

The irreducible numerator Ayiplenox Of the triple-box topology, may be written in
terms of monomials in seven ISPs, as

Agriplebox = Z Civoriz (K1 - Da)" (k2 - 1) (k3 - pa)™ (ks - p1)™
i1-+07

X (ky - w)™ (kg - w)'® (ks - w)™ (7.3)

where a systematic approach using the multivariate polynomial division method
described in the previous chapters will show that the maximal number of non-zero
c-coefficients which may appear for any renormalizable theory is 398, for which half,
199, are spurious and the other half non-spurious.

We wish to identify the values of the coefficients of eq. using generalized
unitarity cuts as in the two- and one-loop cases. The deca-cut which cuts all the
ten propagators of eqs. , turns outE] to have 14 solutions which come in seven
complex conjugate pairs, that we number 1-7 and 1-7".

Using the parametrization

(23) (pafo*(po] | (13) (pa|o*|pi]

I, —
9 = T1P1 + TaP2 + T3 (13) 5 + 4<23> 5 )
(41) (ps|o*|p4] (31) (palo*|ps]
B
6 = Y1P3 + Y2P4 + Y3 (31) 5 + Ya (1) 5 )
34 ot 24 ot
_l4 = 212 + 293 + 23 224; <p2| 2 |p3] + 24 234i <p2’ 2 |p?)]7 (74)

we get that each solution may be parametrized in terms of two free parameters which
we name 7 and 7.

!For three-loop cases it is not trivial (though it can be done) to solve the generalized unitarity
cut constraints by hand. It is useful to have a systematic algebraic method, and such a method
which uses primary decomposition of the ideal formed by the ten propagators, is described in

chapter P}
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The solutions 1-7 are given by

Ty | X2 T3 Ty || YL | Y2 Ys Yq
tfofo]1-3=n10[0[0[1l+m 0
2000 |=%1+n)|0|0[0] 0 |—-1+2L
3[0]0 P 0f0l0]| O —1-7
4lofo|-21+m)[0]f0o]0]| O T
50010 T 0/o0l0]| 1 0
611010 1 010]0] 7 0
71010 I 010[0] = 0
“1 <2 z3 24
s 1 S 1 T u 1
1 ;(1+T—11>(1+5> —;<1+;>+T—j —7(1+;> Zas
2| $(1+7)(1-4n) 7 1+711 T2 (%_frll> Ty | =3 (14 7)1+ 1)
3 2(1+1) 0 0 s(s1-1)
s s 1 u
4 0 —i (1 + %) i 0
5 L 0 0 2(1+m)
6 0 T 0 2(1—m)
7 0 0 0 s
with
2 1 1 1
Z41ES—(1+—> (1%——)—f A (7.5)
ut 1 T2 u T

The values for the solutions 1’-7" may be obtained by the the conjugation property.
Inserting the solutions into eq. (7.3]), we get that Ayiplenox 0N cut-solution s can
be written as as a Laurent polynomial in 7y and 75, that is

Atriplebox|s == Z dsijTliTQj (76)
ij

with 622 different d-coefficients being present in total.
The coefficients of eqs. (7.3) and (7.6) are related through the linear relation

d= Mec (7.7)

where M is a 622 x 398 matrix.

Inverting the linear system given by eq. analytically can be done in prin-
ciple, yielding a pseudo inverse and a null-space. In practice however the system is
too big to make the use of current algebraic computer systems?| practical, but there
is a method which allows us to split the problem in two.

2We tried Maple and Mathematica.
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We note that the values of the ISPs on the cut-solutions have the property that
k; 'pj|s =k; 'pj|s/ ki - W|s = —k; - W|s' (7~8)

due to the conjugation property. Therefore we get that if we write the irreducible
numerator A¢piplebox a5

A = Aspurious + Anon—spurious (79)
we see that
A|s + A’s/ — QAHOH_SpuriouS‘s A‘s o A|s’ — 2Aspurious|s (710)

as all the spurious terms contains an odd number of factors of k; - w, and vice versa.
Thus we get that AROR-SPUrious and ASPwious each form their own independent
system of the form of eq. (7.7), that is

CZ+ = M+Enon—spurious d- = M_éspurious (711)
with
doii 4 dos
+ sy s'ij
dsy === (7.12)

which can be treated and pseudo-inverted separately. Each matrix of egs. (7.11) is
311 x 199 which is half the size of the original system, making it within the reach
of our algebraic programs.

Some of the non-spurious terms have a factor of (k; - w)(ks - w). The presence of
the spurious vector w makes such factors harder to evaluate and to subject to IBP
identities, and thus it is advantageous to rewrite them in terms of terms without
that factor, but which instead contain a factor of (k; - k3), which normally is not
taken to be among the ISPs. That can be done using the Gram-matrix identity

k12 4w\
det <k2 1 9 4 w)—(), (7.13)

which on the cut is equivalent to
t2 N t tu s 2t
4 2

(k1 - w)(ky - w) = —

Results for gluon scattering

Let us look at the result for the triple-box topology for gg — gg scattering in
Yang-Mills theory or one of its supersymmetric extensions. Like we did for the the
two-loop cases we may write Atripleboxlcm as a product of trees:

At1ripleb0x|10><cut = ilo Z Z ~’4(_l1_h17p(111 ) lé&) A(_l;hz’pga’ l§3)
foh

X A(_li;h?’? _l2h4> lgg) A(“lua _lgh57 l%o) A(l§57pgsv _lgh6>
X A(lgs7pi4a _17_’”) A<l}7l7v _ZS_h87 _ll_Ohm) A(lggv l?lv _l9_h9> (7'15)
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where again h; denotes the helicities of the internal particles, a; the helicities of the
external particles, and f the flavours of the internal particles. For each fermionic loop
we must additionally remember to multiply by the factor of —1 from the Feynman
rules, and for each closed scalar loop with a factor of 2 to account for the conjugates.

1:nf 2:nf 3:nf 4:nf 5:nf 6:rlf
e il -
7: N, 8: ng 9: ng 10: ng 11: ng 12: ng
\ ........ "_( 77 ....... 4 ........ / \ ........ ‘ ........ :[ ]: ........ ’ ........ / \ ........ ‘ ........ ‘ ........ /
/: ........ L e L \_I; ........ \ / ................ L ESUURURRRY P \ 2SR LR R
13: nng 14: n¢n, 15: nng 16: n¢n, 17: nen, 18: n¢ng
...... / \ \
....... 1o o golrgol g
19: n¢n, 20: neng / 21: ning 22: neng 23: ngn, 24: neng
H - u N '
25: nen, 26: nen, 27:n? 28: n? 33: 2nn,
e / \ ........ : N ; s / ......
0 I U =
29: nin? 30: nen? 31: nm? 32: nm? 34: 1
N / — 7/ \ .......
- 1 L I T11

Figure 7.2: The 34 flavour combinations appearing for the triple-box topol-
ogy in gg — gg scattering, along with their multiplicities in a theory with
ny fermions and ng complex scalars. The normal lines denote gluons, the
dashed lines scalars, and the bold lines fermions.

There are in total 34 different combinations of flavours contributing for theories
with both fermions and scalars. The combinations are shown of fig. [7.2], along with
the number of times they will appealﬂ in a theory with n; fermions and n, complex
scalars.

There are three independent helicity combinations of the external gluons which
give a non-zero result. They are all MHV configurations, and the same configurations
which appear for the two-loop double-box and crossed box in section [6.4] namely

3This number can be obtained by counting the number of continuous lines with each flavour,
for all combination except the one labeled ‘33" which one naively would expect to carry a factor
of n?nz To obtain the right number one has to look at the details of the super-symmetries which
are the origin of the flavours in our examples.
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(——=++), (—++—), and (— + —+). The opposite helicity configurations are also
non-zero, but are related through complex conjugation.

The full expressions for Ayipiebox, corresponding to for instance eq. for
the double-box case, are very tedious, but as for the two-loop cases the result may
be simplified by reducing the result to master integrals using IBP relations. The
triple-box topology has three master integrals which we will take to correspond to
the numerators 1, (ki + ps)?, and (ks — ps)?. Factoring out the tree-level amplitude
and a constant factor of s3t, we get that

Atriplebox = 53tA(0)I10<C1 + Co(ky +P4>2 + Cs(ks — p4)2) + ... (7.16)

where I3, refers to the triple-box integral-part of eq. (7.1), and the ellipses to terms
with fewer than ten propagators.
For the (— — ++) configuration the result is

C;y =1,
Cy T =0,
C;y tr=0. (7.17)
For the (— + +—) configuration the result is
O7™*7 = =1 = (L m, —np) 5 (2% + 115t + 1057
s(t + 2s) s(t + 4s)
(@ =ny)B ) mom— + (= ny) =
2
Cy T = " (1-Cytt), (7.18)
Cytt=0.
And for the (— + —+) configuration the result is
o st 5212
Cl+ T = —1—|—(4—nf)§—2(1+n5—nf)F
s2t(2t — s)
2(1 — 2ny, 4 — _—
+ (201 =2n0) +np) (4 = np)—
t(t? — 4st + s?)
—(ns(3—ny)? — 204 —njp)?)2
(ns(3 = mo)? = 24 = mp)?) S
2
et S 571
Gy =M -ny) o+ 20+ ns —ng)
s%(2t — s)
— (2(1 = 2n,) +ny) (4 — nf)T
t? — 4st 4 5°
+ (nf(3—ns)2—2(4—nf)2)s( 254 s )>
3s*(2t —
Cy vt = (2(1 — 2n,) +ny) (4 — W)% (7.19)
u
3s(t? — 4st + s?)
- 3 —ng)? —2(4 —ny)? .
(ns(3 = no)? = 204 — ) 2
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Discussion

The results of this section have been compared with those for the N' = 4 case
calculated in 99|, with full agreement. An additional check is that two-particle cuts
make the result factor into two-loop times tree, as expected.

The results for the triple-box have a lot of structure in common with the double-
box case. The (— + —4) configuration is the most complicated, the (— + +—)
configuration is simpler, and the (— — ++) configuration is trivial. Like for the
two-loop case the flavour factors (4 —ny), (3 —n,) and (1 — ny + ny) appear, which
all vanish fOIEIN =4 SYM, and of which (1 —ny+mn,) vanish in all super-symmetric
theories. They are however joined by two new flavour factors (2(1—2n,)+ns)(4—ny)
and (ns(3 —n,)? — 2(4 — ny)?) which appear in the (— + —+) configuration only,
and which vanish for N'= 4 and AN/ = 2, but not for N' = 1, which makes the results
progressively simpler with the number of super-symmetries. This is a new feature
at three-loops.

Like we saw for the two-loop cases, the results for the triple-box are more con-
strained than suggested by eq. (7.3)). This manifests as the maximal power appearing
in the Laurent expansion eq. being 4, rather than 6 which eq. allows for

some terms.

7.2 The tennis court

For the N' = 4 supersymmetric theory, there are only two planar three-loop topolo-
gies contributing to 2 — 2 scattering, due to the no-triangle property of that theory.
One is the triple-box described in the previous section, the other is the tennis court
topology shown at fig.

We will not here complete the calculation for the tennis court, but in order to
show that our method is applicable in this case too, we will solve the on-shell con-
straints and see that a Laurent-polynomial form for A¢enniscourt|s @t the cut solutions
similar to eq. is possible. The ten propagators may be parametrized as

Ly = ki +p1, lo = ki, l3 = k1 — po, ly = ko + ps,
5 = ko, lg = ks, l7 = ks — pa, lg = k3 — ki1 — p1 — pa,
lg = ks — ks, lio = ko — k1 + p2 + ps, (7.20)

and we will further parametrize the three loop momenta as

23 ot 23 o
ki = z1p1 + Tops + 23 213? (p1] 5 |pa i x%lg% (p2] 5 |101]7
(41) (ps|o*|pa] [41] (p4|o* |ps]
ko =
2 = Y1P3 + Y2P4 + Y3 (31) 5 + Y4 31] 5 ;
41 ot 41 ot
ks = z1p3 + 22ps + 23 231§ el 2 P4 +z %31} (Pl 5 Ps (7.21)

“ns and ng as a function of NV is given by the table eq. (3.38).
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i

Figure 7.3: The tennis court topology as parametrized by eqs. ([7.20)).

y

— —
l 18
-—
19
l 110
-— -—

N

The deca-cut equations have 16 solutions, which come in conjugate pairs denoted
1-8 and 1’-8. All the solutions have x; = x5 = yo = z; = 0 and defining the non-
primed solutions as the set which additionally has x4, = 0, the solutions are given

by

T3 W Ys Ya
1 1 0 1 0
2 1 B T2 0
3 (X+1)(Tl+1) 0 0 %4—){—!—1
4 (al 0 1 0
50 (x+1)(m+1) Ty 0 —(TlirX:l)(TQJrl)
6 1 T2 To + 1 0
7 5] —T1+72+1 x—T1+12+1 0

X X

8| x+1—xn |-OHoEnn | 0 [ (n-Dx+n-1)
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z9 23 s
1 P - -
2 0 s 0
3 T 0 _ (rixkxn)(m=1)

T1

4 T2 1-— To 0 (7'23)
> 0 0 XL+ x+1
6 0 1 0
7 (r1—1)(x—T1+72+1) 0 (x+1)(r1—1)(r1—72—1)

with y = s/t. We notice that two of the solution pairs (nr. 1 and 2) have three
degrees of freedom rather than two, and thus the parametrization is in terms of
three free variables. We see all of the solutions to be comparable with a Laurent-
polynomial form.

Applying the multivariate polynomial division as implemented by BASISDET,
gives that Atenniscourt Mmay be parametrized in terms of eight ISPs as

Atenniscourt = Z ci1"'i8(k1 . p4)i1(k2 : p2)i2(k33 : p?)i3 (kQ : p1>i4<k3 : pl)i5

i1---ig

x (ky - w)™(ky - w)7 (ks - w)™ (7.24)

with 642 terms appearing in the sum, of which 323 are non-spurious and the re-
maining 319 are spurious.
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Chapter 8

Further two-loop examples

Figure 8.1: The three box-triangle topologies (t321; M), (¢t321;4L), and
(1321; M),

In this chapter we will return to two-loop and look at some further examples in
four dimensions, the three different box-triangle topologies which will show up in
2 — 2 scattering. As box-triangle topologies all are called (¢321) in our short-hand
notation, more information is needed in order to distinguish them, we will name
them (¢321; M), (¢321;4L), and (¢321; Ms) as shown on fig. [8.1] The purpose of
this is not to complete the full 2 — 2 calculation, but to show, and later solve, some
problems with our method which do not appear for the maximum cuts.

8.1 The box-triangle topology (#321; M)

The topology (t321; M;) - so called as it has a mass (p; + p2)? on the first leg - is
characterized by the six loop-momenta

lh = k1 — pa la =k1+ps ly = k2 + p3
l4 = k’g l5 = k’Q — P4 16 = k’l - k’g (81)

Using BASISDET, we find the general expression for the irreducible numerator for
the topology to be

A321;M1 = Z Ci1...i5(k1 'p4)i1(k’1 'w+)i2(k72 'w+)i3(k1 'W—)u(l@ : W—)iS (8~2)

21...15
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where w, is defined analogously to the one-loop triangle case given by eqs. (5.41)):

M W

The sum of eq. (8.2) contains 69 terms of which only 19 are naively non-spurious.
To solve for Asgq.pr, using generalized unitarity cuts, we will use the parametriza-
tion

ot ot
ki = x1p3 + xops + 73 (ps 5 p4] + x4 (pd] 5 P3| ,
ot ot
ko = y1ps + yaps + Y3 el 5 i + Ya 2l 5 |p3]‘ (8.4)

where it is the three-point kinematics of the problem that allows us to use this
somewhat simpler parametrization. The hexa-cut equations have four solutions
given by

T1 | Tg T3 Ty Y1 | Y2 | Y3 | Ya
1 0 0 5! 0 0]0]0|m
21 0 |0 0 n 0]0]|m|0 (8.5)
3| -7 |7 T1/ T2 (1=7)m | 0| 0]0|m
A4 = |7 | (1=71)7 T /T2 0[O0 |7m|O0

As the topology is not a maximum cut, it may not be directly identified with a
product of trees, but will require a OPP subtraction term as we saw for the one-loop
triangle in eq. (5.56). This will come from the double-box topology (¢331) which is
characterized by the extra propagator l; = k;. This means that

ASQI;Ml |6><cut - Zlﬁ Z A4(_l1_h17p(flapg27 ZQLQ)A(_l;hZa lgga lg6)“4(_l?>_h37p53a lim)

hi...hg

A cu

XA P )AL 0, =16 — % (8.:6)

7

This we may identify as a Laurent polynomial on each solution
Asz2101, [6xcutsol s = deﬂfﬁﬁ (8.7)
1,J

and identify the coefficients of eq. (8.7) with those of eq. (8.2]) using

d= Mec (8.8)

where the matrix has rank 69 and thus it may be inverted in the usual fashion
yielding expressions for the coefficients of eq. (8.2]) for each helicity configuration
and each flavour content. Thus we saw no problems in the calculation of (¢321; M).
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8.2 The box-triangle topology (¢321;4L)

This topology, which has got its name from the presence of a fourth leg, may be
parametrized by the six propagating momenta

L=ki+p lo =k I3 = ko + p3
ly = ko ls = ko —py le¢ = ki —ko+p1+Dpa (8.9)

With w defined as in eq. (6.3]), the irreducible numerator is given as

A321;4L = Z Cil...i5(k1 'p4)i1(k‘1 'p3)i2(k‘2 'pl)i3(k1 'W)u(ké : W)is (8-10)

i1...15

which like the previous case has 69 terms, but in this case 35 turn out to be non-
spurious.
We find that the hexa-cut equations have six solutions which can be parametrized

as
23 ot 13 ot
ki = 21p1 + 2ops + x3213§ <p1| . |p2] Ty 223; <p2’ ; |p1]
(41) (ps|o*|p4] (31) (p4lo*|ps]
ko = 8.11
2 = Y1P3 + Y2P4 + Y3 (31) 5 + Y4 @ 5 ( )
where
Z1 T2 x3 Ty Y1 | Y2 Y3 Ya
1 T — 1 0 T 0 0 0 T2 0
2 T — 1 0 0 T 0 0 0 T2
3 o5l 0 Ty 0 010 1 0
4 ol 0 0 Ty 010 0 1
5lm—1]0|n+3nel 0 00 0 |%n-1)
6[m—1]0 0 o+l o | Yn-1)] 0
(8.12)

Topology (t321;4L) requires two subtraction terms, one from the pentagon-
triangle (¢421) and one from the double-box (£331) which have the extra propagators
l7 = ko + ps + p3 and lg = k1 — py respectively, so that is

A321;4L’6><(:ut = i6 ZA<_l;h17 p(1117 l32>A4(_l;h27 ng, l§37 ZQG)A<_ZZ;}Z3> pgg7 liu) (813)
hi...hg

A cu A cu
x A= pit 1) A(=1" 10 —15"e) — 421l|26x ¢ 331l|26>< t
7 8

But when evaluating eq. (8.13) we notice something bad: For two of the cut so-
lutions, nr. 3 and 4, the tree-product diverges on the cut! This is due to the
four-point tree of eq. (8.13) which has a contribution from a Feynman diagram in

83



which [; = [3 + po appears as a propagator, and it turns out that [; squares to
identically zero for those two solutions. Comparing with the pentagon-triangle case
of section we see indeed that solutions 3 and 4 coincide exactly with the two
solutions of (¢421), meaning that at those solutions it is impossible to perform the
hexa-cut without also cutting the seventh propagator, making the cut effectively a
hepta-cut. Whenever such a coincidence happens this problem occurs!

Foreshadowing what happens for the final box-triangle topology, we will name
this issue the minor problem, as it can be solved by a careful analytical treatment
since the unwanted pole will cancel with the corresponding explicit pole from the
(t421) subtraction term. But for a numerical approach the minor problem is a
major obstacle. There is a general solution to the minor problem based on algebraic
geometry which we shall see in the next chapter, but let us first proceed to the last
of the box-triangle topologies.

8.3 The box-triangle topology (t321; M>)

The final of the independent box-triangle topologies contributing to 2 — 2 processes
is (¢321; Ms), so named due to the mass on the second leg. It may be parametrized
by the six propagating momenta

Lh=Fk+pm lo =k I3 =Fko+ps+ps
ly = ko ls = ko —py le =ki —ko+p1+Dpa (8.14)

BASISDET gives that the form of the irreducible numerator for the topology is
Asorn, = Z Ciy..is (F1 'p4)i1(/€1 'W+)i2(k2 : W+)i3(/€1 'w—>i4<k2 'W—)is (8.15)
11...15

where wy is defined to be perpendicular to pi, ps and to each other, in a way similar
to eq. (8.3). The sum has 63 terms, with 19 being naively non-spurious.
There are two solutions to the hexa-cut equations, and for the parametrization

n 1
(p1]o”|pa] L (pa|o*|p1]

k1 = z1p1 + xops + 73

2 Y
ot ot
ko = y1p1 + Y2pa + Y3 al 5 2 + Ya (| 5 ] (8.16)

they are

T | T2 | T3 | Ta | Y1 |Y2|Y3|Ya
1 T1 0 T2 0 0 1 T3 0 (817)
2 T 0 0 T2 0 1 0 T3

which we see to have one more degree of freedom than naively expected, like we saw
for the pentagon-triangle in section [6.3]
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Only one subtraction term is needed for (¢321; Ms), that of the pentagon-triangle,
so we get as the full expression

A321;]MQ |6xcut - i6 Z A(_ll_hl 5 p(fla lg2)A(_l2_h27 l§37 ZQS)A4(_Z3—h37pgzapg37 l24)
b1 he

A )X cu
XCA(=, P 1) A1 1 —1g") —423'5” © o (818)
7

with the propagator of the subtraction term being I; = ko + ps.
Inserting the cut solutions into eq. (8.15)) yields a polynomial in the three free
parameters

_ 11,1213
Aso1:01 |6 xcut, sol s = E AsiyinisT1 To T3 (8.19)
i1igis

where the two solutions together contain 74 different terms. This allows us to relate
the coefficients of eq. (8.15)) with those of eq. (8.19) in the usual fashion as

d= Mec (8.20)

where M is a 74 x 63 matrix. It turns out, however, that the rank of M is only 62
making the system uninvertible in any way that allows us to extract the values of

all the c-coefficients of eq. (8.15))!
Looking closer, it turns out that the problem lies with the two monomials

(k1 - w_) (ko wy) and (k1 - wy) (ko - wo) (8.21)

which turn out to evaluate to the same as each other on both of the solutions (namely
—s7,/4 on solution 1 and s?,/4 on solution 2), making it impossible to extract the
values of the corresponding c-coefficients separately. It may seem surprising that
such a thing can happen after the division with the ideal of the propagators, as that
procedure accounts for all relations between the monomials, yet this issue turn out
to be a loophole in the procedure.

After dividing by the linear part of the ideal, which removes all the RSPs, the
remaining ideal [, 1inear may be spanned by the three quadratic propagators

SRR, (v — ko + 1+ p0)* = K = 13) 2} = {11, Lo, ) (8.22)
= {(brw)’ = (kr-wy)?, (kow)? — (k2-wy)®, (krwi)(kows) — (krwo)(kywo) }
The difference between the two problematic monomials square to
(kyw ) (karwy)® + (krws)? (kawo)? = 2(krw-) (ky w ) (ky-w) (ke wy)  (8.23)
and we see that it is in the ideal as it is given by

(kg'bd+)2]1 + (kl'W+)212 + 2(k1'0J+)(k‘2'w+)[3 (824)
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The same is not the case for the non-squared difference
0= (kl : w,)(k'g . W+) — (/{71 . w+)(/€2 . w,) (825)

which therefore is not in the ideal, but as we see it will still vanish on the cut, since
the square vanishes due to it being a member of the ideal. This means that the
set of quantities that vanish on the cut is bigger in general than the set spanned
by the propagators. Therefore may the coefficients of the monomials related to the
quantities in the difference of these two sets not be fixed using generalized unitarity
cuts! We will call this issue the major problem.

The major problem can be formulated mathematically by identifying the quan-
tities that vanish on the cut with members of the radical of the ideal I, which we
will denote v/I. A radical of an ideal is defined as the set of quantities for which
some power is a member of I, and we see exactly that the monomial difference o
of eq. F, is member of v/T but not of I. Thus the major problem will occur
in Case where I # /I, that is cases where I isn’t radical, where a radical ideal is
defined as an ideal for which I = /1.

Both the major and the minor problem can be solved by going to d dimensions
as we will see in the following chapter.

L And where additionally VI /I has members that fulfill the renormalization constraints.
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Chapter 9

The use of algebraic geometry

In the previous chapters we saw the use of algebraic geometry-based methods in
finding a minimal basis of ISPs for the irreducible numerator A for the various
topologies under consideration. But that was for specific examples, here the method
will be described in its generality, first for the case of four dimensions, and later in
the d-dimensional case. The d-dimensional discussion will also address and solve the
minor and the major problem of the previous chapter. The four-dimensional part is
based on [16] and [86], and the d-dimensional part additionally on [3]|. For a list of
terms and definitions of use in algebraic geometry, see appendix [E}

9.1 The four-dimensional case

The scalar numerator of a given diagram with L loops will always be a function of a
limited number of scalar products, the products of the L loop-momenta with the 4
members of a basis[] [ spanning the space of the external momenta. For four-point
or lower it is not possible to pick a § containing only external momenta, in that case

W,

it will have to be supplemented by spurious “w”-vectors, which can be defined as in

eqs. (5.8) or (5.41)) (see in general the discussion in appendix [F.2)). This means that
each £ may be parametrized as

4
J=1

For each k; there will be a linear relation between z;; and the four k; - 8; given
by the inverse Gram matrix of the basis

(B B B B
7 =G (& B Bs B )jh(k’ Qe e

so fixing the members of one of the sets is equivalent to fixing the members of the
other set with no ambiguities.

Tt is possible, and sometimes (as in the cases of two-loop butterfly-type topologies) desirable,
to define different 3s for each loop, but that subtlety has no impact on our discussion.
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In addition to products of the form k; - 3;, products of the form k; - k; may also
appear in diagrammatic numerators, but from egs. and (see also the
discussion in section we see that they may be expressed completely in terms of
the k; - B; products, although by potentially quadratic relations. And thus we get
the result that any imaginable (scalar) integrand numerator is a sum of products of
the scalar products mentioned above, with rational coefficients.

This makes A a member of the ring R generated by the scalar products. The set
of propagators P generates a subset of that ring, which is closed under multiplication
and addition, making it an ¢deal I of the ring.

Thus when we write a general numerator for a P-propagator topology

N=A+) D" Dp (9.3)

we may identify the terms in the sum with the members of the ideal I, and A
with those of the remaining members of R, which lives up to the renormalization
constraints as described in section [4.2]

While I can be generated by the propagators, another basis is the Grébner basis
G. From the properties of the Grobner basis we get that the remainder A may
be generated in a systematic way using repeated multivariate polynomial division
(see appendix of the members of R with the members of G. If G is generated
using the monomial ordering DegreeLexicographid?] all the leading terms in G will
be linear in (at most one of) the scalar products, while the remaining terms will
contain higher powers.

The ideal [jj,ear Which is generated by the linear subset Giear of G, will contain
all monomials containing RSPs. This means that the naive basis for A is those of the
elements of the quotient ring R/Linear Which one obtains from the remainders after
polynomial division of R with the basis Giinear (0T, a8 Giinear is linear, by putting the
members of Glipear t0 zero directly). The scalar products still present in R/ Iljear
are the ISPs. The actual A will of course only contain elements of R/Ijjpear Which
additionally fulfill the renormalizability constraints.

But if one instead regards the quotient ring which one obtains from multivariate
polynomial division towards the full ideal, i.e. R/I, no relations relating its members
to the members of [ can exist, meaning that A is spanned by those of the monomials
in R/I which fulfill the renormalization constraints, that is

AeR/I (9.4)

But as non-linear relations relate the monomials of R/I to others in R, it is easiest
to impose the renormalization constraints on the members of R (Olﬂ R/ Linear), and

2DegreeLexicographic is defined to first pick the elements with the lowest (linear) total power
of scalar products, going upwards order by order (thus the name Degree) and within each order it
sorts the elements according to a fixed (potentially alphabetic) ordering (thus the Lexicographic).

3In Zhang’s program BASISDET, the reduction is happening in two steps first by division with
respect to Ijnear leaving the ISPs, and then fining a new, potentially nicer Grébner basis for
Thon-linear - the remaining members of I. In this case the renormalization constraints are imposed
between the two divisions.
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then reduce each of those elements individually letting A be spanned by the union
of the remainders. For further details on this algorithm, and its analytical imple-
mentation by Zhang as the Mathematica package BASISDET, see [16].

By the Lasker-Noether Theorem, the ring R may be written as the intersection
of a set of primary ideals, i.e.

S

I=(\L (9.5)

=1

where none of the primary factors will be equivalent in any way. Taking the zero

locudl] of eq. (9.5)), we obtain
z(n =z, (9.6)

which is the decomposition of the total subset of R which solves the combined cut-
constraints, into the individual cut solutions. As such we may identify each of the
primary ideals of eq. with a specific cut solution, allowing for an alternate way
to characterize the full set of solutions to the constraints imposed by the generalized
unitarity cuts. To perform the primary decompositions in practice, one may use the
code MACAULAY?2 (see [100]) and the Mathematica package MATHEMATICAM?2 by
Zhang| which calls the code from Mathematica.

9.2 The d-dimensional case

In the d-dimensional case things are similar but with important simplifications, and
it is these simplifications which allows us to solve the minor and the major problems
of sections [8.21 and 8.3

In the forms of dimensional regularization which we will use in this thesis, only
the loop-momenta are taken to be d dimensional, while the external momenta are
kept in four dimensions as also described in section This allows us to write each
of the loop-momenta as

ki = k; + k2 (9.7)

where k denotes the four-dimensional part. As the external momenta have no higher-
dimensional component, all dependence on k=24 must be through scalar products
of the loop-momenta with each other. This means that in addition to the 4L scalar

4The zero locus of an ideal is the set of points for which all members of the ideal evaluate to
zero. In our case this corresponds to the space of cut solutions, as this is where all the members
of I, i.e. the propagators and combinations thereof, vanishes. See also appendix [E]

5This package may be obtained at Zhang’s personal website http://www.nbi.dk/~zhang/,
along with the BASISDET package.
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products {z} which were necessary in order to characterize the set of loop-momenta
in the four-dimensional case, the total set of quantities necessary for a full description
is supplemented by L(L + 1)/2 p-parameters defined by[

—92€2 —2¢ —2¢
pi = ki pij = —2ki 2T kL2 (9.8)

where the minus signs are there to compensate for the minus in the spatial part
of the metric, giving a total of L(L 4 9)/2 variables to describe a general uncut
numerator. The Gram-matrix relations which in the four-dimensional case imposed
non-linear relations between the members of {z}, will in this case impose linear
relations between each member of {p} and the members of {x}, as the cut-constraints
imposd’| the linear relations p; = k?, where k? will inherit the non-linear relations
from the four-dimensional case. This means that the generalized unitarity cuts
impose only linear constraints, and therefore each cut can be made to fix exactly
one degree of freedom of the k;. Thus P cuts will always leave

L(L+9)/2—P (9.9)

degrees of freedom, making that number the dimensiorf] of the cut solutions. As
a diagram and its parent diagrams will have different values of P, eq. shows
that the dimensions of their cut-solutions too will be different. But we saw in
section that the minor problem showed up in cases where a diagram and one of
its parent diagrams have identical cut solutions, which implies identical dimensions
of those solutions, so therefore we see that the minor problem will never occur in
d-dimensional cases.

Due to this linearity, one can show that the ideal I will be a prime ideal, which
is defined as an ideal for which ab € [ = a € I Vb € I. This implies two useful
properties: As a prime ideal is primary, the primary decomposition of eq.
will have only one term, meaning that the cut-equations will have a unique solution,
relieving us from the multiplicity of solution which showed up in the four-dimensional
cases. And as a prime ideal is radica]ﬂ the major problem is avoided too, as it
occurred when there were terms in A which were members of /1, something which
is impossible when I = /T as we saw in section .

In the remaining parts of this thesis, we will utilize these properties to calculate
a number of topologies in d dimensions.

5Elsewhere the notations u; = p; and Mij = pij OF i - fi; = p;; have been used.

"For butterfly-type topologies (or for that matter the triple-box) this is not true for all the p;;.
But in these cases there are no cut-constraints limiting their values, so the following holds in these
cases too. See [3].

8If one perceives the zero-locus of the ideal as a manifold in the L(L + 9)/2-dimensional space
of possible loop-momentum configurations, eq. (9.9) gives exactly the dimension of that manifold.

9As defined in section and in appendix , a radical ideal is an ideal for which I = /T.

90



Chapter 10

One-loop in d dimensions

Let us take a look at the same 2 — 2 scattering problem which we considered in
chapter [5, but this time in d dimensions.

10.1 d-dimensional integrand reduction

The integral that we want to consider, is that of one-loop gg — ¢gg scattering in
pure Yang-Mills theory

d?k N
A / N 10.1
)i PEED (10.1)

where [ to [4 are the propagators.
l1:k+p1 ZQZI{Z lgzk'—pQ l4:/€+p1+p4 (102)
After the integrand reduction, the integral becomesﬂ

d%k Al Al
1 — box triangle,xyz bubble —bubble,zy
4= /(2%)01 (l% 121212 +$§;Z 1272 ]2 + E , 22 (10.3)

acyz

where the difference from eq. (5.3) is that the As are taken to be in d dimensions.
As described in the previous chapter, we will write the d-dimensional loop-
momentum as

k =k + k2 (10.4)

where k denotes the four-dimensional part of the momentum. This four-dimensional
part can be parametrized in the usual way

(rlo"|pa) . (palo”Ipi] (10.5)

k= a1pl + waph + 13 5 4 5

'We do not include the tadpoles, as they vanish like in the four-dimensional case of section
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The remaining part of £ may only appear in the results through its square, which
we define to be

p = k-2 (10.6)

Let us start by considering the box coefficients ALd(])X. As the loop momenta have
a degree of freedom more than they had in the four-dimensional case, there will
naturally be two ISPs. We pick (k- w) and p, where w is defined as

(231] (L|o"[2]  (132] (2]o*[1]

H— 10.7
“ S 2 S 2 ( )
as in eq. (5.§).
This makes the expression for Abox
A =S cylk - w)p? (10.8)

]

The by-now standard method of multivariate polynomial division, leaves five
coefficients in the basis:

{00, cor, oz, €10, C11} (10.9)

We see that the terms 1 and (k - w) corresponds to the two terms which we had in
the four-dimensional expression eq. , but with the terms p, p* and (k- w)p
being new. How do we make sense of such expressions? (k- w)p will integrate to
zero for the usual reason as described in appendix and the other two may be
related to “ordinary” Feynman integrals through the dimensional shift relations

dk p B dd+2k 1
Wpl...pn_e rd+2)/2 D ... D,
ik p? a1
/m D,---D, e(e—1) /W(d+4)/2 Dy---D, (10.10)

also given by egs. (D.23) and (D.25)), as shown in appendix D} From egs. (G.7)) in
appendix [G| we see that the results will be

4—2¢ 4—2e¢ 1
I (p) = 0+ O(e) 1o (0) =~ +0(e) (10.11)
meaning that the only contribution from the higher-dimensional parts of the integral
is finite.
The same thing will happen for the triangle and the bubble contributions, which
allows us to write eq. (10.3) as

[4]

d‘k Al A
D = box trlangle Tyz bubble,zy
4 —/(27r)4 (l% 31212 + Z 2 ]2 ]2 Z 12 2 >+R (10.12)

xyz <y T "y
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where R is denoted the rational term and contains all the contributions from the
—2e-dimensional parts of the integrals.

There are methods to find the rational term R separately from the rest of the
amplitude (see [11,/101]), but as most of these methods do not generalize to higher
loops in any obvious way they will not be described here. Let us instead focus on
a way of identifying the full set of the coefficients of eq. (10.9)), independently of
whether or not they contain factors of p.

One obvious approach is to try to identify the cut A][;ﬂx as a product of tree-level
amplitudes, as we did in the four dimensional cases. But in this case the trees will
in general have to be of particles in d dimensions, which may not be well-defined
generally. The solution is to embed the 4 — 2¢ dimensions into an integer number
of dimensions, and at one loop that number can be chosen as five, with the fifth
component of the loop-momentum being

ks = /—p (10.13)

We see that this factor will only appear squared, making it similar to a four-
dimensional momentum with a mass m? = p [11,102].
The quadruple-cut imposes four constraints on the loop-momentum k, giving
(23) (1[o*|2] [23] (2[o*[1]

| aous = my 2 +(1— T)mT (10.14)

with the additional constraint
p =k (10.15)

This solution is unique, in agreement with the result of the previous chapter.

If one carries on naively with this unitarity-based approach, another problem
turns up. The helicity-sum over the cut propagators will now be over thred?] helicity-
states rather than two, so to get the correct limit back to d = 4 these extra states will
have to be removed, and just removing them from the helicity sum by force is not an
option as it will break gauge invariance. The solution is to notice from the Feynman
rules (see appendix , that a higher dimensional vector boson behaves just like a
scalar of the type known from N = 4 SYM [61,79]. Thus we get that removing
the higher dimensional helicity component from the helicity sum, corresponds to
subtracting a scalar loop. For different regularization schemes we may want different
Valuef] for the number of polarization directions of the gluons Dy, as described in
section This gives

Al = APl 1 (D, — 5)AP! (10.16)

21f one interprets the massless five-dimensional particles as massive four-dimensional ones, and
if one does that the third polarization direction will correspond to the longitudinal.

3As described in section , this could be the FDH scheme which has D, = 4, or the 't
Hooft-Veltman scheme in which D, = d.
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where the subscribed g denotes a gluon circling the loop, and a subscribed s denotes
a scalar. That is

[5]

AE} = Z Aggg(_lfhlp?lZQLQ)Aggg(_l5h2p§2lgg)Aggg<_l??h3pgglg4)~’4ggg(_ZZMPZH?)
{h1 ..... h4}
A£5] - Asgs(_llp(llIZQ)Asgs(_l2p32lS)Asgs<_l3p33l4>-’4898(_l4pi4l1) (1017)

just like in the four-dimensional case of eq. (5.21)).
Using eq. (|10.16), we may combine the two contributions, and we see from the
form of eq. ((10.8]), that the expression for the cut irreducible numerator will be

4
Abox|cut - Z diTi (1018)
=0

where the terms may be related as
d= Mec (10.19)

where M is quadratic as it will be in most d-dimensional cases, and easily invertible.

10.2 Results for the one-loop box

In d dimensions all helicity configurations of the external gluons give a non-vanishing
result. This means that there are four structurally different configurations (——++),
(—+—+), (—+++), and (++++), where the two last are new to the d-dimensional
case.

Let us start by regarding the helicity configuration (— — ++). In this case we
get on the cut, the expressions

12)3 t t t? t?
e P L LY (R S LSS VI S S Lt S L
sl = oy’ ( G Tt 3T 6T =80T
12)3 —st3
AT+ oy = ) > (10.20)

(23)(34)(41) w2

which, after combining according to eq. ({10.16) and inverting using eq. (10.19)),
gives the result

85 = (_“ =D 2)2”2) o2y
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Following the same procedure for the other configurations we get

—4—+ <13>4 2 2 1
AT = 12) (23)(30) (41) (—st) ((3 +t° — dup + 4s(k - w)) =

+ (52t2/2 + 2stup + u’p* — s(st + 2up)(k - w)) M)

ul

s - LD (0 ),
f+ st 9
Aio' " = e enan” P2 (1022)

If we take the four-dimensional limits D; — 4 and p — 0, we obtain

ofi=-st  Agir=0 Ao
-~ —st
A = = ((8° + 22+ s1) + 25(28° + 262 + 3st) (k- w)) (10.23)

with the tree left out, and we see this to agree with the gluonicﬂ part of eqs. (5.38]).

From the results of eqs. (10.22)), we may now obtain the box-contribution to
the rational terms for the various helicity configurations using eqs. ((10.11)), and the
results are

~ D,—21 ~ D, —2 st
Rg7++ _ s z Rg+7+ _ s it
ox 6 s X 6 wu?
- Dy —2 - Dy —2
Ryt = G Rttt = — : (10.24)

We could go ahead and finish the one-loop calculation with the triangles, the
bubbles, and the other flavours, but let us instead move on to more loops, and look
at two-loop topologies in d dimensions.

4As the D, contribution has been calculated using the scalar amplitudes, we could have recov-
ered the scalar part of eqs. (5.38) too, by the substitution Ds — 4 + 2n,.
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Chapter 11

Two-loops 1n d dimensions

In this chapter we will describe how to perform integrand reduction for two-loop am-
plitudes in d dimensions, in a way compatible with generalized unitarity cuts. We
will need this for the calculation of the penta-box in the next chapter, which is ar-
guably the most important result of the thesis. First we will describe in general how
to treat the d-dimensional two-loop case, then we will describe the six-dimensional
spinor-helicity formalism of [103] which we will use in the calculation of the tree-
level amplitudes, and finally we will do an example of 2 — 2 gluon scattering in the
all-plus helicity configuration. This chapter is largely based of the first half of [3].

11.1 Treatment of two loops

At the two-loop order the set of ISPs is supplemented by three p-parameters of the

type defined in eq. (9.8):
pr=— (k) p2 = — (k5 27) pro = =2k kL2 (11.1)

As in the one-loop case we need to embed the d-dimensional loop-momenta in an
integer-dimensional space in order to make full sense of the tree-level amplitudes
and the cuts. To contain the three p-parameters we need to embed in at least D = 6
dimensions, and in that case the specific embedding is

ki — (ki,mqcos(6h),mysin(61)), ko — (ka,macos(62), masin(6))  (11.2)
where m? = p;, m2 = p,, and the angles 0, and 6, are related by

cos(f) — 0y) = 2751; (11.3)
17762

This leaves one degree of freedom, say the angle 65, but the physicality of the
resulting irreducible numerator requires it to be independent of that choice, and
indeed independence from this unphysical degree of freedom can be used as a check
of intermediate results.
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Like we saw in the one-loop case, this embedding introduces new polarization
directions for gluons circling the loops - two such new directions in this case, which
we need to remove in a way compatible with gauge invariance in order to get a
result which goes correctly unto the four-dimensional case in the limit. Let us keep
the number of dimensions in which the gluons are allowed to be polarized as a free
parameter D, as we saw in the previous chapter and in section In the case
where D; > D it is easy to see from the Feynman rules of appendix [H| that each
extra polarization direction behaves exactly as a D-dimensional scalar with the same
interaction as the scalars known from super Yang-Mills, for which the Feynman rules
too are listed in appendix

This gives

AlP) = AP 4 (D, — D)AP 4 (D, — D)2AL) (11.4)

where the subscripts g, s, and 2s denote diagrams with pure gluons, with one scalar
loop, and with two scalar loops respectively. We realize that A[;ﬁ] can exist only for
butterfly-type topologied] as they alone allow for two independent loops. We may
analytically continue eq. to the regime where D, < D, with the result

APT = AP (6 — D,)AIP 4 (6 — D,)?AlY (11.5)

where we have inserted D = 6. This is similar to eq. for the one-loop case.
We will keep Dy as a free parameter as different schemes correspond to different val-
ues. The FDH scheme which takes only the internal momenta to be d-dimensional
has D, = 4, while the 't Hooft-Veltman scheme which takes all of the internal par-
ticles to be d-dimensional therefore has Dy = d, as described in section [4.1]

It should be noted that it is not necesary to use eq. to obtain an amplitude
with D¢-dependence. If one is satisfied with doing a purely Feynman diagrammatical
calculation rather that using generalized unitarity cuts, the Dy dependence can be
introduced by using

D, = g" (11.6)

as the g"” in the propagators come from the helicity sum as seen by eq. (5.20)).

11.2 The six-dimensional spinor-helicity formalism

In the one-loop case where we needed to evaluate five-dimensional tree-amplitudes,
we could use the fact that a massless five-dimensional particle is similar to a four-
dimensional massive one. This is unfortunately impossible for the six-dimensional
case. For that case we need to treat the extra dimensions as dimensions on an
equal footing with the original four, and a way to perform this is to use a six

1A butterfly topology is one for which no propagator is dependent on both k; and k.
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dimensional spinor-helicity formalism which has been developed by Cheung and
O’Connell in [103]. That formalism is described in detail in appendix [B] and we will
here summarize those of the results which are relevant for the present discussion. It
should be noted that the idea of using the six-dimensional spinor-helicity formalism
in the context of unitarity cuts origins in refs. [104}/105].

In six dimensions one may define Weyl spinors A4* and ]\?4, corresponding to A%
and )4 in four dimensions. The index A is a spinor index running from 1 to 4, and
the indices a and a are indices of the little group which each run from 1 to 2. The
similarity with the four-dimensional case allows us to adopt a similar notation:

A = (P, Aa = [Pal , (11.7)

and indeed the basic relations obeyed by the six dimensional spinors are similar too.
Contracting two spinors of the same momentum, gives the momentum back

AN] = pr3idB Aaahl = PYH (11.8)

where we have used X to denote the six-dimensional version of the Pauli matrices
ot.

By contracting the spinor indices one obtains a spinor product (i, j;] which is
related to the square of the momentum as

det ((ia js]) = (P + P;)? = S (11.9)

a relation which is similar to (ij)[ji] = s;; in the four-dimensional case, except that
we see that the little group indices allows (i, j;] to contain the information of both
of the four-dimensional spinor products, making only one kind needed. We may also
form two kinds of vector product of spinors (P,X#Q) and [P43#Q);], which can be
made to reproduce the original vector as

-1 —1: =, .
Pl = —(i"SHi,) = — [ig2"1"] . (11.10)
4 4
similar to eq. (3.15)) in the four-dimensional case.
We may, also in six dimensions, use the vector products to form a set of polar-

ization vectors valid in an axial gauge. With an axial direction given by the vector
Q", the result is

“L(PYQ @] 1 (PO Q'SP
V2 2P-Q V2 2PQ

where the four combinations of little group indices correspond to the four polariza-
tion directions available for six-dimensional vector bosons. If the momentum and
the reference momentum of the particle is limited to four dimensions, helicity {11}
corresponds to helicity +, {22} corresponds to —, and {12} and {21} are then the
two new polarization directions into the extra dimensions.

£ (P.Q) = , (11.11)
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The polarization vectors of eq. ({11.11]) obey the usual rules that P-£& = Q-£ =0,

and has the inner product rules

511 . 522 =-1 s 512 . 521 =1 s other combinations = 0. (1112)

The completeness relation for the polarization vectors is given as

uuai)_uu Leov olhov  olov _ __uv
5a55 = E11890 + EEY) — E1xE5 — E &y = =" +

where we note the minus on the two last terms.

11.3 Two-to-two gluon scattering

P/LQV + Q,upl/

G (11.13)

In this section we will illustrate the d-dimensional method to calculate the planar
two-loop contribution to the process gg — ¢gg in the case where all the particles
have the same positive helicity. The result of this section is not new, but was first
calculated in [106]. Due to the exclusive helicity configuration, only two topologies
contribute to the process, the double-box (#311) and the double-triangle-butterfly

(t330) as seen on fig.

Da ” P4
NN\_b " S AN
I vy [7 vy s l5
S E NN /
p3 P2 p3

Figure 11.1: The two topologies (t331) and (¢330) contributing to the all-

plus helicity configuration.

The double-box (¢331)
The double-box topology (¢331) is given by

AH / dfhy /d% A
(2m)* ] @m)t e
=1

where the propagating momenta will be parametrized as

li =k, lo =k —p1, l3 = ki —p1 —pa2,
ls = ps — ko, le = —ks, lr = =k — ks
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ly = p3+ps— ko,
(11.15)



which is the same parametrization as we used in section [6.1}

Using multivariate polynomial division toward the Grdébner basis for the ideal
formed by the propagators of egs. as described in chapter[d)and implemented
by BASISDET, we obtain that the irreducible numerator Aggl may be written in
terms of seven ISPs as

At = D g (k1) (ko) (1-pa) (kap1)pY plsp (11.16)
11...07
where the sum goes over 160 distinct terms, and where w is defined by eq. to
be perpendicular to all of the external momenta.

To account correctly for the dimensional dependence we have to use eq. ,
and thus we need to calculate three separate six-dimensional irreducible numerators,
A[g6], ALG and AQS, which were the contribution with respectively zero, one, and two
scalar loops.

To find those, we will use generalized unitarity cuts, and the hepta-cut equations
[? = 0 have the solution

(23) (1]o"[2] 23] (2[0*[1]
=
e T T BT TR
= 41) (3|0 |4] [41] (4[0*[3]
- . 11.1
Ry =ph 4 B 2 MBI 2 (11.17)
along with
p1 = ki, p2 = k3, pr2 = 2k ks . (11.18)

This solution is unique as it will be in all d-dimensional cases as we saw in section
and it is a function of four free parameters as predicted by eq. (9.9). Substituting
the solution into eq. (11.16]) yields the polynomial expression

Assilows = Y djy g, T2t (11.19)
J1..-Ja
which too has 160 terms, and relating the two expressions of eqs. ((11.19]) and (|11.16))
gives the linear relation
d= Mec (11.20)

where the matrix M is 160 x 160 and of full rank.

For each of the six-dimensional flavour contributions of eq. (11.5), we may
calculate Al as a product of trees as in all the cases in the previous sections. For
the purely gluonic contribution A, we have that

(6] _
A!J, 331}cut o
x> (ahl, B L e e (e W [ N A )
{hl, 7h7}€

{11,12,21,22}

A(—l;h4,p§11},z§5>A<—z5—h5,pi“},léLﬁ)A(—zahw?%l?7>>7 (11.21)
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where the little group indices {11} correspond to helicity + in four dimensions. The
o-factor in the sum is new to the six-dimensional case. It accounts for the minus
signs on the last two terms of the six-dimensional completeness relation eq.
which are needed to reproduce the metric, and it is defined as

n

0h17~--,hn = H(Zdazaz - 1) (1122)

>
g
2,
7
£

000000000
000000000

&
]
&
“
e

Figure 11.2: The three flavour contributions to Aj 331.

The contribution with one scalar loop Ay 331 have contributions from three dif-
ferent flavour contributions; those with the scalar loop on the left, those with the
scalar loop on the right, and those for which the scalar goes all the way around as
depicted on fig. . For these cases the coefficients of eq. (11.19) may be fitted
from products of trees as in the purely gluonic case of eq. (11.21), but where the
scalars have no o-like coefficients and do not participate in the helicity sums.

Ags 331 vanishes as the (£331) topology does not allow for separate scalar loops.

Combing the two coefficients according to eq. yields the known result
from [106]:

_i3%2314F1(D57 P1, P2, p12)

R = (12)(23)(34)(41)  °

(11.23)

where

Fi(Ds, p1, pa, pr2) = (Ds = 2) (prpa + prps + paps) + 4 (plo — 4p1pa)  (11.24)

and p3 = p1 + p2 + pio.

The butterfly (£330)

The calculation for the butterfly topology of fig. is very similar to that of the
double-box. It may be parametrized in terms of the first six of the momenta of eqgs.
, and BASISDET tells us that the form of the irreducible numerator Assg is
similar to the double-box case of eq. (1L1.16]), except that the sum goes over 146
terms in general.

The solution to the hexa-cut equations is identical to that of egs. and
, except that no cut fixes p;o making it a fifth free parameter p1o = s1975 where
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the s15 have been inserted to make all the 7s unitless. The polynomial expansion in
the five 7 variables of As3p on the cut will have 146 terms, making the linear system
quadratic and trivially invertible.

The value of each As3g on the cut can be fit from a product of trees, if ones
removes the leading singularity coming from (¢331) by the OPP procedure. Thus
the purely gluonic contribution is given as

6
A[g,]zso‘cut -
i Z Ohi,..., hGA(_l;hl7pi11}7 ZQQ)A(—l;M,ng}, ZQS)A(_Z;}LS’ lé}lM? _l(;h(sv liLl)
{hlv"'vhﬁ}
—hy {11 - 1 1 6
A= piM i) A(—15" pl }Jlgﬁ)) - mAL,]:m- (11.25)

The A, term has four contributions for the butterfly cases, as seen by fig.
Three of these are in common with the (¢331)-case but the fourth is unique to
butterflies. It has its origin in the Vg 4y -vertex of appendix [H] and can be interpreted
as a scalar loop forming a figure eight.

Figure 11.3: The four flavour contributions to A 330

N—

Figure 11.4: The flavour contribution to Agg 330

The Ay, term is non-vanishing for the butterfly case, and it is shown on fig.
Combining Ay 330, Ay 330, and Ay, 330 according to eq. (11.5) gives the result

—1512814 (2(Ds —2)(p1 + p2)p12 + (Ds — 2)2;01p2((/€1 + k2)* + 812)/512)

Asz = (12)(23)(34) (41)

(11.26)

which too agrees with the known result from [106].
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Chapter 12

Two-to-three gluon scattering

In this chapter, which is based on the second half of [3], we will develop and show the
main result of this thesis, the full, d-dimensional, planar, two-loop, pure Yang-Mills
contribution to the process gg — ggg in the case where alll|the external gluons have
positive helicity.

£\ /

>

N 7 >

Figure 12.1: The eight topologies which contribute to the process described
in this section. They are (¢431), (¢331; M), (t331; My), (t331;5L), (t430),
(t330; M), (t330; Ma), (t330;5L) in (western) reading order.

As we saw for the similar case for 2 — 2 in section [I1.3] the specific helicity
configuration makes most of the topologies which could be contributing to the am-
plitude vanish, leaving only a few. For 2 — 3 there are eight such topologies which
are shown on fig. [12.1]

All the topologies have a set of propagators, which is a subset of those of the
parent topology (t431) - the pentagon-box. (¢431) is rooted as shown on fig.

!They are all positive in the case where all the gluons are perceived as out-going. If we actually
regard the process as gg — ggg, the two incoming gluons will have helicity minus, and the three
outgoing helicity plus.
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where the eight momenta are given as

L = ky, ly =k —p1, l3 = ki — p1 — p2,
ly = k1 —p1 — p2 — ps, ls = —ky + ps + ps, le = —ka + ps,
Iy = —ky, ls = —ky — ko, (12.1)

We will keep this enumeration and rooting for all the topologies, even if it means
ruining the consecutivity of the loop-momenta.

P1
Ps
\ l; h /
> l2
s 1t y s P2
—_—

o .
s Iy \

P3

P4

Figure 12.2: The rooting of the parent topology (¢431).

The topologies (¢331; M;) and (¢330; M) are related to the topologies (¢331; M)
and (t330; M) due to reflection symmetry, as

A, (K1, k2, p1, 2, p3. D4y D5) = —Ani, (—Das — k1, pas — ko, ps, D2, p1,p5,pa)  (12.2)

so therefore only six of the eight are independent. In the following six sections we
will calculate the values of those independent topologies, in order to be able to com-
bine and analyze the result in sections [12.7] [12.8] and [12.9]

In addition to the eight topologies of fig. [12.2] we have checked additional
topologies (t521), (t421; M), (¢321;5L), (t420), (¢320;5L), and (t220;5L). They
all vanish when the irreducible numerators from the following sections are used as
OPP subtraction terms.

We did the calculations of the following sections twice, both using a numerical
implementation of the six-dimensional spinor-helicity formalism and using a Feyn-
man diagrammatic approach with the intermediate expressions simplified using the
momentum twistor variables of appendix [C.2]
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12.1 The pentagon-box (t431)

Using BASISDET, we get that the irreducible numerator A43;, may be written in
terms of 79 monomials of the six ISPs

(/fl -p5) ) (k2 'p2) ) (kQ 'pl) y P1y P12, P2, (12-3)

where a little bit of manual rearranging of the output of BASISDET is needed in
order to make the four-dimensional limit manifest?
The on-shell constraints have the solution

R = < 3) (1]o"2] (1_7)[23} (2o 1]

BRI 13 2
- 51) (4]a"|5] [51] (5]c*|4]
kb = ” < 124
2Ty 2 TR g (124)
with the additional constraints
p1 = ki p2 = k3 pr2 = 2(ky - ks) (12.5)

For the all-plus helicity configuration we may fit the cut topology from a sum
over products of tree-level amplitudes as we did for the 2 — 2 case in eq. (11.21)), and
combine the six-dimensional flavour contributions according to eq. @ . Doing so
yields the result

i812823545 Fl(Dsa P1, P2, /012)

Bt = o By (34) (45) (51

(tr+(1345)(k1 + p5>2 + 851834845) (126)

trs = tr(75¢1¢2]/53]é4) try(abed) = tr((l + 75)¢a¢b]zfcgi5d) (12.7)
with further relations listed in section [I.I] Additionally we have that
Fi(Dy, p1, p2, pr2) = (Ds — 2) (p1p2 + prps + paps) + 4 (ply — 4p1p2) (12.8)

with p3 = p1 + p2 + p12, just like for the 2 — 2 case of eq. ((11.24)).

12.2 The massive double-box (t331; M>)

For this topology we get that the irreducible numerator consists of 160 monomials
of the ISPs

(kl : w) ) (kQ : OJ), (kl p5) ) (k2 'pl)a P1, P12, P2, (129)

2The limit is manifest if all the terms which appear in the four-dimensional case, are present in
the d-dimensional case as well. As BASISDET uses the DegreeLexicographic ordering which prefers
low powers to high powers in all cases, this will not happen automatically as it may trade some
high powers of k; - 3; for low powers of p.
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where the vector w is defined to be perpendicular to pi, ps, and ps.
The hepta-cut equations have the solution

) (o] | DA] Glo*[1]

T
YV S VR
51) (4]o"[5] | [51] (5]0*|4]
k“ = < 12.10
BETEn T 2 T (12.10)
with the additional constraints
P1 = I_C% P2 = ]%% P12 = 2(/;31 . ];52) (1211)
Here the vector p, is a massless “flattened” vector defined as
b 523
= pon = _— 12.12
P =Poy = P2tps T (12.12)
in accordance with the method described in appendix
The result for the helicity configuration is
' 2_tr_(1234) Fy(D,
Agsing, = _ 18515%5 tr (1234) Fi(Dy, p1, p2, p12) (12.13)

(12)(23)(34)(45) (51)trs

12.3 The five-legged double-box (¢331;5L)

This irreducible numerator for this topologyﬁ] can be expanded in terms of 160
monomials of the ISPs

(/ﬁ ‘P5)7 (kl 'p4)7 (kz ‘P2)7 (/fz 'pl); P1, P12, P2- (12-14)

The solution to the hepta-cut equations is given by

= 23) (1]a"|2] 23] (2]0*[1]
u (
Mmoo TRy
- 51) (4]a*|5] [51] (5|o*|4]
kb = pt < 12.15
T N S VT R (12.15)
with the additional constraints
P1 = IE% P2 = l_ﬂg P12 = 2(/%1 . ]_fg) (1216)
The result is
A331;5L _ 1 512523534545551 FI(D57 P1, P2, P12) (12.17)

(12)(23)(34) (45) (51 )tr5

3The five-legged double-box is also sometimes called the turtle-box.
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12.4 The box-triangle butterfly (#430)

The irreducible numerator for this topology can be expanded in 85 monomials of
the ISPs

(k1 -wioz), (ko was—), (ka-wisy), p1, P12, P2, (12.18)
with
S = 291 lot) 19032 o) o0

S12 2 S12 2

as in eq. (6.3), and wys+ defined in a way that makes them perpendicular to ps, ps,
and to each other, as was done in the triangle case by eq. (5.41).
The seven generalized unitarity cut equations have the solution

- 23) (1]0*|2] 23] (2|o"[1]
EH — ph <_ IR i |
1 pl +7—1 <13> 2 ( Tl) [13} 2
; 51) (4]o"|5] [51] (5]o*|4]
kb = pt < 12.2
2 =P TRy T B 2 (12.20)
with the additional constraints
P1 = El% P2 = l;‘; P12 = S45T4 (1221)
The result is
iSlgtr+(1345)
Ay = — 2k1 - wio:
430 2112)(23) (34) (45) (51) 515 (2(k1 - wiag) + s23)
ki + ko)? + s
X (Q(Ds —2)(p1 + p2)pr2 + (Ds — 2)2P1P2( : 32) 45) (12.22)
45

We notice a number of new features in this result. This is a case - the first which
we have seen - where it is advantageous to chose a different [ for each k;, and
additionally we see that the result simplifies if one uses (k; + k2)? as an ISP rather
than ppp on the (Dy — 2)? term. These two features are recurrent in the other
butterfly topologies.

12.5 The massive double-triangle butterfly (¢330; M)

This topology has 146 coefficients in terms of the ISPs

(/fl 'Wlb—) ) (k?2 : w45_) ) (/ﬁ 'w1b+) ) (k?2 : w45+) y P1y P12, P2, (12-23)

where w4+ is defined to be perpendicular tolz_f] p1, p2 + p3, and to each other, while
wys+ 1s defined to be perpendicular to ps, ps, and to each other as in the case of

4or alternatively to p1, to p, as defined by eq. (12.12), and to each other.
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The hexa-cut equations have the solution

- b4) (1]o*|b] b4] (blo*|1]
T (
MDAy TR o
- 51) (4]a"]5] [51] (5]0*]4]
kb = pt < 12.24
2= TG o T 2 (12:24)
with the additional constraints
P1 = l;% P2 = l%% P12 = S45T5 (1225)
where p, is defined as in eq. ((12.12]).
The result is
A . Ztr+(1345) 593 — S45
S0Mz T 912 (23)(34) (45) (1) s13
ki + k)% + s
X (2(Ds = 2)(p1 + p2)p12 + (Ds — 2)2/)1/)2( ) 45)- (12.26)

S45

12.6 The five-legged double-triangle butterfly (¢330;5L)
This topology has 146 coefficients in terms of the ISPs

(lﬁ 'UJ123), (k’l -p3) ) (k’2 -w453), (k’z 'P3) y P11y P12 P2, (12-27)

with the w-vectors defined to be perpendicular to the vectors denoted by their three

indices, in analogy with eq. (12.19).

The hexa-cut equation has the solution

= 23) (1]o*|2] 23] (2[a*|1]
B (

I TE S LT R

- 51) (4]a"]5] [51] (5]0*]4]

kb = pt < 12.28
T I B VE TR (12.28)

with the additional constraints
P1 = l%% P2 = l%% P12 = S45T5 (1229)
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and the result for the topology is

—1

Aaan. =
BOSL = 10V (93)(34) (45) (51) |
1 try (1345)tr (1235
(5 (tr+(1245) — +( ) +( )) (Q(DS — 2)(p1 + pg)pu
513535
4(ky-p3) (ko ps) + (k1 + k2)2(s12 + S45) + 5128
+—(l)s-—-2)2p1p2 ( 1 ps)( 2 Pd) ( 1 2) ( 12 45) 12 45)
512545
+ (Dg — 2)?p1po { (ky + ko)?ss5 (12.30)
ki 4+ k)2 k- (ko - _
—%tm(1235)(( 1+ k2) _ ki-ps (1+_ (Ko w%3)+_sm S%(kg——p92)>
2535 512 535 535545
k k)2 ko 2(kq- —
-+H+ﬂ&%)((1+ 2) B 2p3(1+ (1C%%)+S% &%kr_my)>1>
2513 S45 513 512513

We notice a few things about this result. The § bases have been chosen to be
less spurious than could be possible, as we for instance use (ki - wi23) and (ky - p3)
rather that (k; - wio+). This is to make the result simplify. Additionally we see that
the result includes some terms, (k; — p;)? and (ks — ps)?, which vanish completely
on the cut as they correspond to the two propagators Iy and g of eqs. (12.1). This
is in order to prevent the terms from appearing at lower point cuts.

12.7 Result for two-to-three gluon scattering

Knowing all the planar topologies, we may now calculate the leading colour two-loop
contribution to gg — ggg for the specific all-plus helicity configuration. The leading
colour contribution (see eq. (3.5)) is given as

Aleading colour —

gINZ Yt To TP T T T ) AP g(1),0(2),0(3), 0(4),0(5)) (12.31)

o€ESs

where the sum is over all the permutations of the indices. The quantity A? i the
partial amplitude which is given as

€

1
A® = 3" AP(1,2,3,4,5) - 3—A<1) (12.32)

cyclic

where the last term is the counter-term from the UV renormalization, and A} is
the primitive amplitude which is what we get by combining the topologies which we

5 A®?) is what is called Agl in the notation of [33,(106]
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calculated in the start of this section.

Eliminating all the spurious terms which integrate to zero as described in ap-

pendix [F.3] we get the result
1

(12)(23) (34)(45) (51)
+ 62311431 [Fl (ky + p5)2] + ca31.nm, Lasrn [F1] + 33100 L3310, [F1) + C331:50 L3315 [ F1]
+ cazo(S23La30 [Fs (k1 + k2)® + sa5)| + Luzo [F3 (k1 + k2)® + su5) 2(k1-wi23)] )
+ ¢330, L330: 01, [Fs ((ky + kz)Q + 845)} + €330: Mo L330: M, [F3 ((ky + k2)2 + 845)}
+ g0 330,50 [F3 Ni(k, ko, 1,2,3,4,5)] + chggisr Tss050[Fs No(ki, k2, 1,2,3,4,5)]

A[P](l, 2,3,4,5) = <0231]431 [F1]

+ 330,51, 330,50 [F3 No(ko, k1,5,4,3,2,1)] + 0§30;5L1330;5L [Fy (k1 + ko)?] ), (12.33)
where
a 812823834835851 b 812823845tr+<1345)
Cy31 = — t ) Cy31 = — )
I's tI'5
 sgsistry (1235) _ syspstr_(1234)
C331;,M, = — ) C331;My = — )
try trs
_ 512523534545551 _ s19try (1345)
C331;50 = ) C430 = —— (7
trs 2513545
S19 — Su5)tro (1345 S93 — S45)t14 (1345
C330;M, — ( 12 45) +( ) y  C330;M, = ( 2 45) +( ) ) (12-34)
2513545 2513545
0 _ try(1235) o _ try (1345)
330;5L —2335312 330;5L —2313345
u 1 /try(1235)tr, (1345
3305 = 5 ( +(1230)ir, (1345) _ tr+(1245)) ;
513535
d _ o S22t S b .
C330,5L = C330,50 . — S12C330;51 — S45C330;50 — 5515
512545
and
Fi = (D = 2)(p1p2 + p1ps + p2ps) + 4(pT, — 4p1p2),
Fs = (Ds - 2)2/)1/)27
Nl(klakQa 1a273747 5) = (4(k1 p3)<k2 p3) +312S45)7 (1235)

512545

2
No(k1, k2,1,2,3,4,5) = — (k1 - p3) (835545 + 2(s45 — 512) (k2 - p5)).

S45

We see that eq. (12.33) contains a number of integrals over the p-parameters of

eqs. (11.18).

To make sense of these, we use the technique described in appendix

D] which allows us to relate them to higher dimensional integrals without such
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coefficients. The result as given by eqs. (D.32) is

T2 (N (ki) (Pl — 4pr1p2)) = —2¢(2e + DI (N (k).

Jl4-2€] (N(/_fi)(mpz + p1ps + p2p3)) — 3¢27l6-2¢ 2e(e — 1) Z i+j+[[872d (N(/‘fi))y
i,jeP

4—2e 7 —2¢ -
Loty (N (E)p1p2) = € Ly (N (K1), (12.36)
Il (N (R (o1 + p2)piz) = 0,

where the set P includes the three branches of the topology such that the sum
goes over all possible ways to increase the power of two propagators for each of the
branches, as described in appendix @ The last equation of eqs. (12.36 has been

applied already in order to obtain eq. (12.33]).

Three of the integrals appearing in eq. are still unknownlﬂ analytically,
due to their five scales, so ((12.33)) will have to be our final form for the amplitude.
Yet we are able to test the result in two ways.

The first test is a numerical evaluation of the poles of the partial amplitude of
eq. , to see if they match those of the one-loop contribution as they should
to enable infrared finiteness [107]. Our result passes this test. For more information
on this check, including a table of numerical values, see [3].

Another test comes from the vanishing of unphysical poles, i.e. poles in non-
adjacent Mandelstam variables s;; o which appear in the intermediate results of
eqs. (12.34)), for some of the butterfly coefficients. To do this we will evaluate the
butterfly-contribution analytically.

12.8 Analytical result for the butterfly topologies

As a butterfly-integral in any dimension is nothing but a product of one-loop inte-
grals, we may use the known one-loop results [60] to evaluate them analytically.

We see from eq. that all the butterfly integrals contain an insertion of
the Fy of eqs. ([12.35), and we see from that such integrals all have a €
factoring out. And as all the six-dimensional one-loop integrals diverges as mostly
1/e the combined result for the butterfly integrals will have to be finite.

Let us write the butterfly contribution to the primitive amplitude of eq.
as

i(D, — 2)?

A7) X
(12)(23)(34)(45)(51)

butterﬂy(17 27 37 47 5) =

a b
<C430 (323[430 + [430) + C330;M ISSO;Ml + €330; M5 ]330;M2

a a b b c c d d
+ 33050 33051 T 33050 3305 + 33050 53051 T C330;5L[330;5L> (12.37)

81 have to add that I hope to remedy this rather soon.
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with the coefficients given by eqs. (12.34). In that case we may evaluate all the
integrals, with the results

" 1
I = 1 + O(e),

tr5
by = —— + O(e),
430 = 36 (€)
—2 5
Iss0.m, = 234 ?g + 9545 + O(e),
Ss1 — 2893 + Ds
Iss30.01, = oL 3263 L O(e),
S93 — 28 Saq + 2845) + S19(2834 + 17845 — 2893 — 4s
o= (S23 15)(S34 15) 12(2534 45 23 12) L0,
’ 36812845
(2535 — s34) (2513 + Sa3)
I§30;5L = 36 + O(e) ,
¢ (2513 — S23) (2835 + S34)
—2812 + S51 + S23 + S34 — 2545
[:gl30;5L = + O(E) .

36
Combining it all into the partial amplitude of eq. (12.32), the result can be

written as
A2 i(Ds — 2)? -1
butterfly — (12)(23)(34)(45) (51) T2 $12593534545551

> X(1,2,3,4,5)  (12.39)

cyclic
with
X(1,2,3,4,5) = 52 + S51533534 — 2 2 -2
y 4y 90, %,0) = S79| 523 512551523534 T 551593534 551523534 512551523545

2 2 2
+ 512553545 + 851593545 + S12523534545 + 12551523534545 — 2553534545

2 2 2 2 2 2
+ 2851834845 - 2823834545 + 2823834545 + 2834545> - <523S45

+ S51534845 + $23534845 — S51523834 — 551523845)tl"5> (12.40)

where the terms in the cyclic sum of eq. ([12.39)) have been reordered to make it
simplify. We see that no non-physical poles are left in the result, which is another
non-trivial passed check.

12.9 Discussion

The result of eq. (12.33)) obeys a curious relation.
At one-loop, the relation [108]

ARLAT, -0y = (12) 74D, = 20 AL, (17,2737, onT) (12.41)
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between the box-integrands of Yang-Mills theory for helicity configuration all-plus,
and N = 4 SYM for a MHV configuration, has been known for a while. At two-
loops, the N/ = 4 result is known from [109,[110], and the corresponding relation
seems to be

2
A%(lz/[(l—'—? T vn+) =
FA2)7*AY ,(17,27,3%, -+ n*) + butterfly topologies (12.42)

which we have checked for n € {4,5}. This relation highlights the importance of
the butterfly-contribution given by eqs. and , as such contributions
seem to be the main difference between our all-plus amplitude and N' = 4 in which
they clearly vanish due to the no-triangle theorem.

Investigations into the origin eq. might be an interesting endeavor for
the future.
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Chapter 13

Non-planar contributions

An obvious step after calculating the planar contribution to the gg — ggg process for
the specific helicity configuration, would be the calculate the non-planar contribution
too in order to get the full two-loop correction to the amplitude. Two of the non-
planar topologies, those with eight propagators which will be parent-topologies for
the remaining ones, will be calculated in this chapter. These results were first

presented in [5].
These two topologies are denoted (¢332) and (¢422), and are shown on fig.

13.1 The topology (t332)

This topology has eight propagators which we label

Ly = ki, ly = k1 — p1, ls =k —p1 —p2, l4s= ko,
—ls =Fky —pa, lo=kyo—ps—pa, lr=Fk + ko, ls = ki + ko +ps. (13.1)

P1

P4 yal

AN /

A

P2

P3 P2
P3

Figure 13.1: (¢332) and (¢422), the maximal non-planar topologies for five-
point amplitudes.
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Using BASISDET we find that the irreducible numerator of the topology can be
written as 82 coefficients multiplying monomials of the six ISPs

(k1 -pa), (k2-p1), (ki-ps), pr, pr2, p2. (13.2)
The solution to the octa-cut equations is

. 13] (Lo"2] | (13) (2]o*[1]

Fe= gt 13.3
N R (13:3)
- 14) 38lo*[4]  (13) {4lo]3]

B = ot 13.4
T R RN VTR (13.4)

with the additional constraints that

p1 = ki, ps = k3, pr2 = 2k k2, (13.5)
where
k=1 (o4 +i(¢ tr_(1523) + mtry (1523)) + LI (1453)
= tr,(1354) 51 45 So3 1tr— 2l 513 3lr— .
(13.6)

Evaluating A3y on the cut gives an expansion in the free parameters which
contains 83 terms, making this topology the first example in d dimensions where the
linear system is non-quadratic. Inverting it yields the result

20F 512834

Aazz = (12)(23)(34) (45) (51 )trs

(01(/€1 - pa) + ca(ka - p1) + c3(ky ~p5)), (13.7)

with
C1 = —351tr_(2345), (138)
Cy = 545tr_(2351), (139)
C3 = 5235455851 — 551tr,(2345) — 545tr,(2351), (1310)

and with F| defined as in eq. (12.8)).

13.2 The topology (t422)

This topology is defined by the eight propagators

L =k, lo = k1 — p1, l3 =Fky —p1 — p2, ly = k1 — p1 — p2 — ps,
l5 = k’g, lﬁ = kg — Pa, Z7 = k’l + kz, lg = k’l + kg +p5, (1311)

and the irreducible numerator may be expressed in terms of 65 monomials of the
ISPs

(k2 -p2), (ka-p1), (ka-ps), p1, piz, p2. (13.12)
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The solution to the cut-constraints is

z (23) (10" 2] [23] (2[o™[1]

k= pt -— l—7)———— 13.13
1 pl + T1 <13> 9 + ( Tl) [13] 2 ) ( )
. 15) (4lo#]5] | [15] (5]o*}4]
kE = kpl < 13.14
2Ty T TR T g (13.14)
with
K=— (513815 + Ttr_(1523) + (1 — 71)tr4 (1523)). (13.15)
545513
and the additional constraints
P1 = l;%, P2 = ]%g y P12 = 2]%1']7{2 . (1316)

As in the previous case the linear system becomes non-square, this time there
are 76 terms in the 7 expansion, and the result is

1F 512523545

(12)(23)(34) (45) (51 )try

A422 =

(CO + 201(]{)2 . p5)) (1317)
with

Co = 834545551 , C1 = —tr+(1345) (1318)
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Chapter 14

Perspectives and conclusions

In this thesis we have shown a way to extend the OPP method beyond one loop.
We have shown examples for two and three loops, with the the primary result of
the thesis being the calculation of planar gg — ggg at two-loops in the case where
all the external particles have the same helicity, with the result being given by eq.
. For that case we found an interesting relation to the A" = 4 theory given
by eq. (12.42)), which is inviting to further investigations.

We also showed how a number of problems, the minor and the major problem of
chapter [8] shows up for four-dimensional generalized cuts, but are avoided in the d-
dimensional case for which several of the steps of the method quite counterintuitively
become simpler. These simplifications are seen by the use of algebraic geometry as
explained in chapter [9) and one major part of the method outlined in this thesis is
exactly the central role played by algebraic geometry.

As indicated by the calculations of chapter there is nothing hindering the
completion of the gg — ggg calculation for our specific helicity configuration by
calculating the non-planar part. One might finish this through the methods of
this thesis, but another feasible way would be to relate the planar and non-planar
topologies through the BCJ colour-kinematics relation, as discussed in [27,]111].

We saw no examples of the use of the techniques of this thesis on theories in-
volving massive particles, either externally or internally. From the point of view
of the particles in the tree-products this is not believed to be a fundamental hin-
drance [35,/112,/113|, but from the point of view of the unitarity cut solutions, it
might be.

The calculations in this thesis depended on the fact that it was possible to write
the A on the cut as a Laurent-expansion in a set of free parameters

A|cut - Z dil,‘..,inTlil ce T:‘Ln (141)
il 7in

Nowhere did we prove that this is always possible, and that is because it is not.

In all the cases in this thesis, the zero-locus for each cut-equation form a higher
dimensional manifold with geometric genus zero. But there are cases for which the
zero-locus will have a non-zero genus, making it the equivalent of a circle or an
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n-torus. An example is the double-box with six massive legs [93|, and for a further
investigation and classification of these genera, see [114/|115]. A high genus will
make a parametrization like that of eq. impossible, and such examples have
mostly shown up for cases with either internal or external'] masses. Presumably our
method can be implemented with a different and less restrictive expansion, but this
is a question for the future. As all examples of such high genera have been of cuts
in four dimensions, it is also currently unknown whether the problem will show up
for the case of d-dimensional cuts.

The method of this thesis may be extended to other helicity configurations, or
other distributions of particle flavours internallyP| or externally. The main issue with
more general helicity configurations is the treatment of diagrams with doubled prop-
agators. At one-loop such diagrams would never show up in physical amplitudes as
they are not allowed by the Feynman rules for a general momentum configuration.
But at two-loops or higher they may show up, for topologies that correspond to
a lower-loop topology with a bubble insertion on one of the propagators. What it
means to cut such a doubled propagator is not obvious, and so far the best approach
to such cases has been to perform an integrand reduction from Feynman diagrams
without the use of any unitarity cuts [88]. It is however possible to make mathemat-
ical sense of such double-cuts [96], but it is not completely clear how to integrate
this with the methods described in this thesis.

One main feature of the method developed in this thesis was the use of the
six-dimensional spinor-helicity formalism as described in chapter [II} Where the
d-dimensional dependence for one-loop amplitudes can be contained in just one p-
parameter, the two-loop case needs three such parameters requiring a six-dimensional
embedding. Where previous uses of the six-dimensional spinor-helicity in a unitarity
context [104,105] have been algebraic, we did a numerical calculation avoiding any
large intermediate expressions. And even though the six-dimensional helicity sums
are over more states than the corresponding four-dimensional calculation, it still
scales much better with the number of loops and legs than Feynman diagrams.

One issue about the six-dimensional formalism is that is cannot generalize beyond
two-loops as it cannot contain the necessary degrees of freedomﬂ One imaginable
solution would be to change to the ten-dimensional spinor-helicity formalism of [116],
but this somehow seems unsatisfactory. A purely four-dimensional approach to
the problem of the treatment of the p-parameters has been proposed [117] (see
also |61,/118]), but whether this method will generalize beyond one loop is currently
unknown.

!Topologies with external masses can of course show up in massless theories as we saw examples
of in chapter But in such a theory the six-point massive double-box would for instance only
show up at ten-point or higher, making it of no practical relevance.

2There may be a minor issue in the treatment of d-dimensional fermions.

3 A three-loop topology will have six p-parameters, and one might imagine that they would fit
into three six-dimensional loop-momenta. A detailed calculation shows this to not be the case, but
perhaps it can be solved for the three-loop case using six dimensional massive particles.
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Yet another issue of the method of this paper is that at two or more loops the
integrand basis for the irreducible numerators A contain orders of magnitudes more
terms that the minimal integral basis (compare for instance the 398 terms of eq.
(7.3) with the three terms of eq. (7.16))). This is for sure a weakness of our method
compared to the maximal unitarity method of [14] which fits only to a basis of
master integrals. Obtaining a basis in terms of master integrals using the methods
of this thesis, will require the reduction of integrals with numerator powers as high as
allowed by the renormalization constraints, whereas the maximal unitarity method
only requires knowledge of the master integrals.

On the other hand a strong point of the method of this thesis is the ease of which
it generalizes to d dimensions where several aspects of the method actually simpli-
fies as mentioned. The maximal unitarity method is able to deal with d-dimensional
cuts [119], but only at the cost of considerable mathematical complications. It seems
like an optimal method for performing generalized unitarity cuts for higher loops,
would combine the easy handling of d-dimensional and numerical calculations of
the method presented here, with a fit to basis of master integrals like the maximal
unitarity method. Whether or not such a method exists is a question for the future.

The work in this thesis presented the first result for a two-loop five-point process
in pure Yang-Mills theory. The methods of this thesis can probably be extended to
the non-planar parts, to other helicity configurations, and to contributions involving
quarks, without many extra complications. The restart of the LHC with energies up
to 14 TeV which is scheduled to the spring of 2015, allows the search for even more
elusive particles and interactions to continue. Identifying such effects in the flood of
QCD data is a challenge, but a challenge which can be overcome using results and
methods as those presented on the previous pages.
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Appendix A

Spinor-helicity formalism in four
dimensions

In this appendix we shall go through definitions and identities for the spinor-helicity
formalism as it looks in four dimensions. It is based on [23}31}35/120]. For further
discussion, see also section

For the four Pauli matrices we use the convention

10 0 1 0 —1 1 0
0 1 2 3
OQB_{Ol]’Uaﬁ_llO}’UQB_{i 0}’%6_{0 _1} (A.1)

Contraction with a massless four-momentum

" = (po, p1, P2, 3) (A.2)
gives the matrix
1
= ot = | P- _p} A3
with
D+ = po £ p3 P =p1Eips (A.4)

As the rank of the Pog-matrix is one, we know that it can be written as an outer
product of two two-vectors called Weyl-spinors, as

Pog = /\a>\5' (A5)

with
= ( 2P~/ V/Pr ) S5 = (—pH/(evpr) . VEE/7 ) (A.6)

where X is a holomorphic and ) is an anti-holomorphic spinor. We note that the
parameter z is free in the general case, but for the case of real momenta it is restricted
to a phase, |z| = 1.
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Raising and lowering the holomorphic and anti-holomorphic spinor indices, is
done as

XY = ) Ao = €ag)? M=) Ao = g\’ (A7)
with
0 1 0 —1
aff — =
€ _{_1 O] €a,3_|:1 O} (A.8)
so we get
A = . apt XB:( VP2 ) A9
( 2/ P+ pr/\/p_Jr ) pi/@ p+) ( )
Defining
(il = A%(pi) 1) = Aa(pi) [il = Aa(ps) [i] = A% (i) (A.10)

and using the NW-SE (north-west south-east) convention for undotted indices and
the SW-NE convention for the dotted ones, we are able to contract spinors of the
same holomorphicity with the result

/\a(pa))‘a(pb) = Za”b ( p+ )a p+ ) )

(ab)

V (P+)a vV ()b
[ab] = Nal(pa)A* () = Z_Zlb ( /(p:) L (ph)a — (P “(pi)b) (A.11)

(P4)a ’ (P4 )b

These spinor products have the properties that (ab) = —(ba), [ab] = —[ba], and
additionally that

(ab)ba] = 2ps - py = sab (A.12)

As Weyl spinors have two components, we may always write one as a linear
combination of two others. This relation is known as the Schouten identity, and
may we written

|a)(be) = [b){ac) + |c) (ba) |al[be] = [b]lac] + [c][ba] (A.13)

The Schouten identity is also often seen on a form where eqgs. are contracted
with a fourth spinor.

Contracted with the vector of Pauli matrices, the Weyl spinors may also form a
vector product (i|o*|j]. An explicit expression in terms of components is

nﬂjj + pifpjiﬁ("inj)

_ | pEng/nitpni/ng (A.14)
2 2 22’j 1 (pi_nj/ni - pj+ni/nj)

nn; — pifpji/(ninj)

. . a i 3B
(t]o*|5] Al UZB)‘J’ %

122



where we have used the definition

n=.p+ (A.15)

The vector product has the property that it allows reforming the original four-vector,
as

(p|o*|p]
po— MIT 1
p 2

Two vector products defined as in eq. (A.14) may be contracted with the result

(A.16)

(alo[b)(clon|d] = 2(ac)[db] (A.17)

a relation known as the Fierz identity.

An important use of the vector products is by their ability to form specific
expressions for polarization vectors in axial gauge. If we take the direction of the
“axis” to be given by the massless vector ¢, the polarization vectors for massless
particles with momentum p are

(o) — (2ot ID] (o gy = Plo”ld]
L (p,q) V2 () “(p,q) VZlpd (A.18)

which we see to obey the relations

pex(pq) =0, ex(p.q)-ex(p,q) =0, ex(p,q)-ex(p,q) =—1, (A.19)

and the completeness relation
el (p, )l (p, @) + 2 (p, @)y (0, @) = =g + (A.20)

For more identities for the spinors, spinor products, and polarization vectors,
see [31].
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Appendix B

The six-dimensional spinor-helicity
formalism

In all (even) dimensions, one can make a spinor-helicity formalism [121]. In this
appendix the focus will be on the six-dimensional case as developed in [103] and
further described in [104]. We will use a notation where six-dimensional objects are
denoted using capital letters, corresponding to the replacements

p,u Sij ot A /\d é‘lj:

P Sy o AA A g (B.1)

B.1 Six-dimensional spinors

In six dimensions the equivalent of the Pauli-matrices o in four dimensions, are the
six matrices

ZOEiUI(XJOQ, 215i02®03, 225—0'2@)0'0,
Y= —ioy @ oy, Y= —03® 09, Y =0y ® oo, (B.2)
that is
0 0 0 1] [0 01 0 0 0 i 0
0O 0 -1 0 0O 0 0 -1 0O 0 0 =2
0o _ 1 _ 2 _
Xap = 0O 1 0 0|’ Yap = -1 0 0 O FRMVES — 0 0 0
i -1 0 0 O ] i 0O 1 0 O i 0 —2 0 0
[0 0 0 —11] [ 1 0 0 0 1 0 0
0 0 -1 0 — 0 0 O -1 0 0 O
3 _ 4 5
Xap = 01 O 0 o Zap = 0 00 —i |’ XA = 0O 0 0 1
10 0 0 0 0 0 0 0 —1 0
(B.3)

Likewise the equivalent of 6 is

iU — _207 il — 217 22 — _227 23 _ 23’ 24 — _24’ 25 — 25. (B4)
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Contracting with the six-momentum P* gives

0o -pP¥ —-pP2 P! 0 -p® —p* -p!
P3 0 -prt P2 = P30 P! P?
Iz = + - — wsAB - + +
P eyap = Pﬁl P12 0 _ps | PSS P? —Pé 0 o
-P. —-P2 P° 0 pP. —-pP: P 0
(B.5)
with

We want the holomorphic spinors A* to fulfill a relation like AAAB = P-34B and
likewise for the anti-holomorphic spinors A 4. But as P-34% has rank two, and not
one as in the four-dimensional case, the spinors must carry an extra index, which
will be the little group index a going from one to two, making their representation
4 x 2 matrices.

Thus the relations are

AN = PrEP Ana€®™Apy = P'Syap (B.7)
and the solutions are

(cP? —xP?)/(zn?) z/z c¢/z (cP}+xP})/(zn?)

A _
A = 2(yP® —cP?)/n?  zc  zy z(cPi + yp?r)/rﬂ B (B.8)
(¢Ps _é/f)/ﬁ ’)  Z(ep? %6133)/( 2)
~.: C+—.737 n ZC?—yJr n
Maw= | (p2 +:z{3/3~>/<zn2> —EHPy A eP2)/ (%) (B.9)
—C/Z 2y i

with x, y, z, &, , and Z being free parameters (for now) and

c=+/n?+uay ¢c=/n?+1y (B.10)

where we use n = /P! for six-dimensional expressions.

B.2 The four-dimensional representation

One can express A2 and A 4, in terms of two four-dimensional spinors A and p and
their conjugates according to

Y& ~ /. «
A = { NG A } Ay = { ’”; A } (B.11)
« Rt aA e Rl ]y,
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m=P m=P k= k= K = K = B.12
Sy T T T PP

This is only consistent if we impose the restrictions
mI = mx my = my Z=2z c=c (B.13)

where the last one follows from the first two.
The four-dimensional vectors p’ and ¢ corresponding to these sets of spinors, can
be combined according to
mm

_ (Aol {plo"|pl _
= 5 + KR——— 5 =p + % 55 (B.14)

where p is a massive four-dimensional vector with p? = msm. This is exactly the
expression for writing a general massive vector p in terms of a “flattened” vector
p* and a reference vector ¢ as described in appendix , and it also motivates the
choice for the name m for that parameter.

In this four-dimensional spinor language, the parameters x and y in eq.
reflects the freedom in choosing the reference vector &, and the parameter z cor-
responds to the little group phase freedom in four dimensions. We note from eqs.
and that the z-scaling of the u-spinors is opposite that of the A-spinors.

Explicit expressions for ¢ and p° are

—zy + (cP? — xP?)(cP? +yP?)/n
§ ((cP? —xP?)y — (cP3 + yP?) ) (B.15)

2p ¢ 2| i((eP? —xP?)y+ ( cP3 +yP2 ) '

)/n

—xy — (cP? — xPQ)(cP‘5 +yP?

4 (cP2+ xP3)(cP? — yP3)/n*

pb _ 1 c(cPJQr + xPji +cP? —yP?)/n?
2 | —ic(cP}+aP} —cP? +yP?)/n?
¢ — (cP?+ xP})(cP? —yP?)/n*

(B.16)

in terms of of x, y, and ¢, and we see that

mm
pzpb—me:(PoaPlaP%PS) (B-17)

In the “massless” case mm = 0 we define that z = y = 0 in order to obtain p = p’
in that case.

'With my conventions, this has opposite signs compared to [104].
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B.3 Six-dimensional spinor products

We can define a six-dimensional spinor product as

W] = AAN = [i] + “i“§</N{NJ> ri(pi]) jﬁ}[iuj]
(iald) i 4j, [ Rilpsg) — w5y —((ig) + iR [pip;)) i
Bi; O ]
= B.18
|: D’Lj —A” b ( )

with four-dimensional spinor products of i or u; defined as those based on the spinors

of p} or p; of eqs. (B.11)). Tt follows from eq. (B.18) that (i,|i;] = 0.
Mirroring s;; = (ij)[j¢] in four dimensions, the six-dimensional spinor product
has the property that
det ((aljsl) = (@) + rafiaryi puagg ) + wafis G papad] + w555 i Kgt)
o it liglegi] + i) + rary (o) + (s o))

mimimjmj

i + %@MW]

RN TS TR il
m(iﬂj>[ﬂﬂ] — MMy — M
= sy — (mi +my) (M +m;) = Si; (B.19)

where the determinant is taken over the little group indices.

B.4 Vector products and polarization vectors

One can also define vector products
(1aX" ) (123" 3] (B.20)

similar to (io*j] in the four-dimensional case. The result has a Lorentz-index and
two little group indices, and thus it can be written as a six-vector of 2 x 2 matrices.
The result is too complicated for us to write down here analytically, but it has the
properties that

—1 -1~ .
Pl = —(P*SIR,) = —= [R5 PY] (B.21)
and
(102" o) Py = (iaX" ) Pi,, = liaS"3] Py = [ia233] Py, = 0 (B.22)

all paralleling expressions in the four-dimensional case. For analytical calculations
is is useful to know the property

(15" 5y [keSul] = 2((%@ (Joke] — (iake] <jbld]> (B.23)
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similar to the four-dimensional eq. (A.17)).
Expressions for the six-dimensional polarization vectors can be written in terms
of the vector products, with () as the axial reference vector:

-1 (PorQP)(Qu Py 1 (P.Q;) [Qi’i“P[l]

EL(P,Q) = S B.24
These polarization vectors have the property that
Eip-Eyp = —1 Eia-En =1 other combinations = 0 (B.25)
v v v 12 v PNQV + QMPV
Ens + EREY — E1bEs) — EnEly = —g" + P-Q (B.26)

where the LHS of corresponds to 8565”“17.

The two little group indices of the polarization vectors of eq. corresponds
to the the polarization of the gluon, In the case where both the gluonic momentum
and the reference momentum are four-dimensional, 11 corresponds to polarization
+, 22 to polarization —, and 12 and 21 to the two new polarization directions into
the extra dimensions.

B.5 Tree-level gluonic amplitudes in six dimensions

In six dimensions it is possible to make one unifying expression for tree-level am-
plitudes with any helicity-combination with a given number of external legs. For
gg — gg that expression is

—1,. . .
A(pi, pjs Pr, 1) = E@a]bkcldﬂzd]bkéld] (B.27)
with

<iajbkcld> = eABCD)‘?a /\]Bb /\kcc )‘ﬁi

[iagikalg) = e PPNy G XL NG A (B.28)

At three-point the corresponding identity is of similar size but requires some further
notation that will not be introduced here [103|, and the same is the case at higher
points.

During the calculations of sections and 12| we used eq. to calculate
four-point amplitudes, and used non-simplified expressions generated directly from
Feynman diagrams to evaluate amplitudes at five or higher points. For the three-
point amplitudes on the other hand simplified expressions are rather easy to obtain,
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the results being

[23]31]
A (199,251, 312) = A (1o, 212, 301) = ¢<2<12>;1>3>
A(111,219,301) = A (111, 201, 310) = —i [2[12]2]3]
A (s, 211, 301) = —i ggﬁ (p1 — pz)-émz;?-f(mQ — i)
A2 ) =1 (iiéml - i—gm) (B.29)
A(Lay, 291, 310) = —i (ﬁml _ gz_:f%)

with everything else being zero, except for the cyclic permutations.

We note that the cases with an even number of higher dimensional helicities
fits perfectly with the four-dimensional expressions if one identifies the 12 and 21
helicities with four-dimensional scalars, and that all the cases fit with the expression
for amplitudes for massive particles in four dimensions [122] with individual higher-
dimensional polarizations corresponding to the third direction allowed in the massive
case. This nice correspondence does unfortunately not carry on to higher points in
all cases.

B.6 Summary
In six dimensions spinors can be defined with the property that
AMAE = p.3AB Apahs =P Y p (B.30)

The general expressions for the six-dimensional spinors are

— Kl 5\@ B ’ilﬂa e
e aA o' «Q a
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in terms of four-dimensional spinors, with

(B.32)

Interpreting A and j as the spinors for the four-dimensional vectors p° and £, the
vector

p=p+5——=¢ (B.33)

is massive with p?> = mm, showing how the extra-dimensional components can be
interpreted as mass parameters.
Six-dimensional spinors have a spinor product

. Bij Cij :|
a|]p) = B.34
ali=| 50 %] (B34
with
Aij = (i) + RaRj[ap] Cij = ripag) — Rjlipy]
Bij = [ig] + ki (pipt) Dij = Rilpig] — w5 (ip;) (B.35)

and the property that det((iq|j;]) = Si;-
The six-dimensional spinors also have a vector-product (i,%"j;), which can be
used to form a six-dimensional polarization vector

—1 (P, XK (K, Py

Eoa( P, K) = 7 oPk (B.36)

which obeys all the usual relations.

The six-dimensional spinor-helicity formalism may be used to generate closed
expressions for tree-level scattering amplitudes which are even nicer than in the
four-dimensional case.
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Appendix C

Kinematics and momentum twistors

A physical scalar quantity which is a function of n external momenta summing to
zero, is said to possess n-point kinematics.

In this appendix we will describe two ways of expressing quantities in n-point
kinematics, using Mandelstam variables and epsilon contractions, and using momen-
tum twistor variables.

C.1 Kinematics

Aside from an over all helicity-dependent factor, all dependence on the external mo-
menta must (in four dimensions) come from contractions of those momenta with the
Lorenz-invariant tensors g,, or €, ,,usu., Put not all of these factors are indepen-
dent. When separating the g, contractions into (squared) masses and Mandelstam
variables, so that our quantities are defined as

m

T=pl sy =it+p)h trs(abed) = —die, o rheph il (C1)

combinatorics tells us that the number of linearly independentl| parameters is given
as

#m; #5i #irs #z
n |[nn-3)/2|Cn-1,4)|3n—-10
3 0 0 —
4 2 0 2
) ) 1 ) (C2)
6 9 5 8
7 14 15 11
8 20 35 14

related by linear relations.
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for various kinematics, where C(i, 7) denotes the binomial coefficients

(n—1)!

Cn=L4) = 65

(C.3)

For n > 6 the n(n — 3)/2 parameters are not completely independent, but are
related by relations imposed by the vanishing of the Gram determinants of any five-
member subset of the momenta, and in general there will be (n — 5)(n —4)/2 such
relations leaving 3n — 10 totally independent Mandelstam variables, a number which
is listed as #z in the table of eq. (C.2).

None of the tr; variables are completely independent, but are related to the
Mandelstam variables through the kinematical Gram matrix as

trs(abed)? = 16 det G( za gb ze zd ) (C.4)
a b c d
2

2 2 2 2 2
= SabSecd + SacSbd + SadSbe — 2(Sacsadsbcsbd + SabSadSbeScd + Sabsacsbdsad)

where the latter relation holds in the fully massless case only.

For four-point kinematics we usually chose the two independent Mandelstam
variables to be s = (p1 +p2)? and t = (p1 +p4)?, with the third Mandelstam variable
u = (p1 + p3)? being related to the other two, the relation being s+t +u = 0 in the
massless case.

For five-point kinematics we chose to pick the five cyclic Mandelstam variables
Sii+1 (where the sum is defined in a cyclic way), and then the non-cyclic parameters
are related through the relation

Sii+2 = Si+3,i+4 — Siji+1 — Si+1,i+2 (0-5)

in the massless case. Only one independent epsilon contraction will appear at five-
point, and we take that to be tr5(1234) which we also denote tr; due to the unam-
biguity.

C.2 Momentum twistors

For massless kinematics there is an alternate way to express the set of external
momenta, namely as momentum twistors. Momentum twistors were introduced by
Hodges in [48], based on the space-time twistors introduced in [123]. Momentum
twistors have their greatest strengths for highly symmetric theories, but as we shall
see they introduce simplifications in more general cases as well.

A momentum twistor is defined as

- (%) os
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Where \;, is the holomorphic spinor of eq. (A.6) and u? is an anti-holomorphic
spinor, which is related to the the usual anti-holomorphic spinors through

R A R YT (o B § YT R (R N Vo
(1, i+ 1)(i — 1, 1)

The momentum twistors have manifestly a lot of the symmetries of the problem.
They have the full Lorentz (or Poincaré) symmetry, and also the invariance under
scaling of the holomorphic and anti-holomorphic spinors of egs. and other
relations obeyed by the spinors like the Schouten identity. For n-point kinematics,
we may write the total set of momentum twistors Z as an 4 x n matrix, which in
general has that number of elements. But due to the mentioned symmetries the
number is reduced to 3n — 10 which is the number listed as #z in table (C.2).

Four-point momentum twistors

At four-point a momentum twistor parametrization needs two variables, which we
will call z; and z5, and a good choice is

1 1 1
Z=10 0 1 0 (C8)
00 0 1

This corresponds to the A-spinors

' 0 I 21 ' —Z21 — %9 I Z9
ve(8) R (B) () ae() e
which again correspond to the Mandelstam variables

s=2z t=2 (C.10)

showing a one-to-one correspondence between the Mandelstams and the twistor vari-
ables. This is not surprising, as four-point kinematics has a none of the complicated
non-linear relations which are seen at higher points.

Five-point momentum twistors

At five-point, the best parametrization of Z which we have found so faiffis

11 1 1 1 1
(1) (1) ? z1 +1 s s T Tem
7 — 00 0 j—; ) (C.11)
00 1 1 1—%

24

2This parametrization was first presented in [5|. It is an improvement over the one we used
in [3].
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For this case the (cyclic) Mandelstam variables are given as

21(2223(25 — 1) + (23 + 1)24)
Z2
S45 = Z1%5 Sg1 = 212’3(22 — 24+ Z5> (C12)

S12 = 21 523 = 2124 834 =

and the epsilon contraction is given as

22((29 — 24) (2023 — (23 + 1)24) — 25(23(23 + 24) + 24))

try = (C13)
so we see that any rational function of five-point kinematics without an over-all
helicity-dependent factor, can be written as a rational function of the five momentum

twistor variables without the ambiguity introduced by potential square-roots coming
from eq. (C.4). The system can be inverted to give

B (23)(14) B (Zﬁl><15) -
= 11231 % = (13)(15) (C14)

expressing the momentum twistor parameters in terms of helicity independent kine-
matical variables.
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Appendix D

Evaluation of integrals with p
insertions

In this appendix we will derive the procedure for integrating over the higher di-

mensional p;; parameters which appear in results like eqs. (11.23) and ([12.33]).
The derivation is based on [98,/124]. As the procedure relies heavily on Schwinger

parametrization, we will start by introducing that.

D.1 Schwinger parametrization

Schwinger parametrization is a method to perform Feynman integrals of the form[l]

d?k; 1
- (H /) DDy .

where the propagators D; are functions of the loop-momenta k; and the external
basis (.
The central “trick” to Schwinger parametrization is to perform the transformation

=y [ e e (o (.2)
—_ = ¥ texp(—x .
CER pe

on each of the propagators in eq. (D.1)), where the new z-variables are known as

Schwinger parameters? This transforms the integral into

() ()

(2

exp <— Z Zzl{?,? -2 Z Zijki'kj - Z k?zUl - Zo> (D?))

? 1,j<i

IFor ease, we will restrict the discussion to the case of a numerator of 1. This restriction is not
a limitation of the Schwinger parametrization method.

2Schwinger parameters are also known as alpha parameters [60], and in that case the parameters
x; are denoted «;.
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where the constants z;, 2;;, and zj, and the vectors v; are functions only of kinematic
variables and Schwinger parameters. A variable shifdﬂ from the loop momentum
variables k; to a shifted set ¢;

=KDyl (D.4)

j>i

where again y; and w* are functions of kinematic variables only, can be made in a
way that completes the square of the exponential so that the integral becomes

I = /(1:[ id%) /(1:[ dw,%) exp (—Zciq? + Co) (D.5)

7

We may now perform the momentum integrations using Gaussian integration

/ddy exp(—ay?) = (Z>d/2 (D.6)

a

with the result that

a;j—1

I= /(de]h) exp(co({z})) A2 (D.7)
with

A=]]ea=}) (D.8)

>0

The specific expressionsﬂ for A in terms of the z; variables from eq. (D.3)) varies
between different loop numbers.
At one-loop it is given by

Atroop = 21 = sz (D.9)

that is as the sum of all the Schwinger parameters in the problem.
At two-loop it is given by

2
Aoioop = 2122 — 215 = KiKg + KiK12 + KaKi2 (D.10)

where the ks denotes the sums of the Schwinger parameters for the propagators
along one of the three branches of a two-loop topology, that is those corresponding

3The facts that k; have prefactor one and that only k; with j > i are allowed, ensure that the
Jacobian matrix will be upper triangular with only ones on the diagonal, which means that the
Jacobian determinant for the variable change is 1.

4The specific expression for ¢y is much more involved than for A, but as the the goal of this
section isn’t to actually evaluate an integral using eq. , that will not concern us.
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to propagators which are function of ky only, ko only, and k; £ k5 only, respectively.
So for for instance the pentagon-box parametrized by

Iy =k ly =k —pm l3="Fk —p1—p2 ly = ki —p1 —p2 — p3
ls=ky—ps—ps lg=ky—ps [l7 =k lg = ki + ko (D.11)
as in egs. (12.1]), has
K1 =21+ X9+ X3+ X4 Ko = T5 + Tg + X7 K12 = I8 (D12)

In the three-loop case A is given by

2 2 2
AS—loop = 212923 — Z1%93 — Z2%13 — Z3%19 T+ 2212213723
= K1KoK3 + K1KoKao3 + K1KoK31 + K1K3K12 + K1K3Ka3 + KoK3Ki2
+ KoKgk31 + K1RK12Ko3 + K1Ko3R31 + K1K31K12 + KoKi12Ka3 + Kakoghal

+ KoKz1K12 + Kgkasksl + Kgki2Ka3 + KaksiKi2 (D.13)

where again x; denotes the sum of the Schwinger parameters along the branches
containing only k;, and k;; denotes the sum along branches containing k; — k;.

D.2 Integrals with p insertions

In this section we will use the methods developed in the previous section, to perform

integrals of the form
Ak Pij
= /(H ﬂ_d/Q) D(lll . D%n (D14)

where we remember that
Starting from eq. (D.3]), the above replacement gives

1~ [ /( ) /(Hd%) (z z)

2,7<t

exp(—z:z,k2 Qszk kj —Zk v — > (D.16)

2,7<1

in the case where all the propagators have a power of one, and where

for= [ (T5) 017
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Completing the squares and performing the Gaussian integrals on the four-
dimensional part, gives

1= /dﬁ/ <H dx]) exp(co) A2 exp (Z Zipi + Z zijpij> (D.18)

i<
and by comparing with eq. (D.7), we see that
Jopes (e 3o} - D19
i ij<i

which at one-loop corresponds to

/dpexp(zp) = 2 (D.20)

By taking a derivative with respect to z, we get

/dﬁpexp(zp) = ezt (D.21)
which is the relation we need, because if we go through the Schwinger parametriza-

tion procedure for a one-loop integral with a numerator of p, the result after the
Gaussian integration of the four-dimensional part, is

[17100p,p = /dp/ (H dl’]> eXp(CO) pA_4/2 exp(zp)
=€ / (H d:vj) exp (co) A2/ (D.22)

which is nothing but € times the integrals without the p in two dimensions more.
So now we have the dimension shift relation for one-loop:

dk dd+2k 1
TL =€ (D.23)
72Dy --- D, 7d+2)/2 D, ... D,

We will also need the relation for two powers of p. Taking two derivatives of eq.

[D:20), gives

/dp p?exp(zp) = e(e — 1)z°2 (D.24)

and going through the same steps as before, gives the relation

A’k p? Akl

for the p? case.
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D.3 The two-loop case
At two loops the general principle is the same. Eq. (D.19) becomes

/dpexp(zlpl + 20p2 + 212p12) = (2120 — zfz)6 (D.26)

and various combinations of derivatives with respect to z;, 2o, and 219, correspond
to the rules

pi — e A p12 — —2ez12A7!
p; — e(e —1)ziA? ply — € (—2A +4(e — 1)zf,) A2
pP1P2 — E(A + (6 - 1)2122)]\672 PiP12 — —26(6 — 1)2j212A€72 (D27)

Unlike the one-loop case various factors of z; appear in the numerator. If we
recall that

Z1 = K1 + K12 Z9 = Ko + K12 212 = K12 (D.28)

with the notation from eqs. (D.12), a z in the numerator corresponds to various
sums of the Schwinger parameters, and a Schwinger parameter in the numerator
correspond to a higher power of the corresponding propagator, as we see from eq.
(D.3)). This means that for instance

A%k, [d%y  p
/71'd/21/7rd/22 D;-- 1 /<Hd%) K2+FL12) eXp(CO({QJ}D (d+2)/

dd+2k1 dd+2k2 1
=€ Z / (d+2/2/ d+2)/2D D .- D, <D'29)

e{2}u{12}

where the two sets correspond to the sets of propagators for which either only ko,
or both k; and ks, appear.

It is some specific combinations of ps that tends to appear in the cases considered
in this thesis, see for instance eq. (12.33), namely

Fiq = ,0%2 —4p1p2 Fiy = p1p2 + p1ps + p2ps
Fy = (p1 + p2)pr2 F3 = pips (D.30)

where p3 = p1 + p2 + p12- The last two, F, and F3, only appear for butterfly-type
topologies, that is topologies for which there are no propagators that are functions
of k1 + ks, corresponding to k15 = 0.

Using eqs. just like before, we get that

TU2 (N (ki) (pFy — 4p1p2)) = —2¢(2e + 1) 172 (N(l;'i))v
][4—26} (N(Ei)(plpg + pips + p2p3)) _ 362][6 2¢] + 26 Z 1+J+][8 26] (/% ))

1,j€P
4-2e 7 6—2¢ 7
]l[autter]ﬁy (N(k?z‘)pIPQ) QIl[autter]ﬂy (N(kZ)): (D.31)
Loy (N (R:) (01 + p2)p1a) =0,
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where N (k) denotes any numerator which is a function of the k; only through the

four-dimensional parts. The set P includes all possible ways to increase the power
of a propagator along one of the three branches of the topology. For the double-box

as parametrized by eqs. ((11.15)) we have for instance

> it (1,1,1,1,1,1,1)

i,jEP(331)

N
.
N
N

8—2¢
12[331 ]
8—2¢
L™

3,1,1,1,1,1,1
1,3,1,1,1,1,1

8—2¢
L™

8—2¢
L™

1,1,1,1,3,1,1
1,1,1,1,1,1,3

( )+
( )+
157°9(1,1,1,3,1,1,1) +
( )+
( )-

8—2¢
I££>31 ]

[[8—261

2,2,1,1,1,1,1

8—2¢
L™

8—2¢
L™

1,1,1,2,2,1,1
1,1,1,1,2,2,1
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B2d1,2,2,1,1,1,1) +
( )+
( ) +

15°9(2,1,2,1,1,1,1

( )
15729(1,1,3,1,1,1,1)
15729(1,1,1,2,1,2,1)

(1,1,1,1,1,3,1)

8—2¢
L™
(D.32)



Appendix E

Algebraic geometry

In this appendix we will review a number of concepts from algebraic geometry which
we use in this thesis, and provide a few examples.

E.1 Concepts from algebraic geometry

Ring

A ring is a set which is closed under the relations of addition and multiplication.
The ring is an Abelian group under the addition, meaning that it has a 0, a negative
element for each positive one, and that the addition is commutative and associative.
Additionally it is a monoid (a semigroup with an identity) under the multiplication,
which means that it has a 1, and that multiplication is associative. All rings en-
countered in this thesis will be commutative rings, which means that the members
commute under multiplication. Examples of rings are the sets Z, Q, R, C.

Polynomial ring

A polynomial ring is a ring consisting of polynomials in a set of free variables, with
coefficients taken from another ring. The set of polynomials in n free variables is
a polynomial ring with the coefficient ring (in general) being C. Products of the
variables in the set are called monomials of the polynomial ring.

Ideal

An ideal [ of a ring R is a subset of R with the property that multiplication of any
member of I with any member of R will generate a member of /. Ideals will be
closed under both addition and multiplication.

141



Primary ideal

A primary ideal I of a (commutative) ring R is an ideal with the extra property
that whenever a product of two elements of R is a member of I, then some (integer)
power of one of the elements is a member of I. Primary ideals are of interest due
to the Lasker-Noether Theorem which states that any ideal of a Noetherian Ring (a
rather abstract property which is fulfilled by all rings that we will encounter), can
be written as the intersection of a number of primary ideals, I = N;1;.

Radical (of an) ideal

A radical of an ideal I in a ring R, denoted v/T, is the set of elements of R with the
property that some integer power is a member of I. The radical of an ideal is itself
an ideal, and if 7 = V/I, the ideal is denoted radical.

Prime ideal

A prime ideal [ in a ring R is an ideal with the property that if the product of any
two members of R is a member of I, then at least one of the two is also a member
of I. Prime ideals are both primary and radical, and the radical of a primary ideal
will always be prime.

Generating set

A generating set of an ideal [ in a ring R, is set members of I, such that any element
of I can be written as a linear combination of the members of the minimal set, with
coefficients from R

Multivariate polynomial division

Multivariate polynomial division is an algorithm to perform polynomial division for
polynomials of more than one variable. It relies on a monomial ordering which is a
way to assign an ordering to the monomials of the polynomials. In this thesis we will
use the monomial ordering DegreeLexicographic which first orders the monomials by
degree, that is after the total power of the variables, and then orders the terms
with the same degree lexicographically, that according to a specific ordering of the
variables which could for instance be alphabetical.

After having assigned the monomial ordering, the multivariate polynomial divi-
sion procedure of polynomials f and g finds the leading order monomial m of g, and
then identifies the highest order monomial of f, m’ which is a multiple of m, such
that m’ = gm where ¢ will be the quotient of the division. In that case we may
write

f=ag+ fi (E.1)
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where f is the remainder of the (first part of the) division. Repeating this procedure
gives f1 = @29+ fo, and the procedure can be repeated until g no longer divides any
of the terms in f;, in which case we have

f=q9+r (E.2)

where ¢ is the sum of the ¢;, and r is the remainder after the final division.

If one has a set of polynomials, for instance as a generating set for an ideal,
one may define repeated polynomial division towards the members of this set. In
this procedure one starts by division with respect to the first member of this set,
then with respect to the next, etc. The result of this procedure will in general be
dependent on the order of the elements in the set.

Grobner basis

A Grobner basis G of an ideal [ in a polynomial ring R, is a generating set for [ with
the property any member of I has a leading term which is divisible by the leading
term of one of the members of G. This means that any member f of R can be reduced
towards GG in an unique way, by repeated division of f with a member of G which
divides the leading term. It is always possible to find a Grobner basis for an ideal
generated by a finite generating set. The traditional algorithm for finding Grébner
bases is called Buchberger’s algorithm and will not be discussed here. For practical
purposes this thesis will rely on the GROEBNERBASIS function in Mathematica.

Quotient ring

A quotient ring R/I of a ring R with an ideal I is the ring obtained by mapping all
members of [ to zero in R. All members of R/I can be obtained by multivariate
polynomial division of a member of R with the Grobner basis for I.

Zero locus

In a space parametrized by a set of variables x;, a zero locus is the subspace Z(5)
in which a set of polynomials S in the variables all vanish. A sub-space which is the
zero locus for some S is called an algebraic set. A zero locus for a set S is equivalent
to the zero locus of the ideal I generated by the set. A theorem named Hilbert’s
Nullstellensatz tells us that if a polynomial f vanishes on the zero locus of of an
ideal I, then f € /1.

E.2 Examples

Primary decomposition

The set of integers Z is a ring, and the set of multiples of some integer n, written
nZ, is an ideal of that ring. For the case of n = 30 we may write the ideal as the
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intersections of the sets of multiples of 2, 3, and 5, the prime factors of 30, that
is 30Z = 27 N 3Z N 5Z. This is the primary decomposition of 30Z, showing how
primary decomposition of ideals correspond to prime factorization of numbers.

To see why it is called primary decomposition, rather than prime decomposition,
let us look at another example in which the same prime factor occurs more than
once. For n = 45, the prime factorization is 45 = 3x 3 x5, but 457 # 3ZN3ZN5Z as
the latter set also includes for instance the number 15. Rather the correct primary
decomposition is 457 = 97 N 5Z, where 9Z is an example of a primary ideal which
is not prime, as 9 is an integer power of a prime number without itself being prime.

Multivariate polynomial division

Let us say we have the polynomials
f = 2y*r + 3ya® + 2° + 4oy — 22° g =2y + 2° (E.3)

and we want to find the quotient and residue of f/g. In the DegreeLexicographic
ordering (with y > z) the leading term of g is m = 2yz. The leading terms of f is
2922 with we see to divide m with the quotient y. Thus we may write f as

f=yg+f with = 2yx® + 2% + 4oy — 222 (E.4)
Repeating this procedure gives
f=xg+ f" with " = dxy — 222 (E.5)
and repeating again gives
=29+ f" with [ = —4a? (E.6)

m does not divide any terms in f” meaning that the procedure is done, with the
result

f=qg+r with g¢g=(z+y+2) and r=—42° (E.7)

Grobner bases

Let us regard the ring of polynomials in {z,y, z} with integer coefficients, and an
ideal I in that ring is generated by the three polynomials in the generating set

S={ry—da—-2, 4wy, z*—-y*—2z+2} (E.8)

The ideal I will contain all polynomials which can be written as linear combinations
of the members of S, and we want to know whether the polynomial

f=2y2® —202% — 2y + 2%z + 62y® + 2%y + 227+ 29° —42® — 4z — 2z (E.9)
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is a member of I. This is very hard to determine without the application of Grébner
bases. For the DegreeLexicographic ordering (with z < y < z), the Grébner basil]
for I is

G={ay—4z -2,
42° + 2yz + Moz + y° + 22% + 92 — 2,
P — 228 +yr — Ay — 4z — 2y + 8,
Yz 4 22+ 4x? — 22+ 2x
2 -y —2+2, (E.10)
P rdr+2)

A repeated polynomial division with respect to the members of GG in a way that al-
ways reduces the leading term in f (this could be in the order gg, g6, 93, 95, 94, 91, 91, 91, 1
where g; is the ith element of GG), will yield the result 0, showing that f can be gen-
erated by the Grobner basis, and that it therefore is a member of 1.

To see why a Grobner basis is necesary in order to perform such a reduction, let
us take a look a the ideal generated by y? and y? +x. Clearly 22 is a member of this
ideal, but we see that none of the two generators divide 23. The Grdbner basis for
this ideal on the other hand is {z,y*} where a repeated division will give the result
zero, thereby proving that z3 € I.

las found using Mathematica’s GROEBNERBASTS function.
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Appendix F

Minor appendices

F.1 Flattened vectors

In some cases we want to find a set of massless Lorentz vectors spanning the space
spanned by the two general Lorentz vectors p; and ps. In the case where both p;
and p, are massless the answer is obvious, but let us imagine the case where p? = 0
but p3 # 0. In that case the answer is the two vectors p; and

2

b1 p2
by =p2 — p F.1
? ’ 2p1-p2 ' (E-1)

where the symbol b, known from musical notation, is denoted “flat”, making pgl a
flattened version of the vector ps.
In the case where both p; and p, are massivel| we will use eq. (F.I]) recursively

as
2 2
bo pl b1 b1 p2 bo
PR =p1— s Py =ps— P (F.2)
2p1 -y 2Dy P

which can be solved with the result

p1— ﬁpz P2 — ﬁ]91
b b
p12 = ;;;2 p21 = 2222 (FB)
1 -2 1 -2
Y12 12
where
o by b
M2 = 2ppy = prope+ \/(pl'p2)2 — pip3 (F.4)
The system of egs. (F.3) may be inverted with the result
b P% b b P% b
pL=py + —p3, p2=py + 7. (F.5)
Y12 Y12

I'We note that this case is not present at all in this thesis.
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F.2 Spurious directions

For loop calculations with n-point kinematics, it is convenient to define a basis 5
spanning four-dimensional space.

In cases where n < 4, such a basis can not be constructed out of the external
momenta alone, it is necessary to introduce a number of new directions, denoted
spurious directions w. It is convenient to define these directions such that each
vector w is perpendicular to all the other members of 3, meaning that cases with
more than one w will have w; - w; o d;;. Let us go through the various kinematics
case by case.

n=4

For four-point kinematics we have the four external momenta p; to p, which we take
to be massless. Only three of those momenta are independent, as the fourth is fixed

by momentum conservation. The way to pick a momentum that is perpendicular to
all four, i

wh oc ey P2, D3, (F.6)

In this thesis we choose a normalization such that

o= B o] 9152 Clo -

which has the convenient properties of having units of momentum like the other
members of 3, and that it is easy to see all four perpendicularities. This choice
corresponds to

2 2212
W‘u = ;Ef'u 172 3p1V1p2ll2p3V3 (FS)

n=3

For three-point kinematics we have the three massless momenta pq, ps, p3, of which
only two are independent. This leaves two spurious directions, which we will chose
as

(1lo"2] _ (2o [1]

(Llo*f2] | (2lo*]1]

b= H = — F.9
“ 2 2 - 2 2 (£:9)
In fact any combination of parameters
1|o#|2 2|01 1|o#|2 2|01
P T T P - UL S

with the requirement that ad = bc would have been acceptable, the definition of eqs.
(F.9) was chosen for its simplicity. Another common choice which we will not use
in this thesis, is @ = b = ¢ and ¢ = d = 1 which has the property that w? = w?.

2T}}is is completely analogous to the cross-product in three Euclidean dimensions, where a xb =
€4k0;by is the unique direction perpendicular to vectors a and b.
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n=2

For two-point kinematics there is only one independent external momentum direc-
tion P*, which we will take to be massive. In this case we can chose an arbitrary
massless reference direction &*, and define the three spurious vectors

b|ot b oot “lb p?
= P Bl O €]y P (e
with
P2
R T (F.12)

in accordance with the philosophy of appendix
In the case we looked at in section we used eq. (5.59):

1|lo*|2 2lc*(1 1|o*|2 2lo*(1
P T R I PR

where the external momentum P was given as P = p; + ps. This corresponds to
eqs. ([-11) for & = py, in which case p, = pi.

n=1lorn=0

We will not in this thesis look at any examples where the problem depends on no
external momenta at all. Let us however for completeness list how to form a basis
in that case. Picking two massless reference momenta ( and &, allows us to write
the four directions as

= (Clo”lE] (€]et|c]

— _ wh =g — P

1 2 2
P B s Ry (F.14)

which all are perpendicular to each other as required.

F.3 Spurious integrals

In this appendix we will investigate when a monomial is spurious, i.e when it will
integrate to zero.

If the kinematics of a problem is four-point or lower, one needs to define at least
one spurious vector w to span the four dimensional space of the external particles
as described in appendix . In that case a monomial is spurious if (but, as we
shall see, not only if) it contains exactly one factor of k; - w, where w is defined to
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be perpendicular to all other vectors in the basis 3. To see this let us write the k;
integral as

dk; 3 — ﬂ 3 oM
o = [ G XURLB) () =, [ o XULA RS (F19

where X ({k}, 3) is defined to contain all the propagators and remaining parts of the
monomial, and where 5 is defined as the set of the remaining three elements of the
momentum basis §. As w is present nowhere under the integral sign, the integral
will have to evaluate to a function of the members of 3 only, that is

dk; ~
o [ G XKL (DR =, (L VB +Va8) = 0 (10)
where the last step is true by the definition of w.

If there are several ws in a basis, the above derivation still holds for each w.

If a given w is present in a number of factors ® which is greater than one, but
odd, they too will be spurious. We see that from the fact that

/(H g:;g) X({k}, B)kir - - ke (F.17)

will evaluate to a sum of tensors which all will include at least one factor of Bl“ 7. as
the only other tensors that may appear (¢ and potentially e#1#2#314) each have an
even number of indices.

This means that a sufficient condition for a monomial to be spurious is for the
following to hold:

e At least one spurious vector w; appears in an odd number of factors in the
monomial.

There are however other ways in which a term can be spurious. One, which we
saw in the the case of the one-loop triangle, is a term of the form

d?%
[ g X ) (k00?0 ) (F.18)
where w? = —w?. The two terms do not vanish individually, as the integral of

k*k¥ will contain a term proportional to g which does not vanish as the spurious
vectors are massive, but their sum will vanish as the masses cancel, making the
specific combination spurious.

For butterfly-type topologies there are more ways in which monomials can be
spurious. We see one example in the box-triangle butterfly-topology (¢430) consid-
ered in section [12.4] As it has five-point kinematics, it seems to have no room for a
spurious w-direction. But if one defines a separate (3 for each individual loop which
accounts for the kinematics of that loop and not of the whole diagram, we will get
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the ISPs (k; - wio+) and (k2 - wags), as we do in section Monomials of these
ISPs will behave just as the spurious monomials at lower-point kinematics, as the
integral over k; can not give a term dependent on k; (with ¢ # j), as it could in the
general case.

Another kind of spurious terms unique to the butterfly-type topologies, are those
with on(ﬂ factor of p13. We see one occurrence of this in eq. , but it is a general
feature. We see this from symmetry, as one of the loop-integrals for such cases will

give
d?k, d?k,
=X (; —2k;! 261/ X (k;, B) Kt
[ X ki s = o X O

4
= =2k 2N Y, B = 0 (F.19)

where the last identity holds as all vectors in 8 are four-dimensional.

F.4 Discrete Fourier sums

Discrete Fourier sums is a method to extract the coefficients d; of a Laurent poly-
nomial f of the form

f(r) = Z d;7’ (F.20)

which has
N=a+b+1 (F.21)

terms in total.
The discrete Fourier sums dictate that

I f(m)
where
T| = T exp (i(27Tl/N + Qf))) = Texp <27Til/N> (F.23)

such that the factor 7 contains both the arbitrarily chosen radius r, and the arbitrary
phase ¢.
To prove eq. (F.22)), let us insert f on the RHS, with the result

7 exp (2milj /N)
[.24
Z Z % exp (2milk /N) (F.24)

Jj=—a

3or just an odd number of factors of pio
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Performing the inner sum gives

N-1
RN exp (2mi(j — k)/N)' = N kg, (F.25)

=0

where we have used the geometric sum

xt = (F.26)

and the fact that j — k is an integer. Inserting this into the outer sum of eq. ([F.24))
gives dy, thereby proving eq. (F.22)).

F.5 Pseudo-inverse using PLU decomposition

PLU-decomposition is the decomposition of a matrix into a permutation matrix, a
lower triangular matrix, and an upper triangular matrix

M = PLU (F.27)

We will not here describe how to find a PLU-decomposition, only note that it can
be done for any matrix of full rank, which is all we shall consider.

The goal of this section is to use the PL.LU decomposition to find a pseudo-inverse
of the matrix M in the case where M is ng X n. with ng > n., such that the equation
system

d= Mec (F.28)
has the solution
c=Wd (F.29)

where W is the pseudo-inverse WM = I.

After the PLU-decomposition of M the matrices P and L will be ng x ng, U will
be ng X n., and all three matrices will be of full rank. This means that eq.
must imply

Ue=L"'Pd (F.30)

where we have used the fact that a permutation matrix has P~ = PT.

But as U is upper triangular and non square, we know that its lower ng — n.
rows must be zero, and likewise for the lower ngy — n. entries of U¢, so from eq.
(F7.30) we know that the lower ng — n. entries of L='PT must contain the null-space
condition for the vector d, since L~'PTd = 0 for those elements. The remaining n,
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equations will contain the relations between ¢ and d. If we let ¢ denote the operation
of removing the lower ny — n. rows of a matrix, we get from (F.30))

CU)e=¢(L ") P"d (F.31)

and as €(U) is square and of full rank, we may now invert it giving
c=eU)'e(L ) P"d (F.32)

allowing us to identify the matrix on the RHS as our pseudo-inverse W.

It should be noted that even though PLU-decomposition involves two matrix
inversions, it is occasionally used for the inversion of square matrices too, as the
inversion of L and €(U) are much easier than the inversion of a general matrix due
to the triangular properties.

152



Appendix G

Table of integrals

This appendix contains a (small) list of some Feynman integrals which are of use in
our calculations. The expressions are adapted from [60,69).

/ _/ddk 1 PE-1)T(2-9)

PR [ w2 i2(k— P2 D(d— 2)(—P?)*
I _/ddk 1 o rPE-2r3-9)
triangle = [~ 473 (k 4+ p1)2k2(k — ps)? o T(d— 3)(_5)3*§

d
Lhox = /d h ! (G.1)

742 (k + p1)?k?(k — p2)?(k + p1 + pa)

rE—-NrE-2)r(2—-4) , . iy
_ LG )stl(“2(d—i)’>)( :) (s5720 (d, %) + 5720 (d, -2))

where H(d, x) is defined as the Gaussian hyper-geometric function
H(d,x)=5F (-2, 4-2;¢-1; 1) (G.2)

In general the e-expansions are of greater use that the closed expressions above,
and we will now regard the expansions in d = 4 — 2¢, d = 6 — 2¢, and d = 8 — 2¢
dimensions.

For convenience we will factor the result as

\ ISH

Thubble = exp(evgp)(—P 2)27%Ibubble
jtriangle - exp( )( )3 2 ]triangle (GB)
jbox = eXp( )Q(d) box

S

where

Q4 — 2¢) = st Q6 —2)=s+t Q8 —2¢) =1 (G.4)
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We get for the bubble

for the triangle

and finally for the box{'|

I[4 2] £_|_ 210%( )

box 2

28— 26]
box

b?)xze] <10g
1
" 6e

18 6(1+ x)?

4—2¢ 1
Il[oubbl(]a = A +2+ O(e)

6—2¢ _1 4
[l[aubbl]e =——-+0()
Arg_ 1 23

bubble — 5o~ 450 + O(e)

1 2

4—2¢

[t[rlang}le Y + 1_2 + O( )
6—2¢ 1 3

It[rlang]le = _2_6 - 5 + 0(6)

o2 _ 119,
triangle Q¢ + 144 + (6)

(bg%x)ﬁ—QLb(l%—%)—kQLb(xﬁ—l)—

1

(G.5)

2

%)+0@
) (1og(x) — log(—x)) + Liz (1+ 1) + Lis(x + 1)) + O(e)

(—Cﬁ+xbﬁ—m—iﬁ%bw)

(G.7)

+ x(x + log(—x) + 1) log(x) + x <Li2(1 +x) + L12<1 + i)) )> + O(e)

where x = s/t.

!Thanks to Laura Jenniches for helping me expand the box of eq. (G.1) using HYPEXP [125].
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Appendix H

Feynman rules

In this appendix we will write the colour ordered Feynman rules for massless par-
ticles, for the cases of gluons (g), Weyl-fermions (f), and complex scalars (s). The
rules in this appendix are consistent with [31].

The gluonic propagator is given as either

—igh” w i
o or propy” = ]?

prop,” =

LaV + ghp?
g P CJp'qq p) (1.1)

in respectively Feynman gauge, and axial gauge with reference vector ¢*. For
fermions and scalars the propagators are

i i
prop; = pif prop, = (H.2)

For the vertices we have the gluonic three- and four-point vertex

7
VQZZMM G (9%“3 (p2 — p3)lt + g"*H* (ps — p1)"* + g" "2 (p1 — p2)“3>

V2

Vg;;y;zu:suz; — Z‘gmuzsgm,uzx _ %(gmmgmmx + glﬁ2ﬂiig“4ﬂl) (H?))

the gluon-fermion vertices
1

7 _
Ve =—0d", Ve o =—0d", H.4
abfgf /2 P aBfgf /2 P (H4)
the gluon-scalar vertices
i i

V= E(p1 — ps)t v = gt Vi = —igh (H.5)

the four-point scalar vertices

‘/rsss’s’ = -3 Vss’ss’ =1 (HG)
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and finally the fermion-scalar vertices

vIst Lga Vst = s H.7
af \/i B afB 2 ap ( )

For external particles we have for the gluons

(glo"|p] _ _ {plo*”|q]

V2 (qp) -9 = V2 [pq]

in axial gauge, with no similar expression existing for Feynman gauge. For the
fermions we have that

Ap) = ((pl, [p]) Ap) = (Ip), [pl) (H.9)

and for the scalars we have nothing but

€i(p, q) =

s=1 (H.10)

For each loop, we have to integrate over the loop momentum

/% (H.11)

and
for each fermion loop, multiply by —1 (H.12)

The rules for Dirac fermions are very similar to those for Weyl, see section

In this appendix, like in most of the rest of the thesis, we have not written the
1€ prescription of the propagators explicitly. See eq. .

No mention have been made of ghosts, as they vanish in axial gauge, but in
Feynman gauge they behave just like the scalars in the above equations, except that
they get an extra minus for each loop, like the fermions in eq. (H.12).

In the six-dimensional case everything is the same as in four dimensions, after
having applied the replacements given by eqs. (B.1)).
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