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Chapter 1

Introduction

Modern physics understands the presence of four fundamental interactions govern-
ing phenomena we observe in the universe: gravity, electro-magnetic force, weak
and strong nuclear forces. The Standard Model (SM) is the theory developed
through the last century to describe all of these forces except for gravity. Gravity
however is not expected to play a role at current collider energies, where the dom-
inant interactions are governed by the strong and electro-weak forces.

The SM has been successfully confirmed in many of its aspects through an impres-
sive amount of experimental tests conducted at particle colliders. Nevertheless,
there are many open questions and issues in particle physics, to which the SM may
or may not give an answer. The hope of the particle physics community to find
such answers lies nowadays in the Large Hadron Collider (LHC) at CERN, which
allows us to investigate the fundamental nature of matter at smaller distances than
ever before. With its astonishing luminosity records and unprecedented energies,
the LHC has already led to the discovery of a scalar particle which shows all the
properties of a SM-like Higgs boson. However, along with the importance of such
big achievement, the lesson we have learned so far is that new physics, namely
beyond the SM (BSM), does not show up in a spectacular way, rather it hides
beyond a huge amount of ‘ordinary’ SM background processes. A reliable under-
standing of the SM processes which constitute a background to new physics is thus
mandatory in order to perform any serious search at the LHC.

Since the LHC is a hadron collider, the main background is provided by processes
whose dynamics is governed by the strong force, which is described at quantum
level by the theory of Quantum Chromodynamics (QCD). In order for new physics
to be discovered, it is therefore necessary to have full control over QCD driven ef-
fects. At high energies, QCD becomes asymptotically free, thus allowing the use of
perturbation theory. However, higher order effects in perturbative QCD are gen-
erally large and must be included to a sufficient degree for comparisons between
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theory and experiment to be meaningful.

On the theory side, the bottleneck in including these QCD higher-order effects is
represented by the complexity and difficulty of computations which need to be car-
ried out in order to assess such effects. Prompted by the LHC program, the theory
community has made impressive breakthroughs in the last twenty years, and now
computations which were considered almost impossible can be done with relative
ease. As aresult, the panorama of physical observables relevant for the LHC which
have been computed at higher order in perturbative QCD has grown larger and
larger. The Next-to-Leading-Order (NLO) sector is now fully automated and many
2 — 2 processes are now available also at Next-to-Next-to-Leading-Order (NNLO).

One important type of process at the LHC is the production of single top (or
anti-top) quarks. Top quarks were discovered for the first time at Tevatron in 1995
by both the CDF and DO experiments by studying top pair production. In this
reaction, pairs of top and anti-top quarks are produced via the strong interaction.
This is the dominant mode to produce top quarks at hadron colliders, but it is
not the only one. Another possibility is represented by the so-called ‘Single Top’
reaction, which takes place via the weak interaction and yields in the final state
just one top or anti-top quark. Compared with the tt-production, Single Top pro-
duction has a smaller cross-section both at Tevatron and at LHC. This, together
with a difficult background, made the search for Single Top at Tevatron extremely
difficult. This is not the case at the LHC, where, thanks to higher energies of the
proton beams and luminosity, Single Top production has a sizeable cross-section.
Single Top production is the main subject of this dissertation. The investigation of
this production mechanism is crucial for precision study of the SM and could very
well be a gateway to BSM physics. Here we report some of the main motivations
for studying Single Top process.

The coupling between the Higgs boson and the top quark is described by a Yukawa
coupling, y;. The corresponding mass term in the Lagrangian density for the top
quark can be expressed in terms of y; and the electroweak symmetry breaking
scale v, namely

Ytv
A very recent (2014) combined measure from ATLAS, CMS, D0, and CDF yields
my = 173GeV [1]. Given this value of the top mass and given v = 246GeV, we see
that the top-Yukawa coupling is of order unity. This means that the top quark
couples strongly to the Higgs field. This makes the top quark very important in
studies of the Higgs sector.
According to the SM, the coupling of the top quark to the W-field is of the form

Jw

\/inq(fW“QL)WJ7 (1.2)
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where V4 is the CKM matrix element describing the mixing between a top quark
and another d-type quark, and g,, is the electroweak coupling constant. We observe
that the predicted coupling is flavour changing and purely left-handed. This means
that the top quark in a single-top process should be polarized when produced. A
further advantage is represented by the top quark mass, which is so large that, in
contrasts to other quarks in the SM, it decays before it has the chance to hadronize.
This means that by studying the decay products of the top quark, the suggested
polarization can be measured directly. Single Top process measurements would
then allow for verification of top polarization as predicted by the SM.

The top quark couples to the Z-field through a flavour preserving coupling of the
form

Juw Iy 8 22 5
—t|[(1-= O | Y —AHy° | tZ,. 1.3
4 cos by, [( 3o )7 7 Fy] a (13)
In a potential scenario of flavour changing neutral currents, the top quark could
couple to a, hitherto unknown, flavour changing field W’ with a coupling of the
form

Grct (k;lfy“ + k:g’y“fy5) uW’, (1.4)

Since the W’ boson would be much heavier than the W and Z, this coupling may
only occur at sufficiently high energies. Again, a direct measurements of the Single
Top cross-section would allow for verification of the existence of such a channel.
Last but not least, Single Top production allows for a direct extraction of the CKM
matrix element V.

At tree-level, three clearly distinct channels contribute to Single Top production.
Among these channels, we focus our attention on Single Top in ¢-channel, where
an off-shell W-boson is exchanged in ¢-channel between two hadronic currents
q — W*+¢ and b+ W* — ¢, thus producing the reaction b + ¢ — ¢ + ¢’. This
channel has the largest cross-section among the three production modes and is
best measured by the experiments.

The work developed in this thesis is part of a more general project whose aim is that
of improving the precision of the theoretical prediction for Single Top production
in t-channel by taking into consideration QCD quantum effects at higher orders.
At present, analytical calculations of quantum corrections to t-channel Single Top
inclusive cross-section are available both at NLO-QCD (O(«s)) and NLO-EW
(O(@ter)). A fully numerical computation of NNLO-QCD (O(a?)) contribution
has recently become available too. Analytical computation of these corrections is
still lacking. Analytic results for NNLO-QCD corrections are of interests since they
would provide a robust cross-check to the numerical computation mentioned above
and would constitute the core for a fast numerical evaluation of the cross-section.
In this dissertation we present results for the set of Master Integrals describing
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the O(a?) corrections to the partonic process b+ W* — t + X and more in gen-
eral to Form Factors for Charged-Current-DIS with a massive particle in the final
state. In the following we explain briefly how this set of Master Integrals happens
to constitute a partial result towards the achievement of analytical NNLO-QCD
corrections to inclusive Single Top in ¢-channel.

We consider QCD corrections to Single Top in t-channel within a Structure
Function approach. This means that we take into account only those corrections
which do not connect the two hadronic currents. We call this type of quantum
corrections factorizable, since they affect only one single hadronic current at a time.
We neglect all those corrections which involve cross-talk between the two currents.
In this approximation, all the information about QCD higher-order contributions
to the single hadronic current is encoded in the Structure Functions (or Form
Factors) describing the current. Analytic expressions for Form Factors describing
the massless current ¢ — W*+¢’ are already available up to NNLO-QCD, whereas
the ones for the massive (m; # 0!) current b + W* — t are available only up
to NLO-QCD. Our effort is thus concentrate on the analytic calculation of the
inclusive cross-section for the partonic subprocess b+ W* — t + X at O(a?),
where X accounts for possible extra radiation in the final state. This cross-section
then, convoluted with Parton Distribution Functions (PDF's), will yield the massive
Form Factors describing the hadronic reaction p+W* — ¢, which sees a proton and
on off-shell W producing a top in the final state. The technique we use to compute
the cross-section analytically for [b + W* — ¢t + X ]O(ag) is that of Master Integrals,
which has been developed in the last twenty years and proved to be successful in
many difficult computations.

The original work contained in this thesis thus consists of the determination and
computation of the entire set of Master Integrals needed to describe at NNLO in
QCD the Single Top massive current b + W* — t + X.

The structure of the thesis is thus the following. Chapter 2 is dedicated to the
physics of top quark, seen from both a theoretical and experimental point of view.
Particular attention is given to top quark production mechanisms and especially to
Single Top. Theoretical and experimental benchmarks are provided for production
cross-sections and for some other relevant observables in top physics.

Chapter 3 illustrates the basics of perturbative QCD, specially the structure of an
observable computed at fixed-order in QCD. In this chapter we also introduce the
DIS-like picture applied to Single Top in ¢-channel and we explain in detail which
partonic channels contribute at NNLO and thus which partonic subprocesses we
need to compute analytically in order to extract the necessary Form Factors.

In chapter 4, we focus on the technique of Master Integrals. First we generically
review Feynman integrals and their properties. Then we introduce the defining
properties and concepts of Master Integrals, explain the basic principles on which
this technique relies. Finally, chapter 5 contains our original work. We report the
final set of Master Integrals obtained for the Charged Current(CC)-DIS Massive
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Form Factors and go in detail through the explicit calculation of such set of inte-
grals.

In order not to make the presentation of our work too heavy, the complete list of
intermediate and final results for the Masters is reported in the Appendix.
Finally, we close our dissertation with an outlook on the to-do-list which consti-
tutes work in progress and which we will accomplish hopefully in the near future
in order to achieve our final result, namely ¢-channel Single Top cross-section at
NNLO-QCD.
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Chapter 2
Top Physics

As we will show in detail throughout this chapter, although Single Top is not
the dominant top quark production mechanism, it yields a sizeable fraction of
top quark events, especially at the LHC. Moreover, Single Top is an interesting
framework for SM parameters precision test and for the discovery of possible new
BSM physics. While the theoretical status of top pair production is advanced,
competitive theoretical predictions for Single top are still in a very early stage.
These considerations, together with an experimental precision expected to increase
in the coming years, makes Single top an interesting field from the point of view
of both QCD fixed-order perturbative computations and resumed calculations.
Particularly appealing is the t-channel mode. It has the largest cross-section among
single top channels, it is the best measured channel from experiments, and its
quantum corrections happen to be pretty small, so that, by combining the different
available corrections (QCD and EW), it could easily become one of the most
precisely predicted processes in the SM.

In this first chapter we aim to provide the pieces of information, both from a
theoretical and experimental point of view, which support these statements. The
reader is introduced to the fundamentals of Top Physics which constitute the
necessary background in order to understand the physics underlying the project
developed in this thesis and the reasons why we focus our attention on Single Top
in ¢-channel.

2.1 Top Quark Physics Overview - Theory

The framework in which nowadays Physics describes nature in its most funda-
mental aspects is the Standard Model (SM). In this theory, three out of the four
fundamental forces present in nature are unified, namely electric, weak and strong
forces. The formal framework in which the SM is formulated is that of Quantum

15
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Field Theory. In particular, the SM belongs to the category of gauge theories,
with the gauge group SU(3) x SU(2) x U(1), where SU(3) is the gauge group of
strong interactions and SU(2) x U(1) that of the electro-weak interactions. In the
following a basic knowledge of the SM will be taken for granted, and attention
will be focused directly on Top Quark Physics, which is the general area of inter-
est of this thesis!. First we review general top quark properties and interactions
in the SM. Then, we focus our attention on top quark production and provide a
list of the most recent theoretical predictions and benchmarks for top production
cross-sections. Finally, we spend the last two subsections to briefly explain the
privileged role that top quark has in probing the SM Higgs sector and many BSM
physics scenarios.

2.1.1 Top quark properties and interactions in the Standard
Model

The top quark is the up-type quark of the third family in the SM. Each family
of quarks consists of an up- and down-type quark, which have electric charge
Qup = 2/3 and Qgown = —1/3 respectively. On top of that, each family represents
a weak-isospin doublet, so that its up- down-type members have weak quantum
numbers Ty, = +1/2 and Tyown = —1/2 respectively. Quarks are charged under
the strong interactions, being triplets in the SU(3) group.

The most striking feature of the top quark is that, although this particle appears
to be point-like, its mass is huge, roughly of the order of a gold nucleus. Top
quark phenomenology is mainly driven by its large mass. Being heavier than a
W boson, it is the only quark that decays semi-weakly into a W boson and a b
quark before hadronization can occur. On top of that, it is the only quark whose
Yukawa coupling to the Higgs boson is of order one, meaning that the top quark
plays a dominant role in the running of the Higgs mass. Because of this tight
link to the electroweak symmetry breaking sector, a deep understanding of all top
quark properties, from its quantum numbers to its interactions with the strong,
weak and Higgs sectors, is a cornerstone for our understanding of nature at the
smallest distance scales. In general we can recall the following points, which are
nowadays driving searches in Top Physics.

e Accurate knowledge of top-quark mass is a fundamental input to precision
electroweak analyses.

e The Yukawa coupling of the top is proportional to the ratio m;/v, where v is
the vacuum expectation value of the Higgs boson. Since this ratio approaches
unity from below, the coupling happens in turn to be very close to unity.
Furthermore, the proportionality of the Yukawa to the top mass is in itself an

IFor the reader who might need or want to dig more in detail in the basis of the SM, we
suggest references [99], [102].
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interesting feature, since the top mass is the quark mass known with the best
accuracy. These two properties together makes the study of such coupling
a priority in top physics, since its precise measurement would provide a
stringent test of the electro-weak symmetry breaking (EWSB) sector of the
SM.

e Unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) constrains the CKM-
matrix element |Vy| to be close to one, so that an accurate measurement of
this CKM-matrix element is also very important. The extraction of |Vy| can
be achieved by studying top production and decays in the SM.

e Top physics is a possible window on Beyond-the-Standard-Model (BSM)
physics. Indeed, events containing top quarks are backgrounds to certain
new physics processes, so that a precise assessment of such background be-
comes fundamental in indirect searches for BSM particles.

In this section an overview of interactions and processes in which top quark is
involved in the SM is given, with particular attention to the use that can be made
of such processes in order to gain better knowledge of certain Standard Model
parameters and top properties. At the end of the section theoretical benchmarks
for production cross-section are reported.

Top Strong Interactions

The main production mechanisms for (anti)top quarks at hadron colliders are
through quark-antiquark annihilation and gluon-gluon fusion (see diagrams in
Fig.2.1), which both take place via the strong interaction. At Tevatron, the quark-
antiquark annihilation subprocess dominates, whereas at the LHC gluon fusion
dominates. The reason for this resides mainly in the shape of Parton Distribution
Functions (PDF). Given a collision between two protons carrying momentum Py
and P, the square of the total energy of the partonic subprocess (in the partonic
center-of-mass frame) s is related to the energy of the hadronic collision S through

s = (J?lpl + J,‘QPQ)Q ~ 2r122 P - Py = x125S. (2.1)

with 27 and z2 being the fractions of momentum carried by the two initial partons.
The threshold for tf production is of course s > 4m?. It follows from Eq.(2.1) that

s 4m?
S= s

T1xg = (22)
If we now take x; = x5 = x in Eq.(2.2), we get the condition z > 2m,/+/S. This
translates into the numerical values = > 0.05(0.025) for a v/S = 7(14)TeV LHC,
and x > 0.2 at Tevatron. Fig.2.2 shows PDFs, which contain information about
the probability of finding a given parton species with momentum fraction between
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(b) () (d)

Figure 2.1: Tree-level diagrams for strong production of ¢f pair.

x and x 4 dz. By looking at this plot, it is clear that at the LHC the gg contribu-
tion will be the dominant one, whereas at Tevatron the situation is reversed and
the qq will give largest contribution to the cross-section.

Top quark pair production can be experimentally classified according to the de-
cays of the W bosons coming from the decay of the two top quarks (see below
for more information about top decay). In the dilepton channel, namely when
both W’s decay leptonically, the experimental signature consists of two high-pp
leptons, large missing transverse energy K7 and at least two b-jets. The branch-
ing fraction is comparatively small, but the backgrounds, mostly Z+jets, are also
fairly small. This makes the dilepton channel an ideal place to obtain a very clean
sample of tf events. On the other hand, the hadronic channel, where both W’s
decay hadronically and thus the experimental signature is at least six jets, two of
them b-jets, suffers from a huge background of QCD multi-jet events. This makes
measurements of ¢f production in this channel difficult, despite the large branching
fraction. Finally the lepton+jets channel, where one W decays hadronically and
the other leptonically, has both large branching ratio and moderate background
(mostly W+jets). For this reason it is often referred to as the golden channel. Its
signature is one high pr lepton, E7 and at least four jets. In both the lepton+jets
and dilepton channel, one typically considers only decays into electrons or muons
(including those from leptonic tau decays), whereas final states with hadronically
decaying taus are experimentally much more challenging and are often studied
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Figure 2.2: HERAPDF1.5NNLO PDF evaluated at p? = 10000 GeV. The be-
haviour for 2 = m? ~ 30000 GeV is similar.

separately.

Top Weak Interactions

Top quarks also interact weakly. The charged-current weak interaction connects a
top with a down, strange or bottom quark, with an amplitude proportional to the
corresponding CKM matrix element, respectively V4, Vis or Vi, (Fig.2.3). Through
charged-current weak interaction both production and decay of top quarks can take
place, as described in the following.

= —iﬁ‘/}qv“(l )

Figure 2.3: Top weak current.

The weak production mechanism goes under the name of Single Top production,
since it allows for production of one single top or antitop in association with a
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light quark, a b quark or a W, as it is illustrated in the tree-level diagrams in
Fig.2.4. Starting from the left, the first diagram shows the W boson exchanged in
t-channel, the second one in s-channel whereas in the third one a W is produced
in association with the top.

q q q t g t
OO0 —>—
A
—— NN\
b t q b b w

(a) (b) (c)

Figure 2.4: Tree-level Feynman diagrams for Single Top production.

Even though ¢- and s-channel modes are enhanced by the Phase Space, thanks
to the presence of just one heavy particle in the final state, in general single top
topologies involve fewer jets compared to tf production, and the signal to back-
ground ratio is generally significantly smaller, so that ¢ production remains the
dominant mechanism to produce top quarks both at Tevatron and LHC.

Turning to analyse single channels, both at Tevatron and LHC, ¢-channel is the
dominant contribution, at nearly one third of the t# cross-section. The next largest
cross-section at Tevatron is from the s-channel subprocess whereas at the LHC it
comes from associated tW production. This might seem surprising because, hav-
ing two heavy particles in the final state, this subprocess is clearly suppressed with
respect to the t- and s-channel. But, at the LHC, the gluon PDF gives a strong
enhancement to this subprocess, such as to compensate the Phase Space suppres-
sion.

We observe that in the t-channel subprocess there is a b in the initial state. The
b-PDF is mostly driven by gluon radiation, meaning that the b-quarks are most
likely to originate from a splitting ¢ — bb. For this reason, the b distribution
function cannot be extracted directly from global fits of experimental data as it
happens for light quarks, but is calculated from the initial condition b(z) = 0
at u = myp and evolved to higher values of the factorization scale pgr via the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations (for an
introduction to DGLAP equations, see Chapter 3). A more detailed discussion of
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Single Top production involving a bottom in the initial/final state will be given
in Chapter 3, in the context of a comparison between the 4-flavour and 5-flavour
scheme.

Cross-section measurements for ¢-channel production have been provided both by
LHC and Tevatron, by searching for a signature given by one or more jets origi-
nating from the light quark recoiling against the top, and a b-jet plus Er from the
W decay. The main background is given by W+jets.

The tW channel has not been observed at Tevatron, due to its very small cross-
section at Tevatron energies. This mode is indeed challenging also at the LHC,
since it interferes at Next-to-Leading-Order (NLO) in QCD with top quark pair
production. Some methods have been implemented in current MC generators to
allow an unambiguous signal definition. According to the decays of the two W-
bosons, this channel can be studied via different final state signatures: dilepton
channel, where both W decay into a charged lepton and a neutrino, or in the
lepton-jets channel, where one of W decays into lepton and neutrino, while the
other one decays hadronically into jets.

Finally, the s-channel has never been observed individually at Tevatron, since only
a combined ¢- plus s-channel cross-section has been measured. At the LHC, despite
the small cross-section, this channel is interesting for indirect searches of various
new physics models and an initial search has already been carried out by the AT-
LAS collaboration. The final state signature is given by a b-jet plus either a lepton
and F7 if the W decays weakly or by additional jets if the W decays hadronically.
Backgrounds include mainly W+jets, QCD multi-jet production and ¢ production.

Top decay is illustrated in Fig.2.5.

Figure 2.5: Top quark decay into quark and W boson.

The top quark decays almost exclusively as ¢ — bW. Since |Vip| > |Vial, |Vis|, the
decays t — W (d, s) are strongly suppressed. At NLO QCD, the total width of the
top quark T'; depends on four parameters, namely Gr, m¢, my, |Vip|. A top mass
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of 172.5 GeV gives I'; = 1.33GeV, whose inverse gives a lifetime 7; ~ 5 - 107%s.
As it will be discussed further in this Section, such short lifetime implies that
top quark decays before it can hadronize, so that toponium tt bound state cannot
form.

The branching ratios for the decay of the top quark into light quarks s,d are
strongly suppressed in the SM (BR(t — W's) ~ 0.2%, BR(t — Wd) ~ 0.005% ).
Given the unitarity of the CKM matrix, the denominator of the ratio R defined as

R Vi |?
[Vio|? + [Vis|? + [Via]?

(2.3)

is equal to 1. Thus, if unitarity of the CKM matrix holds, a measurement of
R provides constraints on |Vi|. Measurements of R at the LHC will be briefly
discussed in the next subsection, dedicated to measurements of properties of top
quark.

2.1.2 Role of QCD in theoretical predictions and bench-
marks

The increasing precision of experimental measurements in top physics introduces
now a new challenge also on the theory side. Let us take the clearest example,
namely inclusive cross-section for ¢¢ production. The most precise measurements,
listed in Fig.2.13a, have reached an unprecedented precision of ~ 4.5% which,
as underlined in [33], challenges the current theory benchmark precision (to be
discussed in a while). For top quark weak production, the scenario is slightly
different. Experimental precision is still quite larger then theoretical one even in
t-channel, which is the best measured among the three weak production modes
(see Fig.2.15a). The situation is expected to change in the future though. With
the LHC Run III, thanks to the higher energies and increased luminosities, exper-
imental error bars will decrease, even for difficult topologies like single top ones.
Given this picture, if a meaningful comparison between theory and experiments
is to be done, theoretical predictions for both signal and background processes
need in turn to be updated with increasing precision. Within the framework of a
perturbative approach to the SM, this means taking into account quantum correc-
tions at higher orders in the expansion around the coupling constants. Being the
LHC a proton-proton collider, and being, at the LHC energies, the strong coupling
constant « larger than the electromagnetic and weak ones, the most significant
enhancement in precision is given by QCD corrections.

While the details of how a cross-section for an hadron-initiated process is computed
will be given in the next chapter, we provide here a list of theoretical benchmarks
for top production mechanisms.

With top pair production being the dominant production mode at the LHC, efforts
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of the theory community have concentrated mainly on this process, so that it is
now one of the most precisely predicted LHC standard processes. The NLO-QCD
(O(a?)) corrections are known since more than 20 years [97], [98], [17], the mixed
QCD-weak corrections of O(a2a) were computed in [16], [23], [25], [24], [85], [86],
and the mixed QCD-QED in [79]. There are also calculations of ¢ production at
NLO-QCD which include the top quark decays and the correlations between pro-
duction and decay, such as the information on the top quark spin. These results
have been obtained in the narrow-width approximation for top quarks produced on
shell ([21], [22], [91], [26], [39] ). The NLO-QCD differential cross sections for the
production of ¢ in association with 1 and 2 extra jets are available [57], [58], [92],
[90], [27], [28]. Probably the most notable progress is, in 2013, the first complete
calculation of the inclusive and fully differential top-pair cross-section at NNLO-
QCD, reported in [54], where it was also directly supplemented with the previously
computed Next-to-Next-to-Leading-Log (NNLL) resumed result (see references in
the original paper [54]). The results for the LHC cross-section at NNLO-NNLL as
a function of the center of mass energy are plotted in Fig.2.6, together with ex-
perimental measurements at 7 and 8 TeV. More recently, results have also become

Theory (scales + pdf)
Theory (scales) ——I
300 - CMS dilepion, 7TeV ——
ATLAS and CMS, 7TeV ——
ATLAS, 7TeV —+—
CMS dilepton, 8TeV »———

250

Gyor [PD]

200 r

PP _s tt+X @ NNLO+NNLL
My,,=173.3 GeV

) MSTW2008NNLO(68cl)
6.5 7 T 8 8.5
vs [TeV]

150

Figure 2.6

available for the approximate N3LO (NNNLO) top pair cross-section. For instance
the NNNLO soft-gluon corrections have been released in [84] during 2014, and in
2015 a N3LO approximated cross-section has been obtained in [96] by matching
two contributions computed respectively in the high- and low-energy limit.

Computations for Single Top cross-section are instead in a less advanced stage,
even though theoretical results for single top quark production are available at
an ever increasing level of sophistication. These include NLO-QCD and EW pre-



24 CHAPTER 2. TOP PHYSICS

dictions in four- or five-flavour scheme for both stable ([31], [117], [74], [15]) and
decaying ([40], [], [43], [41], [101], [103], [61], [60]) top quarks, resummations ([83],
[82], [126]) and fixed order computations matched to parton shower ([64], [65],
[62]). Focusing on NLO-QCD corrections, it is interesting to note that they are
small, of the order of a few percent, for the ¢-channel production. On the other
hand, they are large for the s-channel, of the order of fifty percent, both at Teva-
tron and LHC. Finally, corrections to tW associated production are known to be
moderate at both colliders [43]. In this panorama, the most striking and up-to-date
result is the numerical computation, achieved in 2014, of the bulk of NNLO-QCD
corrections to ¢-channel single top production ([36]). The numerical approach has
made it possible to address both the NNLO inclusive and fully differential cross-
section. Setting the renormalization and factorization scales p = my, it is found
for inclusive single top t-channel production that

e 0/9 = 53.8pb,
o oNLO = 55.1pb,
o oVNLO = 54 2pb.

It is interesting to observe that NLO and NNLO corrections are of the same order
of magnitude, namely a few percent. This confirms that in the case of Single Top
production too it is worth the effort to go beyond NLO. For a more detailed dis-
cussion and interpretation of these numbers, and for the complete list of numerical
results, including ¢-channel anti-top production and transverse momentum distri-
butions, we refer the reader to the original paper (above-mentioned).

2.1.3 Top quark and Higgs boson

As already mentioned briefly, the top quark is closely related to the detection and
study of the Higgs boson, mainly because of its large mass. The paragraph that
follows is dedicated to describe the topic more in detail.

As a loop-particle, the top quark plays an important role in electroweak preci-
sion analyses, as we briefly illustrate in the following. There are five independent
SM parameters (including gauge, matter and Higgs sectors) : the three gauge
couplings g¢,,9,9’, respectively related to strong, and electro-weak interactions, the
Higgs vacuum-expectation value v and the Higgs self-interaction coupling A\. At
tree-level the independent quantities reduce to just three, g, ¢’, v, which are related
to three very well measured quantities by

1 929/2
= EgQ + g/2

Qem



2.1. TOP QUARK PHYSICS OVERVIEW - THEORY 25

1
V202
1
My ==+ 92 + 9’2. (24)
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From these three quantities all other electroweak quantities can be predicted at
tree-level, including the well known relation between the W mass and the Z mass,
a and G, Eq.(2.5).

Gr =

1 1 Ao
Mz =g =-MZ (14 1 - ——— 2.5
W=y 27 V2Gr M2 (25)
Eq.(2.5) can then be reformulated as
V2GF) M
M2, = TOV2GE) o in2 gy =1 - Miv 2.6
W T einZe, W M2 (2:6)

Eq.(2.6) holds at tree-level, but when one wants to go at one loop , the presence of
an extra term Ar, which takes into account one loop corrections, modifies Eq.(2.6)
into

ma/(V2Gr)

M2 =V eTr)
W sin? 0., (1 — Ar)

2.7)

The contribution of top quark to Ar is given through the tb-loop in the W self-
energy and the ti-loop in the Z self energy (see diagrams in Fig.(2.7)).

b
WWAMCM A 4
t

(a) (b)
Figure 2.7

By computing 1-loop diagrams in Fig.(2.7), one obtains the expression Eq.(2.8).
3Gpmt2 1
8\/571'2 tan? Ow '

In the same way, also the Higgs boson gives its contribution Eq.(2.9) to the 1-loop
correction Ar through the diagrams in Fig.(2.8).

(AT)4op =~ (2.8)
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Figure 2.8

The resulting contribution (Ar)psges is given by

11GFM% cos? Oy m%

A iggs == .
(Ar)nigg 2avar: M2

(2.9)

By inspection of Eq.(2.8), (2.9), we see that the main contribution is given by
the top loop, whose expression depends quadratically on m;, whereas the Higgs
loops only contribute a logarithmic dependence on mp;iges. Nonetheless, both
these heavy particles contributions to Ar have to be taken into account in order
to predict Mz at 1-loop, implying that, at this perturbative order, there are five
independent SM parameters , namely e, Gr, Mz, my, my. These relations can
also be used the other way around, namely to predict my starting from precise
measurements of aem, G, Mz, my, My,. This explains how electroweak analyses
can produce an estimate for the mass of the Higgs boson. Needless to say that, the
more accurate the input parameters are, the narrower will be the range the Higgs
boson mass will be constrained to. This is one of the main reason why an accurate
measurement of the top quark mass is important in the context of precision tests
of the Standard Model.

Top and Higgs are also strongly related from the point of view of Higgs boson
production through processes mediated by the strong interactions. Such processes
are Higgs production in association with a tt pair and gluon fusion. The former
is obtained by remembering the Yukawa couplings of the Higgs boson to fermions
Fig.(2.9), which allows for radiation of an extra Higgs from a top or antitop in
diagrams contributing to ¢ production (Fig.2.1). The latter is instead a process
initiated by two gluons which, through a quark loop, produce a Higgs in the final
state, as illustrated at tree-level in Fig.2.10.

While associated production with a tf pair is suppressed by the presence of three
heavy particles in the final state, gluon fusion happens to be the dominant Higgs
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Figure 2.9: Yukawa coupling of the Higgs boson to fermions.
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Figure 2.10: Higgs production via gluon fusion.

production mechanism at the LHC, as can be seen in the theoretical predictions
shown in Fig.2.11. In the gluon fusion process, the role of top quark is dominant.
In principle, any type of quark can circulate in the fermion loop, but since the
Higgs coupling to fermions is proportional to the squared mass mg of the fermion,
contributions from lighter quarks propagating in the loops are suppressed propor-
tionally to m?l. The main role is then acted by the top quark circulating in the
loop. The leading top quark contribution can be evaluated, with a good approx-
imation, in the limit m; — oo, by matching the Standard Model to an effective
field theory where the amplitude is evaluated from an effective Lagrangian which
describes the point-like effective coupling of the Higgs to the gluons. The role of m;
remains of great importance in this scenario, since, in order to assess the validity of
such effective approach, the effective result is to be compared with approximated
calculations of the m; dependence based on asymptotic expansions. Gluon fusion
is the theoretically best known channel among those contributing to Higgs pro-
duction. Fixed order analytical QCD corrections are available up to NNLO and
since 2015 up to NNNLO (computed by summing the first 37 orders of the thresh-
old expansion of the cross-section, see [6]). Electroweak radiative corrections are
computed at NLO, whereas virtual corrections are available up to 2-loops. Also
mixed QCD-electroweak corrections at order O(aas) have been calculated. QCD
corrections at NLO and NNLO have been improved through the matching to the
results which takes into account the resummation of soft-gluon contributions at full
next-to-next-to-leading logarithmic (NNLL) accuracy. References can be found in
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Figure 2.11: The SM Higgs boson production cross sections as a function of the
hadronic center of mass energy,/S, for pp collisions. Bands indicate theoretical
uncertainties.

[99].

Given its sensibly smaller cross-section at the LHC, the state of the art for Higgs

associated production with a tf pair is much less advanced. Currently, NLO QCD
corrections and interfaces between NLO QCD and parton-shower Monte Carlo are
available for this process (references are given in [99]). These programs provide,
up to now, the most flexible tools for the computation of differential distribution,
of pp — ttH, including experimental cuts.
Both gluon fusion and production in association with a tf pair, can provide im-
portant information on the top-Higgs Yukawa coupling. As already mentioned,
one striking feature of the SM Higgs boson is its strong coupling to the top quark
relative to the other SM fermions. Based on its large mass, the top-quark Yukawa
coupling is expected to be of order one. Since the top quark is heavier than the
Higgs boson, its coupling cannot be assessed by measuring Higgs boson decays
to top quarks. However, this coupling can be experimentally constrained through
measurements involving the gluon fusion production mechanisms, assuming there
is no physics beyond the SM contributing to the loop. On top of that, the top quark
Yukawa coupling can be probed directly through a process that involves both a
Higgs and top quarks explicitly reconstructed via their final-state decay products.
Htt associated production satisfies these requirements, so that a measurement of
the rate of Htt production provides a direct test of the coupling between the top
quark and the Higgs boson.
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2.1.4 Top physics as a window on Beyond-the-SM physics

We recap very briefly the BSM scenarios that have been explored up to now with
processes involving (anti)top quarks. Since it goes beyond the purpose of this
thesis and given the proliferation of BSM models and searches, we do not report
directly bounds found by experiments at Tevatron and mainly at LHC in single
searches, but refer the reader to [111], where all bounds are listed and explained
in detail.

e tt invariant mass distribution - Many extensions of the SM predict new in-

dejdi,, [pb/bin]

nly |

teractions, leading to new particles that would decay predominantly into ¢
pairs and may then show up, in the simplest scenario, as resonances in the
top quark pair invariant mass distribution. New particles coupling predom-
inantly to top quarks could be realized in many different ways. They could
be spin-0 scalars or pseudo-scalars in supersymmetric (SUSY) or Two-Higgs-
Doublet (2HDM) models, as well as spin-1 vector or axial-vector particles,
for instance a leptophobic topcolor Z’ boson. The shape of the tt invariant
mass distribution is studied separately in the low-energy (below 1TeV) and
high-energy (above 1TeV) regime, since for large masses, the top quarks de-
cay products tend to be collimated and a dedicated reconstruction algorithm
is necessary. In Fig.(2.12), the shape at Tevatron (left) and at LHC 7 TeV
(right) are shown.
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Figure 2.12: Left plot: Tevatron results for the invariant mass distribution My for
top quark pair production at NNLO accuracy. Right plot: NNLO cross-section for
the production of single top quarks at the LHC 7 TeV, as a function of the cut of
the pr of the top quark.
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o Flavour changing neutral currents (FCNC) - In the SM at tree-level FCNC

are forbidden, and also at loop level are suppressed with respect to the dom-
inant decay mode. Interestingly, many SM extensions allows for tree-level
FCNC, which is translated into increased predicted branching fractions for
FCNC decays of top quarks. Such extensions can be for instance 2HDM,
MSSM (minimal supersymmetric Standard Model), topcolor assisted tech-
nicolor, super-symmetry with R-parity violation. The privileged process for
searches of upper bounds on the branching fractions BR(t — ¢v), BR(t —
qZ),BR(t — qg) is Single Top production. Since, in particular, the decay
mode t — qg is very difficult to disentangle from the QCD multi-jet back-
ground, a first dedicated search was also presented by ATLAS for anomalous
Single Top production qg — t — bW, where better sensitivity should be
achieved for the anomalous coupling gg — ¢.

Anomalous Er in tt production - In some models like SUSY models with R-
parity conservation and little Higgs models, partners of the top quark with
masses below around 1TeV appear. In such scenarios, pair-produced exotic
top partners T'T can decay each into an ordinary top and a neutral weakly
interacting particle Ao, thus giving rise to the final state TT — ttA,A,.
From the point of view of experimental detection, this final state has the
same signature as a normal tf production, but with increased missing Zr.
A first search for such a final state has already been performed by ATLAS.

Same sign top quark pair production - Some models predict FCNC in the
top quark sector mediated by the ¢-channel exchange of a new boson Z'.
This type of interaction would also give rise to same-sign top quark pair
production.

Charged Higgs production - In 2HDM or SUSY models the existence of light
charged Higgs boson H? is predicted. Such particles can be produced for
instance in the decay of a quark top, through the t — H+b or t — H™b,
with subsequent decay of the charged Higgs bosons H* — 7v,. Searches
have been performed using both top pair production and Single Top events.
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2.2 LHC as a top factory, experimental ‘state of
the art*

This section is dedicated to give an overview on precision top physics at the LHC
from an experimental perspective. In the entire section, particular emphasis is
put on top production mechanisms, especially on the weak production of single
(anti-)top, which represents the subject of this thesis.

The section is divided into two parts. In the first subsection we review the ex-
perimental successes in measuring top quark production cross-sections achieved
thanks to the high energies available at the LHC. In the second part of the sec-
tion, we report up-to-date measurements of some SM observables related to Top
physics which can be indirectly extracted in experimental searches. In particular
we address measurements of top quark quantum numbers and of the CKM matrix
element |Vp|.

2.2.1 LHC experimental benchmarks: top quark production

Measurements for tt cross-section.

As it was already mentioned in the previous section, the strong interaction mediates
the leading production mechanism for top quarks, which reads pp(pp) — tt at
LHC(Tevatron). The final states for pair-production at leading-order in QCD,
can be the following (where the quarks in the final states evolve then into jets of
hadrons):

1. all-jets channel : tt — Wb W~b — q7'b ¢"q"'b,
2. lepton+jets channel : tt — Wb W=b — q@’b 1~ b+ 11 vb ¢"'q"'),

3. dilepton channel : tt — Wb W~=b— 11, bl'ty b.

Although the symbol [(I) refers in general to a lepton(anti-lepton), so that it could
be e, i or 7, most of the analyses distinguish the e and p from the 7 channel, which
is more difficult to reconstruct. Otherwise, in the following, the symbol [ and the
generic word ‘lepton’ will refer to the leptonic flavours e, u, unless specified. The
reason why 7 leptons are more challenging is that they have a very short lifetime
(approximately 2.9 - 10713s), so that most of them decay before leaving the beam
pipe. They decay either leptonically into a lighter lepton (e or u) and the corre-
sponding flavour neutrino (BR ~ 35%) or into hadrons (BR ~ 65%). Since the
cross-section for the production of hadronic jets is much larger than the one for
the production of jets coming from 7 leptons, the challenge lies in rejecting the jets
faking 7 candidates. When the 7 leptons decay leptonically, this is usually counted
as signal in the dilepton or lepton+jets final states. Dedicated analyses are instead
carried out for hadronically decaying taus. In this case, two kinds of analyses are
usually distinguished. On one side, there is the dilepton channel with one 7, where
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both W bosons decay leptonically, one into a light lepton e or i and the other one
into a 7, the last one giving then rise to hadrons (hadronic 7). On the other side,
also the 7+jets case is considered, where one W boson decays directly hadronically,
and the other one leptonically into a hadronic 7. Analyses involving hadronic 7
leptons, as well as the all-jets channel are so difficult obviously because of the huge
QCD multi-jets background. Finally, it must be stressed that the number of jets
in the final state could be actually greater than the number of quarks listed in the
final states above, due to QCD extra radiation that can possibly lead to extra-jets.
The most precise results are thus provided by the dilepton and in particular the
lepton—+jets channels, because of the best ratio between signal and background.
The production of top pair has been observed since the discovery of top quark,
both at Tevatron and LHC. The first measurements were made during Run I
at Tevatron at v/S = 1.8TeV and then made more precise during Run II at
VS = 1.96TeV. Finally, since beginning of 2010, measurements have been taken
at LHC at v/S = 7TeV and VS = 8TeV. It is interesting to measure the to-
tal production cross-sections in all possible final states, since the impact of new
physics could affect different channels in different ways. Indeed, all possible final
states involving leptons, jets and missing transverse energy have been measured by
the two colliders, except for final states involving two hadronically decaying taus
[33]. The results are in agreement with benchmark theoretical predictions, which
will be in turn discussed in the following. We report the most up-to-date and
precise measurements, which come from the LHC experiments ATLAS and CMS,
stressing that the measurement of top pair production, because of its final state
involving essentially all physics objects and thus being so complex, represented a
major milestone achieved in the LHC Run I and Run II program. Experimental
results are shown in Fig.(2.13a), (2.13b), (2.14a), (2.14b). The first important fea-
ture, visible in all plots, is the striking accord between measurements and theory
predictions, regardless of the final state channel in which the analyses are per-
formed. The worst experimental performance is, as already anticipated, in all-jets
and T+jets channels, but also in this case measurements and theory are compatible
(see Fig.(2.13b)). Such accord between theory and experiments provide a stringent
test of the SM and in particular of our theory of strong interactions.
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Figure 2.14: Summary of measurements of the top-pair production cross-section at
8 TeV compared to the exact NNLO QCD calculation complemented with NNLL
resummation. The theory band represents uncertainties due to renormalisation
and factorisation scale, parton density functions and the strong coupling.

In Fig.(a) results quoted at m; = 172.5GeV, whereas in Fig.(b) at the current
world average m; = 173.5GeV.
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Measurements for Single Top cross-section.

At the LHC, single top in t-channel and Wt production have been observed,
whereas only an upper bound has been put on s-channel cross-section. Though
for single top topologies the signal to background ratio is generally less favourable
than for top pair production, at the LHC such ratio is enhanced with respect to
Tevatron.

The cleanest signature belongs to t-channel, where a light quark jet recoils against
the top quark, which decays in turn into a W and a b, thus originating a b-jet.
The W can decay either leptonically, thus originating an isolated lepton and miss-
ing energy or hadronically, thus giving rise to additional jets. The signature of
t-channel requires then at least two jets, among which one has two be b-tagged,
and missing energy plus an isolated lepton in case of a leptonically decaying W.
The tW associated production is particularly challenging, since at NLO-QCD it
happens to share with ¢ the same final state, so that the two processes can in-
terfere and also on a theoretical level it is not clear how to define the signal. To
overcome this problem, two schemes have been proposed to define the tW signal in
[120], [65]. The final states classification is indeed the same as for top pair produc-
tion, namely dilepton, lepton-+jets, all-jets. Finally, concerning the s-channel, its
signature is characterized by one charged lepton, missing energy and two b-tagged
jets. At present, it has never been measured directly at Tevatron, and the LHC
experiments only managed to put an upper bound, as can be seen from Fig.2.15b.
Due to the huge background to single top topologies composed mainly by QCD
multijets, W+jets, tt, Z+jets, Drell-Yan, ATLAS and CMS used, on top of usual
cut and count analyses, also Neural-Network (NN) and Boosted Decision Tree
(BDT) analyses, in order to increase the efficiency in extracting the signal from
background (see [109]).

To conclude the discussion about experimental benchmarks, we would like to men-
tion, without entering into details, two recent major achievements.

e The recently claimed observation at the LHC ([112]) of ¢#W and {tZ asso-
ciated production, which are of fundamental importance to test top quark
electroweak couplings.

e The possibility to measure, thanks to the great abundance of top quarks
produced at the LHC, not only inclusive cross-sections, but also differential
distributions dosz/dX and do/dX, where X is some relevant quantity de-
scribing the kinematics of the top(anti-top) or the ¢t system. Differential
distributions provide even more stringent tests of QCD, can be used to val-
idate the Monte Carlo models and finally provide an interesting framework
for the detection of new physics, which could manifest itself in deviations
from the expected SM shape of the distributions. Further information can
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be retrieved in [55], [111].
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Figure 2.15: (a): Summary of the ATLAS and CMS Collaboration measurements
of the single top production cross-sections in the t-channel at 8 TeV. The mea-
surements are compared to a theoretical calculation based on NLO QCD comple-
mented with NNLL resummation computed assuming a top mass of 172.5 GeV.
In the lower part, best measurements are reported.

(b) : Summary of ATLAS and CMS measurements of the single top production
cross-sections in various channels as a function of the center of mass energy. For
the s-channel only an upper limit is shown. The measurements are compared
to theoretical calculations based on: NLO QCD, NLO QCD complemented with
NNLL resummation and NNLO QCD (t-channel only).
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2.2.2 Measures of top properties and SM observable from
Top physics

Top quark mass, spin and charge.

The top mass is the best measured property of top quark, since, as it will become
clear in the rest of this section, it has a fundamental role in precision tests of
the Standard Model. Since the dominant and most precise measured cross-section
both at LHC and Tevatron, is tt pair production, usually measurements of m; are
extracted from this process. Nonetheless, it is worth mentioning that thanks to
LHC high energies and thus increased number of events, a first attempt to extract
m; also from a combined signal of ## and ¢-channel Single Top data has recently
been done in [59]. Restricting attention to the ¢t production, the lepton+jets chan-
nel yields the most precise measurements because of its good signal to background
ratio and the presence of a single neutrino in the final state.

The combination of both LHC and Tevatron analyses ([1]) gave the most up-to-
date value of m; = 173.34 £ 0.76, where m, is the parameter which identifies the
top mass in the Monte Carlo simulator used to extract the measurement. One
open theoretical issue regards the interpretation of such result , since the MC
mass, namely the parameter used in the Monte Carlo to identify the top mass, is
not a renormalized field theory mass and it is not even clear how it is related to the
top mass as defined for instance in the MS or in the on-shell scheme. Discussion
of such topic goes beyond the scope of this text, but the interested reader might
find out more in [78].

To conclude the discussion about top mass, it should be mentioned that another
possibility, which allows to by pass this interpretation issue, is that of extracting
my from the measured cross-section using the theoretical relation between the mass
and the production cross-section. Such possibility has been widely explored and
some references can be found in [99].

Thanks to its huge mass, and consequently its very short life time (' ~
(1.5GeV) 1), the top quark is the only quark which decays before its spin can be
flipped by the strong interactions. Indeed, the evolution of a heavy quark produced
with definite spin in a high-energy hadronic collision, can be roughly explained as
follows. After a time-scale of O( éch) (with Agep =~ 200MeV) after it has
been produced, the heavy quark is likely to pick up a light quark of opposite
spin from the vacuum and hadronize into a meson. The interaction between the
two opposite spin brings the meson into a spin-zero state after a typical time of
O((A?QCD/mQ)*l), being mg the mass of the heavy quark. This implies that
after this typical time, the heavy quark is depolarized. Given the value of my,
one can see that top quark actually decays before the depolarization mechanism
comes into play, so that its spin is observable in the angular distribution of its
decay products.

In tt production, and in general in unpolarized QCD reactions, top quarks are
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produced unpolarized. The argument is very simple and makes use of parity
being a symmetry of QCD to show that, if the initial partons are unpolarized
(namely the pp collision is unpolarized), then the probability to produce positive-
helicity or negative-helicity top quark must be the same, namely top quarks cannot
be produced polarized. Despite all this, the spin of the ¢ pair are correlated,
which can be translated by saying that the rate for opposite-helicity ## production
is greater than that of same-helicity ¢¢ production. Spin correlations have now
been conclusively measured at LHC by both ATLAS and CMS. In gluon fusion
production mode, the angular distribution between the two leptons in tf decays
to dileptons is sensitive to the degree of spin correlations (see references given in
[99]).

On the other hand, when the top quark is produced via the weak interaction, it is
100% polarized and its spin orientation stays encoded in the angular distribution of
its decay products. Therefore, observables which are sensitive to such information
can be designed and directly measured. Focusing attention on ¢-channel Single top
production, one possibility is given by the forward-backward asymmetry A in the
top quark rest frame, which is defined by

N (cos@l(f;p) > 0) - N (cos@l(f;p) < 0) 1P 210)
= —1rqq. .

N (cos@l(fqop) > 0) + N (COSgl(qup) < O) 2

A:

The angle QZ(tqo ?) is the angle between the lepton coming from top decay and the
light quark produced together with the top quark. The polarization P; denotes
the alignment of the top quark spin with the light quark momentum, whereas the
spin analysing power «; quantifies the alignment of the lepton with the top-quark
spin. Theoretical expected values for these quantities are P, = 0.98 and a; = 1.
The most up-to-date measurement from CMS is based on data recorded during pp
collisions at v/'S = 8TeV at the LHC and yields P, = 0.82 4+ 0.34 and o = 1.

The top quark charge is +2/3e in the SM or —4/3e in some exotic models, such
as Mirror Quark Doublet Models ([52], [50], [51]). Top quark is the the only quark
whose electric charge has not been measured through production at threshold in
eTe™ production. Luckily, its charge can be inferred from its decay products.
However, this is not straightforward, due to the fact that the original top charge
gets ‘diluted’ in the case where the quarks coming from its decay hadronize into
jets and also the charge observed in the decay products has to be matched to either
at top or an antitop. Measurements at the Tevatron have excluded the hypothesis
that the top has an exotic charge of —4/3e at the 95% CL. In the same way, ATLAS
and CMS presented measurements of the top charge in the lepton+jets channel
(tt production mode) and the exotic —4/3e charge could be excluded with high
significance by both of them. Another possibility to access the top quark charge is
the measurement of the cross-section of the production of top pairs in association
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with a photon, which is clearly sensitive to the electromagnetic coupling of the
top. The cross-section for ¢y production, thanks to the enhancement due to the
presence of a =y in the final state, is already accessible during Run I at the LHC,
namely for energies of V.S = 7TeV (ATLAS already presented a first measurement
of such cross-section at the LHC). However, more detailed tests of the couplings
at the tty vertex are only possible with larger integrated luminosities.

For further information and references about the top quark properties discussed
above and other properties that can be measured in the context of a Standard
Model top quark, we redirect the interested reader to [111].

CKM matrix element [Vip|.

In the SM, the CKM matrix is predicted to be unitary. Once the unitarity of
the CKM matrix is assumed, a measurement of the ratio R defined in Eq.(2.3)
provides a direct measure of the CKM matrix element |V;|. The quantity R can
be measured by measuring the probability of a top quark to decay into a W and
a first, second, or third generation quark. In other words,

BR(t — Wb)

= BR(t — Wq)’

with BR(t — W¢q) = BR(t — Wd) + BR(t — Ws) + BR(t — Wb),
(2.11)

so that a measurement of R boils down to measuring the branching ratios BR for
the possible decay channels. This can be achieved by studying the decays of top
quarks produced in pair via the strong interactions, or singly produced via the
weak interaction modes. We report in the following values obtained by the LHC,
with data collected at v/S = 8TeV.

In tf production, CMS measures R = 1.02370055 and R > 0.945 at 95% C.L., by
comparing the number of events with 0,1,2 tagged b-jets in the lepton+jets channel
and also in the dilepton channel.

In single top production, at the LHC only the ¢-channel and the Wt associated
production are accessible, and a measure of |V;p| is extracted for each of these
channels separately. In the ¢-channel, whose cross-section at the LHC is more than
three times as large as s-channel and Wt combined, ATLAS find |V;;| = 1.0470 1,
with V3| > 0.80 at 95% C.L. We stress that a significant discrepancy of R (or
equally |V|) from unity would imply space for BSM physics, but all measurements
performed at LHC up to now are in very good agreement with the SM predictions.



Chapter 3

pQCD and CC-DIS

3.1 Basics of perturbative QCD

In this section the basic notions of the theory of strong interactions (QCD) are
presented. First the QCD Lagrangian and corresponding Feynman rules are in-
troduced. Then, within the framework of perturbative QCD, we introduce the
formula that allows to compute the cross-sections for hadron-initiated processes.
Finally, we review the current panorama of QCD fixed-order predictions.

3.1.1 QCD Lagrangian, quantum numbers and Feynman rules

Strong interactions are described by a SU(3) Yang-Mills theory with n; quark
fields transforming in the fundamental representation of the gauge group. The
degree of freedom associated to the SU(3) group is called color, so that, in a more
general non-abelian theory with gauge group SU(N,), the quarks will carry color
index a with a = 1, ..., N.. The QCD Lagrangian can be written as the sum of two
pieces

L=Le+ Ly (3.1)
L4 and L, include respectively the quark and gluon kinetic term. In addition to

that, £, describes the interaction of quarks with gauge fields whereas £, the gauge
fields self-interactions. These two sectors take the following form

Ly = Pa(i(D)ab — m)s (3.2)
Ly = —%Tr(FX”F,f‘V% (3.3)

41
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where the trace is in color space and % is the fermion field in the fundamental
representation of SU(N,). The covariant derivative ) and the gauge field strength
F are defined as

(D)ab = V" 0ubab — igs1" Gt (3.4)

7
Fh, = p [Dy, Dy] = (0,G; — 0,GJ + g fAPCGIGE ) t4. (3.5)
The fABC are the structure constants of SU(3). They are defined through the
commutators of the generators ¢t of the group (first definition in Eq.(3.6))

[t4,¢P] = if4B%c, T [t*] = Tro. (3.6)

The second definition in Eq.(3.6) gives instead the normalization of the trace of a
product of generators, which is commonly chosen to be Tg = 1/2. The main dif-
ference with the theory of electromagnetic interaction (QED) and more in general
with abelian gauge theories is given by the presence of the term g; fABCGf G,
which has to be inserted in order to preserve the gauge invariance of the theory
under local SU(3) transformations

Y — €00 @tanqy (3.7)

GO0 _y (i0P @)t” (Gctc B iauec(x)tc> 0" (@)t"
Js

where §¢(x) are eight arbitrary real functions of the space-time position x. Such
non-abelian term in the Lagrangian is responsible for the self-interactions of gluon
fields.

Perturbation theory applied to QCD relies on the idea of an order-by-order expan-

2
sion in a small coupling as; = Z—;’r < 1. In this framework, some given observable
f, can then be predicted as

f=fo+ fias+ faal + fsad + ... (3.8)

where one might calculate just the first one or two terms of the series, with the
understanding that remaining ones should be small.

The principal technique to calculate the coefficients f; of the above series is through
the use of Feynman diagrammatic (or other related) techniques. The interaction
vertices arising from the QCD Lagrangian, are reported in Fig.3.1. It is well known
that in order to perform perturbation theory with the Yang-Mills Lagrangian
Eq.(3.1), (3.3) one needs to choose a gauge. As a consequence, a gauge fixing
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Figure 3.1: Feynman rules of QCD.

term and a ghost Lagrangian enter Eq.(3.1), (3.3). The final QCD Lagrangian
thus reads

ACQCD =L+ Egauge—f’i:cing + Eghost- (39)

There are different possible choices for the gauge fixing and ghost Lagrangian, but
we limit ourselves to quote the two most popular classes of gauge fixing. The most
commonly used gauges are the so-called covariant gauges, defined by

1
Egaugeffixing = _ﬁ(aMGZ)27 ‘Cghost = 3#(77G)T (ngnb) ) (310)

where A is an arbitrary gauge parameter and 7 is a complex scalar field in the
adjoint representation which obeys Fermi statistics. In a covariant gauge the gluon
propagator is given by

i PupP
A = 5% (=g (1= N2E2). (3.11)
p p
which becomes particularly simple for the Feynman gauge choice A = 1. Another
convenient choice are the so-called azial gauges, defined by

1 2
‘Cgauge—fi:cing = _ﬁ (HHGZ) y (3.12)
where again A is an arbitrary parameter and n an arbitrary vector. The nice
property of axial gauges is that ghost fields are not required. On the other hand,
the gluon propagator has a more complicated form

: 2 2
Py + AP )pupy
Aab _ 5abi —Gu nup _ (’I’L 122 .
p,u(p) pg gH + n-p (n . p)Q

(3.13)
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Again a simplification occurs if one chooses a light-cone gauge, defined by the con-
ditions n? = 0,\ = 0. In this gauge, the gluon propagator happens to contain
only a sum over polarization of physical states, or, in other words, only transverse
gluon polarizations (namely physical ones) propagates.

Axial gauges are usually quite useful when studying general properties and be-
haviour of QCD amplitudes, whereas covariant gauges are very convenient for real
computations. Indeed, the gauge choice we do for our NNLO computation is Feyn-
man gauge, so that we can deal with a very simple gluon propagator, but we have
to include also ghost diagrams.

3.1.2 pQCD@Hadron Colliders

Colliders like Tevatron and LHC are designed to investigate phenomena involving
high-momentum transfers (more precisely large transverse momenta), say in the
range 50 GeV to 5 TeV. It is well known that in this energy regime the QCD
coupling is small, and we would then hope to apply perturbation theory. Yet, the
initial state involves protons, at whose mass scale, m, ~ 1GeV, the coupling is not
weak. And the final states of collider events involve the presence of lots of hadrons,
which are not perturbative either. We are then faced with the problem that ex-
act perturbative methods can’t deal with low momentum scales that inevitably
enter the description of a collision, nor with the high multiplicities that events
have. Despite all this, it turns out that we are reasonably successful in making
predictions for collider events. In the following paragraphs, we briefly illustrate
the formalism that allows us to reach this goal, by explaining the structure that
QCD cross-sections' assume in such formalism and in particular how we deal with
the presence of hadrons in the initial state?.

The simplest observables in QCD are those that do not involve initial-state hadrons
and that are fully inclusive with respect to details of the final state. One exam-
ple is the total cross-section for eTe™ — hadrons, for which one can avoid caring
about the difficulties coming from the presence of hadrons in the initial state. This
cross-section, which we will address in the following simply as ¢ is formulated as a
perturbative series in as. If one aims at computing the terms of this series beyond
LO, the first conceptual issue that must be taken into account is the running of
as. Indeed, most higher-order computations are carried out within Dimensional
Regularization (see [119] for a complete treatment of DR), in order to handle the
ultraviolet divergences appearing in loop diagrams and possibly also the infra-red
divergences arising from phase-space integrations. In the process of going from 4
to d = 4 — 2¢ dimensions, one introduces an arbitrary scale p, having dimensions

n the context of this thesis, we take into consideration only fully inclusive cross-sections,
but material on the structure of differential distribution can be found in [99].

2The ideas and formalism regarding the treatment of hadrons in the final state go beyond the
purpose of this thesis but more material can be found in [110].
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[E]! in energy units, in order to keep consistent dimensions for all quantities. If
one wants to compare his theoretical prediction for ¢ with experimental data, the
dependence on such unphysical scale p has to be eliminated. This is achieved by
introducing an energy renormalization scale pg, large enough such that the cou-
pling is small, and by fixing the value of s at this new chosen scale. This can be
done by meaning of the well-known renormalization procedure, which we do not
discuss in this context since it goes beyond the purpose of this thesis®. Let us con-
sider the renormalized eTe™ — hadrons cross-section o at all orders(we maintain
the same notation for simplicity). This total cross-section cannot depend on the
conventions chosen to fix the renormalization point. This consideration allows to
conclude that o must obey a Callan-Symanzik equation Eq.(3.14).

0

g+ ﬁ(g)ﬁ} o (5 1y ) = 0. (3.14)

dg

By dimensional analysis, one can write

o= gf (é,as) (3.15)

with ¢ a dimensionless constant. Then, Eq.(3.14) implies that f depends on its
argument only through a running coupling constant o (Q?) = g2 /4, evaluated at
Q? = 5. The coupling constant g is defined to satisfy the renormalization group
equation

_d
dlog(Q/ur)

supplied by the initial condition as(pugr) = as. The S function is in turn a pertur-
bative quantity and admits thus an as-expansion

9=59), (3.16)

Blas) = —a?(bg + bros + baa® + ...). (3.17)

At this point we take the chance to make a little digression to analyse the quan-
tities the govern the running of o and how they are related to the well-known
phenomena of confinement and asymptotic freedom. Now, for abelian theories, by
happens to be negative, so that the coupling constant increases its strength with
the energy. In the case instead of non-abelian theories, the sign of by depends on
the chosen SU(N,) group, i.e. on the field content of the theory. For the particular
case of QCD, the first two coefficients of the S-function read

110A—2nf b 170%—50,471]0—30}77117
=, 1=

bo 127 2472 ’

(3.18)

3Renormalization is discussed in any standard QFT text-book, such as for instance [102]
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where C4 = N and ny is the number of ‘light’ flavours, namely those whose
mass is lower than ugr. Such terms arise from respectively the gluon and massless
fermions contributions to the gluon self-energy at 1-loop. Given N, = 3, we get
bo = %ﬁ, which implies by > 0 (and thus SB(as)1—100p < 0) if np < 33/2. Given
that in the SM, we have three generations of quarks, namely no more than six
flavours, the QCD pB-function can’t happen to be positive. On the other side, for
abelian gauge theories the situation is reversed. Since the term C4 is zero (there
are no self-interactions of gauge boson fields, so gauge bosons do not contribute
loops to their own self-energy!), the first term of the S-function reads by = —nys/3
and it is thus always negative.

Now, the QCD p-function being negative, implies that the strong coupling o be-
comes weaker at higher energies, i.e. the theory almost becomes a free theory,
in which quarks and gluons do not interact. This behaviour is commonly known
as asymptotic freedom. Conversely, at low momentum scales the coupling grows
strong, giving rise to the so-called confinement, namely quarks and gluons be-
ing tightly bound into hadrons. Such behaviour of the running of a; also tells
very clearly that a perturbative approach to QCD has a limited range of valid-
ity, namely at energies higher than a certain scale. This scale is determined by
solving the Renormalization Group Equation (RGE) EQ.(3.16) and is found to be
Agcp ~ 200MeV. This is the energy regime at which the strong coupling diverges.
In conclusion, we can say that the Callan-Symanzik or RGE equation instructs us
to replace the fixed renormalized coupling a with the running coupling constant
as(Q), with @ of the order of the hard scale governing the process in order for the
all-order cross-section to be independent on the choice of renormalization scheme.

Now, what happens in everyday life, is that we never deal with a cross-section
containing an infinite number of terms in the ag-expansion. A realistic theoretical
prediction for QCD cross-section will contain indeed only the very first terms in the
expansion. Given this, it is interesting to see what happens when we replace the
fixed renormalized coupling with the running coupling in a theoretical prediction
for the cross-section o truncated at a certain order in a,. The renormalized cross-
section at NLO can be written

onro = oro(l + cras(pr)), (3.19)

where ¢; contains both real and virtual 1-loop corrections. Given an expansion of
the running coupling

e () = 0x(Q) — 2602(Q) n (%R) L 0(d), (3.20)
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we can rewrite Eq.(3.19) as

Tsolun) =10 (1+ a0s(Q) - 2abe@n (%) + 0 ). 321

This tells us that as we vary the renormalization scale for a prediction up to
O(as) (NLO), we effectively introduce O(a?) (NNLO) pieces into the calculation:
by generating some fake set of NNLO terms, we are probing the uncertainty of the
cross-section associated with the missing full NNLO correction.

If we calculate the actual NNLO cross-section for general ppr it will have a form

onnro(pr) = oro (1 + cros(pr) + c2(ur)o? (kr)) - (3.22)

We observe then that the ¢y coefficient now depends on ppr. This is necessary
because the second-order coefficient must cancel the O(a?) ambiguity due to the
scale choice in Eq.(3.21). This constraints how ¢z depends on pp

ca(pr) = c2(Q) + 2c1bpa2(Q) In <%> . (3.23)
If we now expressed oynLo In terms of ay(Q), we would find that the residual
dependence on pr appears entirely at O(a2(Q)), namely one order further than in
Eq. (3.21). In other words, when we truncate the expansion at a given order o
and substitute the fixed renormalized coupling with the running coupling, we are
always left with a residual dependence on pg of order a1, Given this fact, a first
consideration to one can do is that the pgr dependence that affects a cross-section
at a given perturbative order a” is a probe of the impact of the missing a1 term.
On top of that, one should consider that the choice of the value for ug is totally
arbitrary. In principle, in order to obtain a realistic value for the cross-section, it
seems a sensible choice to set ur = @, where @ is the typical hard scale of the
process. But again, this is just an arbitrary choice and other choices might be
equally good. If we stick to our example and consider NLO real corrections to
ete™ — qq, namely the process eTe™ — ¢gg, the most energetic gluon that could
be produced would have energy E = /2, so maybe we should choose pp = Q/2.
On the other hand, if we consider NLO virtual corrections, in loop diagrams we
would integrate over gluon energies that go beyond @, so maybe pur = 2@ would
be as reasonable. It is clear then that the pg residual dependence translates into
an uncertainty, which inevitably affects fixed-order theoretical predictions. If we
had an arbitrarily large number of terms in the o, expansion, the scale dependence
would disappear exactly. In practice this never happens and we always deal with
a finite number of terms. As a consequence, a residual ur dependence, and thus
an uncertainty related to the choice of pg, will always affect our prediction. But,
if the perturbative series is converging, we can expect then such uncertainty to
shrink as we compute more and more terms in the expansion.
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We are now ready to move on to a more complicated case, namely cross-sections
for hadron-initiated processes.
Let us start with a very naive picture of a hadronic collision. At very high energy,
most of the collisions between hadrons will involve only soft interactions of the
constituents quarks and gluons. Such interactions cannot be treated using pertur-
bative QCD, because ay is large when the momentum transfer is small. In some
collisions, however, two quarks or gluons will exchange a large momentum pr per-
pendicular to the collision axis. Then, the elementary interaction takes place very
rapidly compared to the internal time scale of the hadron wave-functions, so that
we can think of describing this ‘hard’ collision between two of the constituents of
the colliding protons in perturbation theory.
The general underlying idea is thus that whenever we have a partonic process
governed by a typical scale @? which satisfies the condition m3?/Q? < 1, with
my, being the mass of the initial-state hadrons, we can think of factorizing the
description of our process into two parts. On one side we have the partonic hard
scattering, which takes place at a scale Q2 where o, is small and can then be
described in perturbative QCD. On the other hand, we have instead the inter-
nal structure of the initial hadron, say proton at the LHC, which is governed by
a typical scale of the order of the mass of the hadron. The coupling constant at
(’)(mi), with m,, being the mass of a proton, blows up, and we enter in confinement
regime, where we cannot use anymore the tools of perturbative QCD to describe
the internal dynamics of the proton.
Given this, the first ingredient we need is indeed the perturbative computation
of partonic cross-sections, which can be carried out at the desired order in the
as-expansion. On top of that, in order to get predictions for hadron-initiated
cross-sections, we need some other ingredient which connect the hadron- to the
parton-level description and describe the non-perturbative internal structure of
the hadron. This second ingredient is represented by Parton Distribution Func-
tions (PDFs), which cannot be computed in perturbation theory and contain the
information about the (non-perturbative) structure of the proton. The inclusive
cross-section for the production of a final state V' in the collision of two hadrons
h1, ho will then look like

oo
o(hihy = S+X) =) al(up) Z/dmldefi/h1 (21, 165) fi/na (w2, 13) X
n=0 i,
A2

OA'inerX (1‘1%25, M%, ,LL?:,SV) X (1 + O (@)) . (324)
In this expression S is the center-of-mass energy of the hadronic collision, f;/;
is the probability distribution for parton ¢ in hadron A, xz1,x9 are the parton
momentum fractions, and Sy is the set of kinematic variables describing the final
state V. The parton-level cross-section 6;;,s4+x is technically called coefficient
function and it contains all the information about the hard scattering. Last but



3.1. BASICS OF PERTURBATIVE QCD 49

not least, ug is the already mentioned renormalization scale, whereas pp is the
so-called factorization scale, whose presence we quickly motivate in the following
lines.

The majority of the emissions that modify a parton momentum are collinear to that
parton and do not depend on the fact that the parton will interact with another
parton via a hard scattering. It is thus natural to view these emissions as modifying
the proton structure rather than being part of the coefficient function for the parton
hard interaction. Technically, one uses a procedure called collinear factorization to
give a well-defined meaning to this distinction. This factorization between PDF's
and coefficient function happens through the introduction of a new unphysical scale
1 whose meaning can be understood roughly as follows: emissions with transverse
momenta above pupr are ‘hard emissions’ and, as such, they are included in the
coefficient function, whereas ‘soft emissions’ (with transverse momenta below pr)
are considered part of the proton structure description and thus they are accounted
for within the PDFs.

il ZP X

Figure 3.2: Single real and virtual QCD radiation from the initial and final state
of a generic process h.

Let us discuss a bit more in detail how this happens.
We consider a generic hard process h with cross-section o, and examine in par-
ticular the cross-section for h with an extra gluon in the final state, op44. If we
parametrize momenta as in Fig.(3.2a), we can write

a,Cp dz %
T 1—2z k%’

Ohtg = Oh (3.25)
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with kr = E'sinf ~ Ef. If we avoid distinguishing a collinear ¢ + g pair from a
plain quark (namely we measure an IR-safe observable), it is well known that the
IR divergent part of the gluon emission contribution always cancels with a related
virtual correction sketched in Fig.(3.2b) and given by

a,Cp dz %
T 1—2z k&~

Oh+V = —0Op (326)

Now let us examine what happens for the initial-state splitting, where the hard
process occurs after the splitting. In this case the momentum entering the hard
process is modified as p — zp (Fig.(3.2¢c) and we can write

a,Cr dz %
T l1—2z k%’

og+n(p) = on(2p) (3.27)

where it is assumed that o is governed by a hard scale QQ > kr, so that we can
ignore the extra transverse momentum entering o and retain only the dependence
of oy, on the longitudinal component zp. For virtual terms, the momentum entering
the process is unchanged (Fig.(3.2d)), so that the virtual cross-section reads

a,Cr dz dk‘%
—. 3.28
T 1—2 k% (3.28)

0g+n(p) = —on(p)

The total cross-section thus gets contributions two kinds of contributions, propor-
tional to either oy, (p) or o (zp).

Q> ;.2 1
Og+h +O0Vih = 2:COr / @ / de lon(2p) — on(p)] - (3:29)
T Jo ki Jo 1—2

It is important to stress that the integration over k2 has an upper bound which is
fixed by the hard scale of the hard scattering process: the approximations on which
all this argument relies are valid as long as the transverse momentum emitted in
the initial state is much smaller than the momentum transfers () present in the
hard process. The integration over z is finite because in the region of the soft
divergence z — 1, the difference of the hard cross sections o, (zp) — ox(p) tends to
zero (in presence of radiation going soft, a Born-like kinematic is recovered).

In contrast to that, the kr integral diverges in the collinear limit: the cross-section
with an incoming parton (and virtual corrections) appears not to be collinear
safe. This is a general feature of processes with incoming partons. In order to
bypass this issue, it makes sense to introduce a new scale, ur, which acts as a
cut-off in separating the perturbative region, where the hard process takes place
from the non-perturbative region to which the description of the proton internal
structure belongs. In other words, as mentioned at the beginning of the discussion
on divergences, pp separates the ‘soft’ emissions which occur at k7 < pup and are
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thus factorized into the proton structure from the ‘hard’ emissions, which occur
instead at k7 > up and belong then to the hard scattering process.

The presence of a non-integrable divergence that somehow needs to be regulated
and absorbed with a scale choice into some ‘constant’ of the theory (here the
PDFs), reminds of the renormalization for the coupling constant. The difference
are that here we are faced with a infra-red (collinear) divergence rather than with
an ultraviolet one, and that, unlike the coupling, the PDFs are not fundamental
parameters of the theory. Nevertheless, as for the coupling, the freedom in choosing
the scale entering the regularization, here pp, implies that the dependence on pp
of both PDF's and coefficient functions is fixed by a group of differential equations
which go under the name of Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
equations. They read at LO

Ofisp(x, %) as(pZ) [z T
2 i/p\ts M) s\HF (1) 2

The function Pi(i)j (2) to be convoluted with the PDF's is the first-order (LO) term
of the perturbative expansion in a, of the so-called splitting function P;_,;(z) and
can be interpreted as the probability for a propagating parton ¢ to emit another
parton and continue propagating after the emission as parton j. After LO, the
coefficient functions are also pp dependent.

The choice of factorization scale is arbitrary, but if one has infinite number of
terms in the perturbative series, the pp-dependences of the coefficient functions
and PDFs will fully compensate each other. Given only N terms of the series,
a residual O(a¥*!) uncertainty is associated with the ambiguity in the choice of
UF-

The picture that emerges from these arguments is that the generic hadronic cross-
section computed at order o) will always be affected by an uncertainty of order
a1 connected to the residual dependence on pr and g -

This is why scale variation has become a standard procedure to assess this type
of uncertainties: by convention one fixes up = purp = @, and vary then sepa-
rately up and pp in the range Q/2 < p; < 2Q. The envelope containing the
curves obtained through these variations provides the final uncertainty band due
to scale-dependence which accompanies the fixed-order prediction.

It is then clear that LO predictions for QCD observables are in general not very ac-
curate, since they are plagued by large uncertainties, coming from missing higher-
order corrections. This often results in a strong dependence of the predictions on
the renormalization and factorisation scales, and moreover in many cases , Higgs
production in gluon fusion ([73], [8], [104]) being the most famous , perturbative
higher-order corrections can be large and may completely invalidate the LO ap-
proximation. That’s why we definitely need to go beyond LO in perturbation
theory in order for our theoretical fixed-order predictions to be reliable.
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The structure and features of QCD observables discussed in the previous para-
graphs holds at all-order in perturbation theory and provide the general framework
and consistency checks for any fixed-order computation in QCD.

In the next subsection, we will dedicate some space to review the status of the
art for QCD fixed-order predictions, quoting in particular some of the most recent
and striking results.

3.1.3 Panorama of fixed-order computations results

NLO computations have been carried out over a period of about 30 years. Over the
last few years, a lot of progress has been made towards automation of such kind
of computation, and by now NLO sector has been almost completely automated.
The main difficulty, as it is well known, is represented by the fact that one has
to consider both virtual and real corrections, which are affected by different kinds
of singularities. Ultra-violet (UV) singularities affect only virtual corrections and
are removed through renormalization of the coupling, masses and wave-functions.
Infra-red (IR) singularities are instead present in both virtual and real corrections.
For inclusive cross-sections soft IR singularities cancel between real and virtual
diagrams, and the same happens to final-state collinear singularities. Initial-state
collinear singularities instead have to be factorized into the PDFs. The final phys-
ical observable must be a finite quantity, and the general requirement (for both
inclusive and exclusive observables) is that it has to be infra-red and collinear safe.
General methods exist to handle and cancel IR singularities at NLO [63],[48]. For
many years the bottleneck has been the computation of the relevant one-loop am-
plitudes, but in the last years this issue has undergone an enormous progress.
The traditional approach based on Feynman diagrams is now complemented with
new powerful methods based on recursion relations and unitarity. The general one-
loop amplitude is expressed as a sum of known 1-loop scalar 4-,3-,2-point functions
(namely bozed, triangles, bubbles), plus a finite remainder term. The coefficients
of these integrals can be computed by taking suitable multiple cuts (see [32]).
These progress led to the ‘NLO revolution’, namely the complete automation of
NLO computations, through the release of a number of general packages and codes
meant to compute automatically NLO amplitudes and/or cross-sections. Among
these tools, we cite GoSam ([122]), OpenLoops ([47]), Helac-NLO ([81]), NJet ([10]),
BlackHat ([20]), MadGraph5_aMC@NLO ([3]). Among the most recent and striking
NLO-QCD results, we quote the computation of inclusive cross-sections and some
differential distributions for Higgs production in association with up to three jets
(pp — H + 3j, [53]), five jets production (pp — 55, [11]), W production in as-
sociation with up to five jets (pp — W + 55, [19]), unified ¢ and associated Wt
production in 4F-scheme ([46]).

Even in this panorama, where NLO computations are in such an advanced stage,
NNLO calculations are still needed and become particularly useful in some specific
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cases:

e processes whose NLO corrections are comparable to LO contributions, for
instance Higgs production at hadron colliders,

e benchmark processes measured with high experimental accuracy (e.g. as
measurements from eTe~ event shape variables, W and Z production, heavy
quark hadroproduction),

e processes relevant to determine PDFs or that can hide new physics signal
(e.g. high E7 jet hadroproduction),

e important background processes (e.g. vector boson pair production).

The difficulties affecting a NNLO computation are of the same nature of those
already described for a NLO computation, namely the renormalization of UV
singularities and cancellation of the IR ones, but the patterns of renormalization
and specially of IR poles cancellation is much more involved than at NLO. Over
the last twenty years, analytical computations, with explicit cancellation of IR
singularities, have become available for inclusive cross-sections of some standard
processes: DIS structure functions ([131], [133], [132]), single hadron production
([106], [108], [107], [93]), DY lepton pair production ([72]), Higgs boson production
([73], [8], [104]). On top of this, an analytical computation for the dilepton rapidity
distribution in Drell-Yan process has been carried out in [5], by modelling the phase
space constraint with an ‘effective’ propagator. Recently, more results have been
achieved also in the computation at NNLO of cross-sections for processes which
are described by more than one dimensionless scale. We cite here some of them:

e top pair production: as already mentioned in chapter 2 ([54], 2013), both
the inclusive and fully differential cross-section at NNLO were computed
numerically and matched to the NNLL resumed result;

e diphoton production: the fully differential cross-section for pp — v+ v+ X
has been computed numerically in [49] (2011);

e photon and vector boson associated production: the next logical step after
diphoton production was the computation of pp — V 4+ v + X cross-section
where V' is either a W or a Z; parton-level amplitudes for double-virtual
and real-virtual contributions were computed over more than twenty years
in ([67], [4], [56], [42]) and the computation was finally completed with dou-
ble real parton amplitudes and numeric integration over the phase space or
double-real and real-virtual contributions in 2012 ([71]), thus yielding the
final inclusive and differential cross-sections;

e vector bosons production: the inclusive cross-section for pp — V'V’ + X has
been obtained very recently through a completely analytical computation in
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[68], [69], [77], [70] and there is at the moment work in progress towards the
fully differential cross-section.

We would like to stress that the computation of differential distributions at NNLO
is in general a formidable task and that a lot of effort has been done in understand-
ing how the singularities of double-real, real-virtual and double virtual contribu-
tions are structured and how the calculation can be organized into finite pieces
that can be integrated numerically.

We would like to conclude this brief review of the status of the art for fixed-order
computations by quoting one of the most recent and probably most impressive re-
sults, namely the computation, already mentioned in chapter 2, of inclusive Higgs
production in gluon fusion at NNNLO-QCD. This is the first calculation which
goes beyond the NNLO barrier. It is based on a method to perform a series ex-
pansion of the partonic cross-section around the threshold limit to an arbitrary
order. The expansion is performed to sufficiently high order as to obtain the value
of the hadronic cross-section at NNNLO in the large top mass limit. For a more
detailed description of technical details and results we send the reader to the orig-
inal reference [6].

In such rich and dynamical panorama of higher-order QCD predictions, is inte-
grated our computation for Single Top inclusive cross-section in t-channel, which
we finally address in the next section.
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3.2 t-channel Single Top in a DIS-like approach

We introduce in this section the project which constitutes the main subject of
this thesis, namely the computation of NNLO-QCD corrections to Single Top
production in t-channel. First, we explain how this process can be described in
a Charged-Current Deep-Inelastic-Scattering (CC-DIS) framework, and we intro-
duce CC-DIS Form Factors, which are the objects of our computation. We discuss
which kind of diagrams is neglected at NNLO in this picture and the numerical
importance of such contributions. Then, we give the detailed structure of massless
and massive Form Factors which build up the t-channel Single Top cross-section
up to NNLO-QCD and we discuss how the computation of the NNLO corrections
to these Form Factors is naturally organized.

Finally, we dedicate some space to specific issues that may arise in general in the
computation of higher-orders corrections, and that affect also our particular case.

3.2.1 CC-DIS picture of t-channel Single Top

4 Let us consider the tree-level partonic cross-section for Single Top production
(Fig.(3.3)). This can be easily interpreted as the interaction of two weak currents,

Figure 3.3: Tree-level diagram for Single Top production in ¢-channel (in a 5-flavour
scheme).

taking place via the exchange of a W boson in t-channel. At LO-QCD, these two
weak currents describe the subprocesses

q(p1) = ¢'(p2) + W*(q), b(ps) +W*(q) = t(pe). (3.31)

The first subprocess in Eq.(3.31) only contains massless quarks, whereas the second
one contains a massive top. Thus we will refer to these subprocesses respectively
as light and massive current.

4For the reader who is already familiar with DIS-like approach to higher-order computation,
we suggest to go directly at the end of this subsection, where the expression for the hadronic
cross-section in terms of structure functions is given.
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The momentum conservation relation for the initial 2 — 2 process p1 +pp — p2+p:
gets ‘split’ into two momentum conservation relations for the 2 — 1 subprocesses

pP1=p2+4q, DPo+q=Dpe (3.32)

Given these relations, it is clear that each of these subprocesses is described by only
two independent momenta. Since we are considering an inclusive cross-section,
namely we are integrating over momenta of particles in the final state, the ‘fixed’
momenta on which the two subprocesses will finally depend will be respectively
{p1,q} and {ps,q}. This holds also at higher orders, because again, momenta k;
of extra emitted quarks or gluons will be integrated out. The set V; = {p1, ¢}
is sufficient to describe the light current, because no other dimensional scale is
involved in the subprocess ¢ — ¢’ +W?*. In the case of the massive current, on top
of the independent momenta py, g, there is also m? playing the role of independent
dimensional scale. Thus, the massive current depends upon the quantities V,, =
{pp,q, m?}. Since, as it will become clear in a few lines, form factors, namely the
objects we use to encode information about higher orders corrections, are scalar
quantities (they have no free Lorentz indexes), it convenient to switch to set of
scalar variables. The equivalent ‘scalar’ sets we use are respectively V; = {2p;-q, ¢}
and V,, = {(pp + ¢)%,Q%,m?} ( for simplicity we kept the same names for these
sets). Since (py + ¢)? is the squared energy in the center of mass of the collision
between the virtual W and the b quark, we will set s = (py+¢)?. The mathematical
description of this tree-level partonic process fully reflects this idea of factorization
into two weak subprocesses. The cross-section Eq.(3.33), differential with respect
to the W virtuality Q% = —¢? > 0, is given by the contraction of two rank-2
tensors C(V;) and C'(V,,) in Eq.(3.34), containing the results of traces respectively
over the light and massive fermionic lines.

o Gj aq 1 q 1
R aff _ adp _ B4y v
dQ? 647T§QC ") ( fJon ¥ m%v) Q2 +miy, ( 9w+ m%/) Q*+ m%/vc V).

(3.33)

with

CP(V) = 4(2p1 - )g™° + 16p3p) — 8ie*py p1, — 8(p§a” + plg™)
CH (Vi) = —4(2py - 9)g"" + 16p,py + Sicwpmpya” +8(dpy +pyq”)  (3.34)

and § = (p1 + pp)>.

What happens if we consider now higher-order QCD corrections to the tree-level
process Fig.(3.3)? In general, given a t-channel process happening via the weak
interaction of two fermionic currents, we can think of dividing QCD corrections
into two categories
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e factorizable corrections: they involve QCD real and virtual radiation affect-
ing just one quark line,

e non-factorizable corrections: on the opposite, these corrections link the two
quark lines through both virtual and real gluon emissions.

For the sake of clarity of the argument we are presenting, we postpone the dis-
cussion of the structure and importance of non-factorizable contributions at the
end of this subsection. For the moment we limit ourselves to underline that these
kind of corrections are pretty small if compared to the factorizable ones. Given
this, we can think of making a good approximation by retaining only factorizable
corrections at higher orders.
In this perspective, the factorized description of the process that naturally happens
at LO (Eq.(3.33), (3.34)), is conserved also at higher orders, the only difference
being that the rank-2 tensors C'(V;) and C(V,,) describing the two currents need
to be generalized in order to take into account information about the now included
QCD corrections. We stress that such factorization is possible because, since we
are neglecting cross-talks between the two weak currents, both matrix elements
and phase space are completely factorized °.

One of the possible forms in which we can write the most general rank-2 tensor
describing one of our fermionic currents is

CH (Vi) = = 4@2p- q)C1(Vi)g"" + C2(Vi)16p"p” + C3(Vi)8i€ s pyp”q"
+8C4(Vi)d"q” + Cs(V)8(¢"p” + p"'q"), (3.35)
with
e V; being the set of variables V; or V,,, on which the subprocess depends,
e p being the incoming fermion momentum, i.e. p; or pp.

The scalar coefficient C;(V;) (called Coefficient Functions (CF)) are extracted by
contracting the squared matrix element multiplied by the phase space measure
with the projectors P; given by

—(2p- q)2g"" — A¢°p"p” +2(2p - q)(p"q"™" + ¢"p™"*)

P = 3.36
! 8(1 — €)M© (3:36)
14 1 LV 2 v 2
P =————— % [¢*(2p- 0)°¢" +4(3 = 2)¢°p"P") — 2(3 — 2)¢°(2p - ) (P"¢” + ¢"P")
8(1—e)M
1201 - (2 02" (3:37)
. e
Pé“/ :Zeuypap q (338)

(~437)

5Factorization of phase space holds at partonic level as long as we are considering the differ-
ential cross-section with respect to Q2.



58 CHAPTER 3. PQCD AND CC-DIS

v p'p”
pro_
Py = (3.39)
w —(2p-q)%g" — 43— 2e)¢*p"p” +2(2 — €)(2p - q)(p"q” + ¢"p”)
P = (3.40)
8(1— ) MS
(3.41)

with M = 2p-q. We stress that, since the computation of higher-order contri-
butions is carried out in Dimensional Regularization, the projectors are given in
d = 4 — 2¢ dimensions.

Starting from the general form Eq.(3.35), we recover the tree-level tensors in
Eq.(3.34) by setting

e C1(Vp) = Co(Vim) = C3(Vi) = Cs(Vi) = 1 and Cy(Vy,) = 0 (massive

current),

e C1(V) = Cs(V) = Cs(V) = —1, Co(V)) = 1 and C4(V;) = 0 (massless

current).

The C;(V;) are related to the standard Structure Functions (SF) F;(V;) through
the convolution with PDFs. Since at higher orders new channels are opened, the
organization of the CFs (and consequently of SFs) can be quite involved. We
postpone the presentation of this organization to the next subsection, which will
be dedicated entirely to this issue.

For the moment we go directly one step further and present the structure of the
hadronic cross-section for Single Top in t-channel, after making a brief recap of
ideas presented up to now.

All the argument presented up to now can be resumed as follows. The leading
order process ¢ + b — ¢ +t is analogous to a charged-current deep-inelastic scat-
tering (CC-DIS). In fact, it is a double deep-inelastic scattering: the virtual W
boson is probing both the hadron containing the b quark and the hadron con-
taining the light quark ¢g. In general, at higher orders this factorization does not
hold exactly anymore, due to cross-talk between currents, but we can still think
of neglecting such cross-talks and continuing ‘cutting’ our process in correspon-
dence of the t-channel W boson (Fig.(3.4)). This allows us to continue exploiting
the analogy with CC-DIS, thus computing the QCD corrections in terms of struc-
ture functions. Given two colliding protons with momenta P;, Py, the differential
hadronic cross-section is given by

1 2\’ 1 y 2 2 2 o 1 o 9 o
do = gll <§> WWM (1,Q )W;w(x%Q ,my)(2m) EdQ dWidWs,
(3.42)

where
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q
— q
P
R —
R
Py R b

Figure 3.4: Single Top in ¢-channel in a CC-DIS approach. Grey circular blobs
represent corrections to weak currents (factorizable contributions).

e W2 = (P, —q)? and W} = (P, + q)? are the squared invariants masses of
the hadron remnants (including the top quark),

e S =2P; - P, is the square of the hadronic center-of-momentum energy,

e 11,19 are the ‘natural’ DIS variables encoding information about the ratio
between the hard scale and the energy in the c.o.m of the (sub)process; they
are thus defined as

Q? Q2 +m?
=55 7 == 3.43
x1 2P1(_q); €2 2P2q ) ( )
by inverting the definition of W2 and W2 as follows
2P - (—q) = Wi+ Q% 2P -q=W;5+@Q* (3.44)

and by substituting these relations into the definitions of the x;’s we get

Q2 QQ + m%

= 1 = - 3-45
Trrgr TR e (3.45)

x1

In this way all quantities appearing in the hadronic cross-section Eq.(3.42)
are expressed in terms of Q2, W2, W3 and the differential cross-section can



60 CHAPTER 3. PQCD AND CC-DIS

be easily integrated in order to get the inclusive result.
The integration domain is identified as the physical region, defined by the
following inequalities
Wl > 07
Wa > my,
Wi+ Wy < \/§,
min

1
Quer =5 [S = W = WEEN2SWE W),
Ma,b,c) = a® +b* + ¢* — 2ab — 2ac — 2be. (3.46)

o WH (z1,Q%), Wy (z2,Q?% m?) are the so-called hadronic tensors.

The hadronic tensors W,,,, are strictly related to the tensors C,,, defined at parton-
level (Eq.(3.35)). Indeed, the W), have exactly the same structure of the C,,, but
with the following replacements.

e The coefficient functions Cj;’s, are replaced by the structure functions Fj’s.
These are directly obtained as convolutions between the C;’s and the PDFs
(see the next subsection for more details).

e Inside the tensor structures upon which the partonic/hadronic tensors are
decomposed, the momenta of the incoming partons p1, p, are substituted by
the momenta of the incoming protons Py, P;.

So, the light and massive hadronic tensors are decomposed as

WH (21,Q%) = — 4(2P; - ) Fy (z1, Q%) g™ + Fa(z, Q*)16 P! Py
+ F3(21,Q*)8i€,py PP + 8Fy (w1, Q%) g ¢”
+ Fs(x1,Q*)8(¢" PY + P{'q") (3.47)
WH (29,Q% m?) = — 4(2Ps - q) F1 (22, Q% m{)g"” + Fa(w2,Q% m7)16 Py Py
+ F5(22, Q% mf)Sielmequ'Y + 8Fy (2, Q> m%)quqv
+ Fs(2,Q%,m7)8(¢" Py + Pi'q”) (3.48)

One last comment is to be done about the structure functions (or alternatively
coefficient functions, to which the same considerations apply) that actually enter
our computation. If the quark struck by the W boson and the quark into which it
is converted are both massless, then the current with which the W boson interacts
is conserved, and one has ¢"W,, (z, Q%) = ¢"W,, (z,Q*) = 0. This condition can
be realized only if Fy(z,Q?) = F5(z,Q?) = 0. If the quark into which the struck
quark is converted is massive, such as the top quark, then the current is no longer
conserved, and Fy(x, Q%,m?), F5(z,Q? m?) are non-vanishing, so in principle we
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have to take them into consideration. But, in our particular case, since we are
looking at a massive current interacting with a massless one, Fy and F5 never
enter the expression for the final cross-section. What happens, is the following.
The hadronic cross-section Eq.(3.42) is obtained by contracting the hadronic ten-
sors at each vertex with the square of the W propagator connecting them (as in
Eq.(3.33)). Due to current conservation of the light-quark tensor, the gtq”/m3,
term in the numerator of the W propagator does not contribute, so one simply
contracts the two tensors together. Now, F and Fj are the coefficients of tensors
which contain ¢*, ¢” or both and these tensors give vanishing contribution when
contracted with the light-quark tensor. Thus we can conclude that, due to current
conservation of the light-quark tensor, the structure functions Fy and Fj, either in
their massless or massive version, do not enter our computation and this remains
true at all orders.

Non-factorizable contributions.
Before proceeding, we discuss the nature and importance of non-factorizable cor-
rections.

e NLO:
At NLO, diagrams where a gluon is exchanged between the two currents
are exactly zero because of the color degree of freedom, since they are all
proportional to the trace of a single Gell-Mann matrices.

T,

>
=

Y
A
A

Y
A

A
A

I
|
l o¢ T[T, ] Tr[T,] = 0
|
I

Figure 3.5: Example of (virtual) non-factorizable gluon exchange at NLO.

That’s why at NLO the structure function approach gives exactly the correct
result, without approximations.

e NNLO:
At NNLO this is not true anymore, because this kind of cross-talks diagrams
gives non-zero contribution. But luckily, this class ® of diagrams is suppressed
by a factor O(1/N2) with respect to the leading factorizable corrections (see
examples in Fig.(3.6), (3.7)).

61In this context, by ‘class’ of diagrams, we refer to a gauge invariant, finite subset of diagrams.
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A
A
A
A

o Tr[T, Ty Tr[T,Ty) = C2E8 =2

T, Ty

Figure 3.6: Example of (double virtual) non-factorizable gluon exchange at NNLO.

Y
Y

|
|
| X TT[T(LE)T()T(L]NC = C;C(L]VC =16
|

Figure 3.7: Example of (double virtual) factorizable gluon exchange at NNLO.

So, if we adopt a structure function approach, namely we neglect these class
of diagrams, we can think of making quite a good and safe approximation of
the total NNLO cross-section.
This belief is reinforced by the fact that these diagrams are also suppressed
by the kinematic of the process. Indeed, single-top production in ¢-channel
is mediated by the exchange of a virtual W, whose propagator is

1 1

— . 3.49
t— m%/V -Q? - m%/V ( )

Q? is positive, so that the denominator of this propagator is always negative
and the propagator is then maximum when Q2 — 0. The cross-section is
dominated by the small Q2 region (see [89]), but small Q? means that the
energy exchanged between the two currents is little and consequently that
the interaction between them happens at ‘large’ distance. In principle it is
perfectly possible that a low Q2 gluon is emitted from a current and such
gluon could then interact with the other current. But the hard scale of the
process is of order m? + Q2 > @2, and this tells us that emissions charac-
terized by k% ~ Q2 are to be considered ‘soft’ and as such do not contribute
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to the description of the hard process, but rather to the description of the
initial-proton structure. This kinematic argument provides a further source
of suppression of this category of diagrams.

One last argument, that further supports the reliability of our approxima-
tion, is represented by the estimation that was done in [130] of this class of
cross-talk diagrams in the case of Higgs production in VBF. Indeed, in that
case, they were found to contribute 1% of the total VBF cross-section. Of
course, all the arguments provided up to now are purely qualitative and a
quantitative estimation of the error introduced by neglecting these diagrams
needs to be provided. This will be one of the goal we would like to achieve
in the close future.

With these last considerations, we close this introductory subsection where Single
Top in t-channel was presented as a double CC-DIS process. In the next subsection
we analyse the structure of the objects of our calculation, namely CC-DIS Form
Factors (or, equivalently Structure Functions).

3.2.2 Structure of Form Factors up to NNLO-QCD

We briefly review the basic formulae for the CC-DIS structure functions Y with
i=1,2,3and V € {IW*} 7. We choose to report these formulae not only for
completeness in the treatise of CC-DIS, but also for practical purposes. Indeed,
the way we implement Form Factors in our standalone code which computes the
total ¢-channel cross-section is dictated by the way CC-DIS SF are organized on a
theoretical level.

As already anticipated, QCD factorization allows to express the structure func-
tions as convolutions of the PDFs in the proton and the coefficient functions Cj,
which contain in turn information about the short-distance, hard scattering. The
gluon PDF at the factorization scale up is denoted by g(x, ur) and the quark (or
anti-quark) PDF by ¢;(z, ur) (or §i(z,ur)) for a specific quark flavour i. The
quark PDFs appear in the following combinations,

nf nf
QSZZ(Qi+Qi)7 QXSZZ(%'—Q]),
i=1 i=1
Grs,i = (@ + @) — ds, si = (4 = @) = dyss (3.50)

as the singlet distribution g, the (non-singlet) valence distribution ¢, as well as
flavour asymmetries qig7i.

"NB: We present formulae assuming massless structure functions, but all these results holds
for the massive case without introducing any modifications, except obviously for the variables
the SF themselves depend upon
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For the charged current case with W*-boson exchange the DIS structure func-
tions F; W= are given by,

1 1 ny
FiW_(a:,QQ) — %fz(x)/o dz/o dyd(z — yz)nif ; (vf + a?) X
X {85 (y, 1r)C; s (2, Q, iry r) + qs (Y, 17) Cig (2, Q, iR, i)
+9(y, 1r)Cig(2,Q, g, pir)} (3.51)
- 1 1 1 i
Y (2,Q%) = 5/ dz/ dyd(z — yz)n—f Z (2v;a;) X
i=1

X {+5qns Y, MF)C3 ns(z Q MRvMF) +qne(y HF)CB ns(z Q MR;/JF)}v
(3.52)

where i = 1,2 and the pre-factors in Eq.3.51 are fi(z) = 1/2, fao(xz) = 2. The
asymmetry §q, parametrizes the iso-triplet component of the proton, i.e. u # d
and so on. It is defined as

sgf,= > > Aleita)— (4 +q)} (3.53)

i€u—type jed—type

The respective results for FiW+ are obtained from Eq.(3.51), (3.52) with the simple
replacement 5q$s — —5q$s. The vector- and axial- vector coupling constants v;
and a; are given by v; = a; = 1/\/5

The perturbative expansion of the coefficient functions C; in the strong coupling
s up to two loops reads in the non-singlet sector,

CE (@) =001 = 2) + a, {el) + Lur P}
1
w2 {4 Lar (PO= 4 00 = ) + 23 (520 - o))

+LpBoct) + LRLM,BOP(O)} (3.54)

+
CB ns

(x ):6(1—56)+as{ (1)+L P( >}
+a {cf&f o+ Lar (P* + (P = B0)) + L <2Pq<8 (P ~ m))
+LRBock, a T LRLMﬂop(O)} ) (3.55)

where a; = as(pr)/(47) and i = 1,2 in Eq.(3.54). The complete scale dependence,
i.e. the towers of logarithms in Ly = In(Q?/p%) and Lg = In(u%/u%), has been
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derived by renormalization group methods (see e.g. ..) in terms of splitting func-

tions P(J and coeflicients 5; of the QCD beta function. Given the normalization of

the expansion parameter a; = a;/(4), the conventions for the running coupling
are

d a5  das 11 2

—BoaZ — ..., Bo = gca - 30 (3.56)

dlnp? 47 dlnu

Note that the valence coefficient function Cy,,, in Eq. (3.52) is defined as Cy,,, =
C3 s + O35 5. However, we have C3, . # 0 starting at three-loop order only, so
that Eq.(3.52) suffices with CY,,, = C3,,, up to NNLO.

In the singlet sector we have

Ciglz) =0(1 — 2) + as {cg}; + LMP;g>}
(2).% Dt (D) pl0 (1) p(o
+ a2 {2 + Lu (PG + ) (P9 — o) + ey PD)

19 9q
1
+ 13, ( PP — o) + §P;§>P§g>)

+Lrfoctl) + LRLMﬂoP(‘))} , (3.57)

Ci,g(x) =as {c(.l) + LMR](S)}

+ a2 {7 + Lo (PQ* + )P + ) (P — B0)

'L 4~ 99
1
2 0 0 0 0
+ Ly <_Pq(q)Pq(g) + gpq(g)(Pg(g) - BO))
+LrBoctt) + LRLM,BOP<0>} , (3.58)

where again ¢ = 1,2 in Eq.3.57. The quark-singlet contribution contains the
so-called pure-singlet part, C;, = C; =+ Ci s, i.e. Pq((}) = P,(L};H_ + P,g;) and

7,MnS
§2q) = 52735 + 052)5 in Eq.(3.57). Starting at two-loop order we have C; s # 0.

The coefficient functions c(,)C in the massless case are known up to NNLO from

[123], [133], [132], [94]. NNLO evolution of PDFs has been determined in [95],

[124], together with splitting functions P! J) Needless to say that all products in
equations from Eq.(3.54) to (3.58) are to be understood as Mellin convolutions.

3.2.3 Organization of a NNLO computation

We are now ready to explain how the computation of ¢-channel Single top up to
NNLO is organized in the framework of a Structure Function approach.
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(b) Structure Functions contributions to Single top in ¢-channel at O(a2 as).
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Figure 3.8: Structure Functions contributions to Single top in ¢-channel at O(a? a?).
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e LO: The LO-QCD contribution (Fig.(3.8a)) to the cross-section is simply
given by the product of the hadronic tensors containing SF evaluated at
O(a?). We indicate the hadronic tensor containing SF evaluated at the
generic order o' as (Wag)w (the weak coupling is here tacitly implied).
So, by considering the initial general formula for the hadronic cross-section
Eq.(3.42), we can write

1 g2 2 1 v
daag Zﬁ‘l (g) W X [(Wag) (3317@2) (Wag)w, ($2;Q27m$) X
X (Zw)QﬁdQQdedWQQ. (3.59)

e NLO: The NLO-QCD contribution (Fig.(3.8b)) to the cross-section will be
the sum of two terms, containing in turn the product of a hadronic tensor for
one of the two currents at order « times the hadronic tensor for the other
current at order a2, as in Eq.(3.60).

1 2 2 1 y

dog :g‘l <g§> W X X [(Wag)u ($17Q2) (Wag)W ($2,Q2,mt2)
+ (W(yg)uu (xla Qz) (W(’%)uv (x27 Q27m§)i| X
X (2w)2£dQ2dedW22. (3.60)

e NNLO: Along the same line, the NNLO-QCD corrections contains the sum
of three contributions, namely all the possible ways in which the product of
the two hadronic tensors can yield an O(a?) quantity. So, following Fig.(3.8),
the contribution to the cross-section at this order can be written as

($2,Q2,m%)

o =1 () i o [(Wa)* (20,07 (W)
707357 \8 ) (@2 +m3)? o v o
+ (W(yf)uu (xla Q2) (W(yg) €2, Q27m%) + (Wag)w (xla Q2) (W(y%)

1
X (Zﬂ)QEdQQdedWQQ. (3.61)

Qv

uv ( uv (x27 Q27 m%) >

To compute the analytical cross-section do up to order a2, we obviously need the
analytical results for all the three contributions above listed (Eq.(3.59), (3.60),
(3.61)) to be available. As anticipated in the introduction to Chapter 2, in or-
der to reach this goal, we miss just one piece, highlighted in green in Fig.(3.61),
namely the massive Form Factors at order O(a?). The computation of these
Form Factors, thanks to the p-QCD master formula Eq.5.14 (introduced in Section
2.1), essentially boils down to the computation of massive Coefficient Functions
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for charged-current DIS, which we obtain by computing the specific subprocess
b(py) + W*(q) — t(p:) + X at the required order a2. Here, X identifies potential
extra radiation emitted by the initial and/or final fermion.

Furthermore, we have to take into account that by applying crossing-symmetry
to the diagrams for the b-initiated process b(py) + W*(q) — ¢(p:) + X, we can
obtain diagrams initiated by a gluon g(k1) + W*(q) — t(p:) + b(ps) + X or by a
light quark g(k1) + W*(q) — t(p:) + b(ps) + X. According to the particle which
initiates the process together with the virtual W-boson, we will classify diagrams
as belonging to bottom, gluon, or singlet channel. Inside each channel, diagrams
are then organized according to the number of virtual and real emitted gluon or
quarks, as

e Double Real (RR): the category of diagrams includes tree-level diagrams
containing two extra particles (QCD radiation) in the final state;

e Real-Virtual (RV): these diagrams instead contain one loop (virtual emis-
sion) and one extra real particle in the final state;

e Double Virtual (VV): this last category contains two-loop diagrams.

The following table briefly recaps the classification according to channels and type
of radiative corrections.

| RR | RV | VvV
bottom | [b+W* — t + X]gﬁ:gg’%_’bg b+ W* =t + X]}ﬁl:g b4+ W* — ]*
gluon [g+W* = t+b+g] g+ W* = t+1b] /
singlet [+ W* = t+b+q] o / /

Table 3.1: Organization of the calculation of CC-DIS massive Form Factors at

O(03).

Each one of the subprocesses in Table.(3.1) is computed within the framework of
Dimensional Regularization, which is the tool we choose to deal with IR and UV
divergences. Dimensional Regularization is the standard technique used in the ma-
jority of analytical higher-order computations, so its effectiveness and consistency
have been widely tested over the years and by now safely established. Despite the
‘safety’ of this technical tool, we have to be particularly careful when using it, due
to the presence of 5 Dirac matrix in the bW* — ¢ vertex.

In general for perturbative calculations at higher-orders the presence of the Dirac
matrix 5 is a nuisance since it is a purely 4-dimensional object and it can not
be continued to d-dimensions in a straightforward way. While computationally-
efficient ways to deal with 75 in DR exist (see [88]), they are typically complex
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and not only transparent. Fortunately, there is a simple way to deal with 5 in
our case: 75 is taken in all diagrams (RR, RV, VV) to be anti-commuting in all d
dimensions.

Indeed, since we never get axial anomalies from diagrams involved in our process,
any prescription for the 75 is good as long as it is consistently used in all the
different pieces of the computation and this is actually what we carefully do!

Before proceeding to illustrate the technique we use perform virtual and real inte-
grations analytically (see next Chapter, n.3) we spend still a few words to discuss
the choice of flavour-scheme. Actually, when presenting the organization of our di-
agrams above, we tacitly assumed the working scheme to be in a 5-flavour scheme,
but we never motivated this choice. In the following and last subsection, we ad-
dress this topic and introduce some ideas which may further improve our 5-flavour
NNLO results in the future.

3.2.4 my-correction: 4F- versus 5F- scheme

As anticipated in the previous sections, we choose to carry out our computation in
a 5F-scheme, where all the quark flavours except for the top are massless, included
the b-quark. The reason for choosing this scheme is quite intuitive. The hard scale
of Single Top production is m? &. Since we have mi < m?, it is a priori a sensible
choice to neglect m%, thus considering the b-quark massless. This preliminary and
quite obvious statement requires though some further reflection.

Single Top production in ¢-channel was originally dubbed W-gluon fusion [128§],
because it was thought of as a virtual W striking a gluon to produce a tb pair, as
shown in Fig.(3.9). If the b in the final state is at high transverse momentum (pr),

w w

71%
(66696—>—t

i%}‘ﬁ

Figure 3.9: Leading-Order diagrams for Single Top production in t-channel in
4F-scheme.

8 Actually, for the sake of precision, we point out that the correct hard scale is Q2 + m? (as
widely discussed in [118]). But, since the cross-section is peaked around Q? ~ 50GeV, namely
around values of Q2 much smaller than mf, we can safely take the hard scale to be mf
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the first on the left of these diagrams is indeed the leading-order diagram for this
process. If we instead integrate over the pr of the b, we obtain an enhancement
from the region where the b is at low pr, nearly collinear with the incident gluon.
Indeed, if the b-quark is massless, this diagram is not only enhanced, but singu-
lar when the final b-quark is collinear with the incoming gluon. This kinematic
configuration corresponds to the incoming gluon splitting into a real bb pair. The
propagator of the internal b-quark in the diagram is therefore on-shell and thus
infinite. In reality the b-quark is not massless and its mass regulates the collinear
singularity which exists in the massless case (luckily!).

So, if we adopt a 4f-scheme and indeed set m; # 0, we will see the collinear
singularity manifesting itself in the total cross-section as terms proportional to
In[(Q* + m?)/m?], which we approximate in the following as In(m?/m3) (see the
argument on the W-boson virtuality Q2 in the discussion over non-factorizable
contribution above). The total cross-section for W-gluon fusion contains these
logarithmically enhanced terms o, In(m?/m?), as well as terms of order a; (both
terms also carry a factor of a2, which we omit in the following).

Furthermore, terms of order a” In"(m?/m?)/n! appear at every order in the per-
turbative expansion in the strong coupling, due to collinear emission of gluons from
the internal b-quark propagator. This collinear enhancement is desirable because
it yields a larger cross-section, but also it makes the perturbative expansion less
convergent.

Fortunately, this can be obviated. The DGLAP evolution equations (introduced
in the previous Section 3.1) are indeed the formalism which allows to sum the
collinear logarithms to all orders in perturbation theory. Practically speaking,
one can sum these collinear logarithms by introducing a b distribution function
b(z, %) and calculating its evolution with pup (from some initial condition) via
the DGLAP equations. Thus the b distribution is at all effects a device to sum
collinear logs. Since it is calculated from the splitting of a gluon into a collinear
bb pair, it is intrinsically of order o, In(u/m3).

Once a b PDF is introduced, it changes the way one orders perturbation theory.
The leading order process is now g + b — ¢’ + t, namely the ‘usual’ leading-order
diagram showed in Fig.3.3.

Thus, driven by the need to resum collinear my-logs, we have naturally introduced
the idea of a 5-flavour scheme, whose spirit is the following. We set m; = 0, re-
organize perturbative expansion starting from the LO process ¢ +b — ¢/ +t, and
take into account collinear logarithms o In" (m?/m3)/n! at all orders by convolv-
ing this partonic process with a b-PDF.

The LO cross-section for p+p — ¢’ +t is of order o, In(m?/m3), due to the b-PDF
(where the factorization scale is set indicatively equal to the hard scale of the pro-
cess, namely g ~ my). The LO cross-section for W-gluon fusion (p+p — ¢/ +t-+b)
contains terms of both order a; In(m?/m3) and s, but the formers, being m; = 0,
appear now as effective divergences a1/¢ (poles in DR!). Such poles must to be
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subtracted manually, since the collinear divergences they represent are already
taken into account in the b distribution. After this subtraction has taken place,
the W-gluon fusion cross-section contains only O(ay) terms. Compared with the
leading-order process p + p — ¢ +t, the W-gluon fusion p +p — ¢'b+ t is thus
suppressed by a factor 1/In(m?/m?), and not by a factor as as one might naively
think!

The natural conclusion of this discussion is that the choice of a 5F-scheme seems
the most sensible one. The condition m;, = 0 allows for significant simplification
the computation (one dimensional scale less enters the calculation!), and at the
same time all the collinear logarithmically enhanced terms are automatically ac-
counted for in the b-PDF. These are the motivations why we decided to use a
5F-scheme.

But, given this, we observed that there is the possibility to do even better. Up
to now, we neglected a subtlety: when performing the computation of diagrams
Fig.(3.9) keeping m;p # 0, the final result do not depend only logarithmically on
my, but also through polynomial dependence (namely power functions (mﬁ)”. The
myp-logs, as already said, are universal, so that they can be predicted at all orders
and resumed in PDFs. This is not true for mp-power corrections. This kind of
terms is not universal and one has to compute the process by retaining the full
myp-dependence, in order to be keep them into account. Now, in our case, since
the very moment we set my = 0, these terms are automatically lost.

But, we observed that we still have the possibility to retain my-power corrections
by performing some manipulations on already existing numerical results. We will
talk from now on of SF-improved scheme, where with this name we mean a 5F-
scheme, enriched by the additional presence of m; power-corrections. Our aim
is that of obtaining a prediction for NNLO Single Top ¢-channel in this scheme,
by calculating analytically the NLO and NNLO-QCD corrections in an ordinary
5F-scheme and, on top of that, estimating the numerical contribution of m; power-
corrections (respectively at NLO and NNLO).

We explain in the following how we can numerically extract such power-like cor-
rections due to the presence of the neglected b-mass.

We observe that MCFM ([38]) already contains the exact numerical result for
p+p— ¢ +t+bin a 4F-scheme up to O(a?) (namely NLO in a 4F- and NNLO in
a 5F-scheme) °. Starting from this numerical already existent result, we are able
to extract the desired my; power-corrections. We explain in the following how our

9We stress again that the perturbative expansion is organized differently in 4F- and 5F-
scheme. In a 5F-scheme, the diagrams in Fig.(3.9) belong to NLO, where as in a 4F-scheme they
are LO diagrams. When we add the first order of QCD corrections to these diagrams, these will
be classified as NNLO and NLO corrections respectively in a 5F- 4F-scheme. To try avoiding
confusion, in the following we will refer to QCD corrections by citing the explicit order in as,
which is obviously scheme-invariant.
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idea works by taking structure functions at O(ay) as an example. We also carry
out a numerical analyses in order to assess the impact of m; power-corrections at
O(as). This is a good way to test if these corrections are indeed small as expected.
We start computing analytically the coefficient functions C’iga (my, mp), which are
exact in their dependence on both m; and my. This is achieved by computing the
cross-section for the partonic sub-process W % +g — t + b keeping both the masses
my¢, mp in the final state. In terms of S,QQ,m%,mﬁ, these coefficient functions
reads:

CfOS (s,Q* mi,mi) =
1 ( —4mi(mi —mi — Q?)s
(2(Q2+5)2) "'m2 —m2 + 5 — /m} + (m? — 5)2 — 2mZ(m? + s)
+(Q4 +5%)(mh —mi + s — /my + (mf — 5)* — 2mi(m7 + 5))
s
B dmi(—mi +mi — Q?)s
—mg +mi + s — /my + (mf — ) = 2mi(m + 5)
Ami(my —mi — Q%)s
mE —m? + s+ /mi + (m? — 5)2 — 2m2(m? + s)
Q"+ 8*)(mi —mi + 5+ /my + (mF — 5)2 — 2mF(m7 + 5)]
s
dmi(—mi +mi — Q?)s
—mg +mi + s+ \/my + (mf — 5)% = 2mi(m + 5)
+(2mpy +2my + Q1 4 2m7(Q% — 5) — 2mi(2mi + Q° — 5) + 57)
og —((Q° + 5)(mh —mi + s + \/mj + (m7 — 5)2 — 2mZ(m7 + 5)))
(—((@Q* + s)(m} —mi + s — \/my + (mF — 5) — 2mj(m7 + 5))))
+(2mp +2mi —2miQ® + Q' 4+ 2mis + s° — 2mi(2mi — Q% + )
(@ + 5)(=mi + mi + 5+ /my + (mf — 5)2 — 2mi(mf + 5)))
(((Q2 + s)(=m +mi + s — \/mj + (m{ — 5)2 = 2mj(m7 + 5))))

]

])7
(3.62)

log|

Ci. (s,Q% mi,mp) =
1 —4mj(my + (mi + Q%) — 2mi(m7 +2Q%))s
(2(Q% + 5)?) m? —m?+ s — \/mfj + (m2 — 5)2 — 2m2(m? + s)
Q*(Q" —4Q%s + 5°)(mi — mi + 5 — /m} + (m7 — 5)2 — 2mZ(m? + s))
S
_Ami(my = 2mymi +mi +2mpQ° — 4miQ* + QY)s

—mZ+m?+s—/mi+ (m?—s)2—2m2(m?+s)
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Amiy (my + (mf + Q%)* — 2mj(mi +2Q%))s
m2 —m? + s+ /m¢ + (m? — 5)2 — 2mZ(m3 + s)
Q*(Q" —4Q%s + %) (miy — mi + s+ \/my + (mf — 5)* — 2mi(m] + 5))

s
4m7 (my — 2mym7 +mi +2mpQ° — 4miQ* + Q*)s
—mg +mi + s+ /mj + (m7 — 5)2 = 2m3(m7 + s)
+(2mp — 2my(m} = 2Q° + ) + (mi + Q*)(2m; + Q" +2m(Q” — ) + 57)
+mi(—2m¢ —9Q* +10Q%s + s + 4m7 (—4Q* + 5)))
—((Q* + s)(mj —mi + s — /mi + (m? —5)2 —2mZ(m? + s))
—((@*+ 5)(mf — mf + s+ /my + (mf — 5)* = 2m(mf + 5)))
—(2mg +2my + m; (4Q% — 25) — 2my(m} — 2Q” +5) + Q*(Q" + 5)
+mf(79Q4 +100Q%s + 32) + mg(me;l +3Q" —2Q%s + s> + 4mf(f4Q2 +3)))
(Q° + s)(—mj +mi + s+ /mf + (m? — 5)2 —2m2(m? + 3)))

Jr

x log

(@ + o) (mi 4 md s — /g T (= 5P —Zmdmi 7))
(3.63)
Cf. (s,Q% mi,mp) =
1 4mi (—mj +mf — Q*)s
2(Q* + 5)2(—m§ +m? +s—/mi+ (m?—s)2—2m2(m? +s)
4mi (my —mi — Q*)s
—m}4+m? —s+/mi+ (m?—s)2—2m2(m?+s)
N o= m?— @)
mZ —m? + s+ /mi + (m? — 5)2 — 2m2(m? + s)
Ami (—mj +mi — Q%)s
7—m§ +m? + s+ /mi+ (m? — 5)2 — 2m2(m? + s)
—|—(2m§ —omi —2miQ* - Q' + 2mi(Q% — s) + 2mis — s%)
log —((Q* +s)(mj —mi + 5 — /my + (mf — 5)2 — 2mi(m7 + 5)))
(=@ + s)(mg = mi + s+ /mj + (mf — 5)2 = 2mi(mf + 5))))
f(2mfj —om!—2m?Q* + Q' + 2m§(Q2 —s)+ 2m?s + 82)
(@ + 5)(=mi +mi + 5+ /mj + (mf — 5)2 — 2mi(mf + 5))) )
((Q+ 8)(—=m} +m} + s — \/my + (mF — 5)2 = 2m(m7 + 9))))"
(3.64)

These coefficient functions, combined with a kinematic that keeps into account
the non-zero bottom mass, and convoluted with the gluon pdf, give us the gluon
structure functions F;} (my,mp), and thus the O(as) cross-section for W * +p —

s
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t+b (LO in a 4F-scheme).

T

F"Li (mt7 mb / C Tb; >\b7 me, mb)g( ) (365)

Ty

where the new variables xy, 7, A\p have substituted the old x, 7, A in order to keep
into consideration the kinematic effects of my # 0. They are defined as:

Q2
Q2 + (my +myp)?’

2 2 2 2
xb:Q + (me +my) ’Tb:Q + (M + M) Dy =

ST Q s+ Q2 (3:66)

We note that in the limit m; — 0, these variables become the usual variables
x,7, A that we will use to parametrize our 5F-coefficient functions (see Chapter 4).
By expanding in series Fg (mt, myp) Eq.(3.65) with respect to myp, we recover at
0-th order the gluon structure functions F; J (mt, 0) plus,as expected, the bottom

collinear logarithm multiplied for the sphttlng function Py,(7) x log (%) and
b

convoluted with gluon pdf, reminding us that still we are in a 4F-scheme, plus the
desired my, power-corrections.

F memn) "5 [ g2 (7 ma00g() + o (—F) [ Putn@)+ oy,
' (3.67)

Thus, if we denominate the m;, power-like contributions as A,,, o, we can extract
them by inverting Eq.(3.67) as follows

2 1
Bunyins = B2, mesms) = (F2me0) 4108 (15) [ pagtria D). @09)
' b x

Numerical results for A,,, o, are listed in Table (3.2). These numerical results are
obtained as follows. The process [p +p—=>t+ B] oo Af is run in MCFM and this
gives numerical result for the cross-section obtained ioy using SF with a full my, my
dependence, namely what we called Fis (m¢,myp). Then, following Eq.(3.68), we

subtract to these numbers other two numerical contributions.

e The collinear my-logs, i.e. log ( ) f Pyy(7)g(%) in Eq.3.68. This is evalu-
ated thanks to a code kindly prov1ded by the authors of [89)].

e The my-finite piece [p +p—=>t+ B] T which is nothing but the usual Single

Top cross-section obtained with 5-flavour SF, i.e. the FY(m;,0) in Eq.(3.68).
This is numerically evaluated with a Fortran stand-alone code.
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Thus, the final formula we use to extract Ay, o, is
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Ampo, =0 (p+p—t+ B)%Af —o(p+p—t+ B)QS,W — Lo, (my, pur), (3.69)

where we set Lo, (mp, pur) = log (

2

=yl
2

T”’b

corrections are really small, of the order of 1%.

) fml Puy(7)g(%). As expected, the my, power-

my
5.
10.
20.
50.

100.
172.
200.
250.
300.

F;}g(mtv O) + Eas (mba ,U'F)

0.580837E~+02
0.450045E+02
0.307583E+02
0.136691E+02
0.504509E+01
0.170256E+01
0.119239E+01
0.671987E+00
0.402754E+00

F41]7fg (mt ) mb)

0.594740E4-02
0.440248E4-02
0.302614E+402
0.135635E4-02
0.502624E+01
0.169942E+-01
0.119040E+-01
0.671188E+00
0.402380E+400

AL
1.3903
0.9797
0.4969
0.1056
0.01885
0.00314
0.00199

0.000799
0.000374

my
5.
10.
20.
50.

100.
172.
200.
250.
300.

F;}g(mtv 0) + ‘Cas (mba :L"F)

0.327305E+03
0.257184E+03
0.190570E+03
0.107625E+03
0.552100E+02
0.264455E+02
0.206773E+02
0.138272E+02
0.958540E+-01

F42}g (mt ) mb)
0.333435E+03
0.262072E+403
0.193535E4-03
0.108575E4-03
0.554425E+02
0.265048E4-02
0.207108E+02
0.138464E+02
0.960012E+401

Az
6.13
4.888
2.965
0.95
0.2325
0.0593
0.0335
0.0192
0.01472

my
5.
10.
20.
50.

100.
172.
200.
250.
300.

Fgf}g(mh 0) + [’O(s (mba /J’F)

0.696493E+00
0.850068E+01
0.120115E+02
0.905847E+01
0.434350E+01
0.172013E+01
0.125248E+-01
0.744482E+00
0.464222E+00

Fj}g (my, myp)
-0.735704E4-00
0.706911E+01
0.113304E+02
0.889955E+01
0.431251E+01
0.171415E+01
0.124897E+01
0.742965E+00
0.463485E+00

A3
mp

-1.432197
-1.43157

-0.6811
-0.15892
-0.03099
-0.00598
-0.00351
-0.001517
-0.000737

Table 3.2: my, power-corrections at O(a,) for Single Top in ¢-channel.

At O(a?), the argument proceeds exactly the same way, but in this case the my,
logarithmic correction has a more involved structure. So, by generalizing Eq.(3.67),
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we can write

m 0
Fiiz (mta mb) b_? Fiiz (mta 0) + Eai (m%v M%‘v M2R) + Amb,aga (3'70)

where F (my,my) and FY (my,0) are respectively the 4F- and 5F- structure

functions, L2 (mg, o, ,u%) are the corrections depending logarithmically on my
at order a2 and Ay a2 is the desired m;, power-correction.
The practical formula we will use to extract numerically A,,, 42

Apyoz =0(p+p—=q +t+b+X)azar —0(p+p—= ¢ +t+ba,ar
—0(p = d +W)a, 50 X o(W*+p =t +b)a,ar

= La2 (mg,u%,u%)—U(p+p—>q/+t+l_J+X) (3.71)

a2,5f "
Eq.(3.71) is a bit more complex than the equivalent at order o, (Eq.(3.69)), due
to the more involved structure of the cross-section at order a2. Indeed, in order
to isolate the m;, power-corrections A,,, .2 affecting the massive current, we need
to subtract two extra pieces,

e the cross-section in 4-flavour at order as, namely o(p +p — ¢’ +t + b)a. af,
which is included by default in MCFM result up to the next perturbative
order o(p+p — ¢ +t+b+ X)az 45;

e the contribution given by the product o(p — ¢ + W*)a, 57 X o(W* +p —
t+b)a, a5 of the two O(a,) currents, which is indeed affected by my, power-
corrections, but of order oy, namely Ay, ..

Once we will have obtained the exact 5-flavour SF with our analytical compu-
tation, we will be able to use them in Eq.(3.71), thus achieving the isolation of

Ay az-

This concludes the chapter and the presentation of the general framework our
computation takes place within. Starting from the next Chapter, we will illustrate
in detail the analytical techniques we used to carry it out.
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Chapter 4

Master Integrals techniques

4.1 Fundamentals of Feynman integrals and Mas-
ter integrals

Feynman integrals appear quite naturally in elementary particle physics when
quantities such as scattering amplitudes or cross-sections are computed within
the framework of perturbation theory beyond the lowest order. The problem of
being able to compute Feynman integrals is fundamental to make a bridge between
theory and experiments, nowadays even more than in the past. Indeed, the high
energies reached by the LHC have opened the era of precision physics, both on
the experimental and theoretical side. To achieve this precision goal from the
theoretical point of view, computation of physical observables to higher order in
perturbation theory is required, thus leading to the crucial problem of evaluating
Feynman integrals arising from complicated multi-loop and multi-leg processes.
In this section the definition and fundamental properties of Feynman integrals will
be presented ([115]).

4.1.1 Feynman integral definition and properties

Any perturbative physical observable can be written at any given order in per-
turbation theory as a sum over Feynman graphs, often called also ‘diagrams’. To
each diagram I'" we can associate, through Feynman rules, a Feynman amplitude

n+1

Gr (q1s s qnir) = (2m)"i6 (Z Qz’) Fr (s -, an) (4.1)

i=1

where q1, ..., ¢, are the independent ezternal momenta. From a mathematical point
of view, external momenta are those flowing into the external legs of the diagram,

79
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which correspond in a physical picture to the momenta associated to physical parti-
cles involved into the process (both ingoing and outgoing). Through this definition
we distinguish external momenta from internal momenta, which are in turns the
ones that, mathematically speaking, flow into internal lines of the Feynman graph,
thus corresponding to virtual particles produced and annihilated in the ‘black box’
of the process. We will call from now on loop momenta a set of all independent
internal momenta.

A Feynman amplitude Fr (g1, ..., qn ), which is a function of the independent exter-
nal momenta, can be written as a sum of integrals over loop momenta, each one
of which is a ‘Feynman integral’. In principle integrals at this stage can be ten-
sor integrals, meaning they have free Lorentz indices, but when taking the square
modulus of Feynman amplitudes, or more in general when contracting them with
appropriate projectors to extract physical predictions, they are turned into scalar
integrals. For practical purposes, from now on we will always assume we are deal-
ing with scalar integrals.

In momentum-space language, Feynman integrals are defined as integrals over 4-
dimensional space d*k (or d-dimensional space d?k, after we will have introduced
Dimensional Regularization) over integrands which are rational functions of ex-
ternal and internal momenta given by products of Feynman propagators raised to
some powers (either positive or negative). The generic (4-dimensional) Feynman
integral thus admits the following representation

d*ky...d Ky,
F(a’la cen @ / / Ea1 EaN (42)

where k;,7 = 1, ..., h are loop momenta, a; are integer indices, and the denominators
are given by

Z Ap; -pj —m?, (4.3)

i>5>1

with » = 1,..., N. Momenta p; are either independent internal (loop) momenta
(pi = ki, i =1,...,h), or independent external momenta g;.

The matrix A in Eq.(4.3) normally leads to quadratic propagators, but in some
cases also linear propagators can appear. This is for instance the case of propa-
gators left after the expansion of a given Feynman integral in a specific kinematic
limit, as will become clear in section 4.3.

We postpone the discussion of how a given amplitude can be written as a sum of
such Feynman integrals to the next section, where it will be presented within the
frame of the reduction of such amplitude to master integrals.

From now on the definition of Feynman integrals Eq.(4.2) will be our starting point
to discuss about Feynman integral properties.
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Divergences

Many 4-dimensional Feynman integrals are ill-defined because divergences can arise
from one or more regions of the integration domain. Divergences can be of different
types. The wltraviolet (UV) divergences are those coming from the region of large
loop momenta. The degree of UV divergence of an integral can be easily determined
via power-counting. Let’s take for instance the generic bubble in four dimensions

d*k
20 = |

(4.4)

with unit exponents a; = az = 1. If we send k to infinity, so that k is much larger
than any other parameter, namely k2 > m?, k% > m32, k2 > k-q > ¢* , we get
the asymptotic behaviour

d*k

B(q) k_—>m h

(4.5)
which leads to a logarithmic divergence. Similar power-counting arguments lead
to the formula which gives the UV degree of divergence w of a generic integral

w=4h—2L+> m (4.6)
l

with L being the number of internal momenta, i the number of independent in-
ternal (loop) momenta and n; the degree of the polynomial appearing at numer-
ator. The integral is UV convergent if w < 0, while it will be logarithmic, linear,
quadratic,... UV divergent when w = 0, 1,2, ... respectively.

The other category of divergences that can occur in Feynman integrals are the
so-called infra-red (IR) divergences. They are generated by regions of the inte-
gration domain where loop momenta become small or parallel to certain external
momenta. We can distinguish different types of IR divergences: soft (off-shell,
on-shell or threshold) divergences and collinear divergences.

Soft off-shell IR divergences arise when external momenta can assume general value
(without being on the mass-shell or at threshold) and the integration momenta be-
come very small. If we take for instance again the generic 1-loop bubble Eq.(4.4)
with a; = 2, ag = 1, m; = 0, ma # 0 and ¢* # m3, we get for small k

4

which gives again a logarithmic divergent result. There are similarities between
the properties of UV and off-shell IR divergences. Also in the latter case, one can
define a formula which gives the degree of divergence of the integral. This kind
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of divergences is absent in theories which actually describes physical phenomena,
though they can appear in expansions of Feynman integrals in particular kinematic
limits.

Soft on-shell IR divergences appear when external momenta are on mass-shell or
at threshold and the Feynman diagram happens to be singular in these particular
configurations. We can use again Eq.(4.4) with a1 =1, as = 2, m; =0, ma # 0

and we take ¢ on the mass-shell as ¢ = m3

d*k k—o0 1 d*k
50~ | e -ar = 1) e )

Once more this integral has clearly a logarithmic divergent behaviour which would
be not be present if ¢* # m3.

The 1-loop bubble can also give rise to a soft threshold divergence if we choose
a1 = az = 2, my = mo = m and we take the external momentum ¢ at threshold
2m, namely ¢ = 4m?. We start from

d*k
B(q) = / (k2 — m2]2[(q — k)2 — m2]? (4.9)

and if we make shift of the loop momentum k — k + 4 (the integration measure
is invariant under translations), we get

d*k
B(q) = / [(k+q/2)% —m?)2[(q/2 — k)2 — m?]? (4.10)
d'k k—0 d*k
:/[k2+q~k]2[k2—q~k]2 - /W (4.11)

which is logarithmic divergent.

Last but not least, collinear divergences may arise when a loop momentum becomes
collinear or anti-collinear to an external one. We can make an example by taking
the 1-loop triangle with massless internal propagators and massless independent
external momenta p; and ps.

7 )_/ d*k
PoP2) = |G = op, k) (k2 — 2py - )R

(4.12)

This integral has an on-shell soft divergence for ¥ — 0 , with all components
scaling to 0 in the same way. But, at the same time, it also has a divergence for
k # 0 but k2 ~ 0 and k is parallel to either p; or po, provided that p; and ps be
light-like. Indeed, if k2 — 0, the integrand goes like 1/((p1 - k)(p2 - k)k?). If we
take then k collinear to say p1, we will get p; - k = |p||k|(1 — cosf) with 6 — 1.
Now, if we add the integration measure rewritten in spherical coordinates we get
a behaviour dcosf/(1 — cos ) ~ df/6 which gives a divergent logarithm.
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This concludes this brief presentation of the most important and common kinds
of divergences that Feynman integrals can exhibit. In the next section we present
parametric representations for Feynman integrals, which constitute a powerful tool
not only for integration itself but also for the analyses of these divergences.

Parametric representations, Regularization and Properties of Feynman
Integrals

Feynman integrals admit parametric representations which allow to transform
them into multi-dimensional integrals over a certain number of one-dimensional
positive-valued integration variables. The bulk of these representations is given by
the so-called a-representation (or Schwinger representation), which sees a scalar?
Feynman propagator in momentum space bl (p) rewritten as an integral over a
parameter as follows

~ v

D = 4.13
() (p%2 — m? +i0)™ (4.13)
O [ gt
=1 dogog! v’ Jau 4.14
L(ar) Jo ( )
which becomes for a a; = 1
oo
= / doe®*=m*)er, (4.15)
0

Now, to obtain the representation for a generic (scalar) integral, one starts by
replacing propagators with their representation

d*kq...d%k
Fr(qu, oy ) / /Eaf E"NL (4.16)

—(a1+...an)
/d‘*kl /d4kL i x
T(an)
></ dal.../ dayai~t gy Ttell Bt danEn) (4 17)
0 0

Then, one considers the argument of the exponential, which is a function of external
momenta ¢; and loop momenta k; and rewrites it as

C= (a1E1 + ...+ OéNEN) = kiMijkj — 2Qj/€j +J (4.18)

where M is an L x L matrix, Q(wi,q;) is an L-dimensional vector and J =
J(a;a;,m2, gi, qj) is a scalar function.

We discuss here parametric representation of the only scalar Feynman integrals, since this is
what we will actually need in the following for our computation (see Chapter 4).
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By performing some manipulations, one manages to rewrite the integrals over the
loop momenta k; in Eq.4.17 as Gaussian integrals, which can be then easily carried
out. The final result for the a-parametrization thus reads

Z'L*(alJr"'aN)det(M)fQWLm N . - F(a)
/ dojor .’ ‘

1 —;F (@)
e Ul 4.19
I‘(al)...I‘(aN) J ( )

FF(Ql; aQn) =
j=1

with & and F being strictly related to the function C' as follows
U=det(M), F=—det(M)J+QM"Q. (4.20)

Practically speaking i and F are polynomials in the a-parameters of homogeneous
degree respectively equal to L and L + 1 2.

The representation through a-parameters is interchangeable with another one,
which can be obtained with a simple change of variables and goes under the name
of Feynman representation.

(—1)attangl/2D(q) 4+ ...+ ay — L/2)
[T T ()

N N
a;—1 U(x)“1+"'+(‘N—2(L+1)
X / I I dejz;” 6 <1 - sz> F(z)mttax—2D (4.21)
Jj=1

FF(Ql; aQn) =

i=1

As we already pointed out, Feynman integrals can be ill-defined, since some

region of the integration domain can lead to a divergent result. To deal with this,
usually such integrals are regularized through the introduction of a regqularization
parameter at the integrand level, such that the final result of the integration is
a well-defined function of this parameter and the initial divergence is recovered
by taking a specific limit of the parameter. Thus the purpose of regularization is
that of making the divergence manifest itself as a singularity of the regularization
parameter, so that it can be isolated and easily handled.
A number of different types of regularization are available on the market, but we
will take into consideration in this context only the one that we used extensively in
our computation, which is dimensional regularization (DR). This technique con-
sists of promoting the number of dimensions from 4 to d = 4 — 2¢. Roughly
speaking, what happens is that the final result of the integration will be a well-
defined function of the regularization parameter €, which, if expanded around the
physical limit ¢ — 0, will contain poles 1/e,1/€% etc..... representing the diver-
gences of the original integral.

2For computation purposes, we point the reader who might want to make use of this useful
representation to the Mathematica package UF.m by A.Smirnov which compute the & and F
polynomial automatically and which has been successfully used in our project.



4.1. FUNDAMENTALS OF FEYNMAN INTEGRALS AND MASTER INTEGRALS 85

In particular, if d is taken to be a complex-valued variable the main feature of
dimensional regularization turns out to be the proof that Feynman integrals are
analytic functions of € in the complex plane! This gives the possibility to always
perform an expansion of the result as a Laurent series around € ~ 0, thus recover-
ing the poles in € mentioned above. When we promote the dimension from 4 to d,
the derivation of the o and Feynman representations does not change much: the
only difference is that one should now perform d-dimensional Gaussian integrals
over the loop momenta, which indeed can be done with no effort. The final results
for such representations in d-dimensions read

Z'Lf(alJr...aN) det(M)fd/2,n_Ld/2 / N w1 i F @)
Fr(qi, ., qn) = do;of " e tu) | (4.22
0(41-4n) T(a1)..T(an) R (4.22)
—1)yerttan g Ld/ 27 (g 4 4 an — Ld/2
FF(QI;---;Qn):( ) ( - N / )

N
[[;=: T'(ai)
T al +...+(LN—d(L+1)/2

N N U( )
a;—1
X /]H1 d o' <1 —~ 2x> F e (4.23)

The parametric representations Eq.(4.22) and Eq.(4.23) are a useful tool not only
for integration itself of Feynman integrals, but also for the analyses of their con-
vergence and for their expansion in given kinematic limits. We will made extensive
use in particular of Eq.(4.23) in our computation, as it will be shown in the next
chapter.

In the following we briefly state some important properties of Feynman inte-
grals, without providing any proof since this would go beyond the purpose of the
present thesis. The first three properties are general to all Feynman integrals,
regardless of the adopted regularization scheme, whereas the last two of them are
specific to Feynman integrals regularised in DR.

1. Scalar integrals are invariant under the Poincaré group. This implies that
the integral is a function of only those Lorentz-invariants that can be built
starting from external momenta.

2. Integrals transform in a covariant way under dilatations. This means that one
can always extract the dimension in powers of energy of the integral and thus
deal with a dimensionless integral which will be a function of dimensionless
ratios of those independent kinematic quantities that can be built stating
from independent external momenta.

3. Lorentz invariance identities (LI): given a scalar integral F(q,...,qg) de-
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pending on E external momenta, the following identities hold

E
v 9 n 0 _
Z <qi 90, qi 8%) F(q1,....,qr) =0. (4.24)

i=1

They follow from the invariance of the integral under Lorentz transformation
of the external momenta ¢! — ¢' + etq?.

. Integration by parts Identities (IBPs), namely the possibility of integrating

by parts and always neglecting surface terms.

0 1
d d I A =
/d’“l"'/d’“ [akj R T ey B

The formal argument for which this identities hold relies on the fact that
this is the integral in d-dimensions of the total divergence of the vector in
curly brackets. It can then be transformed into the flux of this vector over a
spherical surface with radius r — oo and which goes to zero. A less formal
but more intuitive argument is the following: the integral is invariant under
translations along the directions of the vector k;

/ddk; f(k /dd (ki 4+ €)f (ki +¢€) (4.25)

but the partial derivative with respect to vector k; is the generator of trans-
lations along the direction of this vector

flki+e) = f(ki)+e

ki) + ... 4.26
k) + (1.26)
so the generator of shift must integrate to zero!

In any case, for the complete proof of IBPs we send the reader to the paper
[121] where they were originally discussed.

. Any scaleless integral in DR is zero.

This property can be proved by use of an auxiliary analytic regularization,
using pieces of the integral in « representation considered in different domains
of the regularization parameters.

We can consider as an example the massless tadpole diagram, which can be
reduced by means of a parameters to a scaleless one-dimensional integral

dk
F = —i° d/2/ doa™°. (427)

This integral is divided into two parts, from 0 to 1 and from 1 to co and these
two parts are integrated. Results are found to be equal except for opposite
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signs, which lead to zero value. An important subtlety in this procedure
should be pointed out. These two pieces converge in different regions of the
DR regulator € but DR guarantees that each one of them can be extended
through analytic continuation to the entire € axis, so that the result effectively
sums up to zero.

For a complete treatment of Dimensional Regularization and its properties we send
the reader to the original paper [119] where DR was first introduced by Veltman
and 't Hooft and to the paper from Wilson [129], which followed immediately
afterwards.

4.1.2 Master Integrals: definition and overview

When computing higher order perturbative corrections to physical quantities, a
large number of apparently different integrals appears. In particular, increasing
the number of loops and/or external legs, more and more different dimensional
scales enter the description of the final result, thus introducing more and more
difficulties in the evaluation of the integrals.

In the framework of dimensional regularization, many powerful techniques have
been developed in order to make the computation of such corrections feasible.
The main goal of such techniques is that of sensibly reducing the number of Feyn-
man integrals that need to be computed explicitly, by relating the original huge
amount of integrals needed to describe the process to a much smaller set. Indeed,
IBPs identities (plus some other types of identities that will be presented later on
in this thesis) can be used to establish a number of relations between the integrals.
These relations turn out to be simple linear equations which involve the integrals
and only rational functions of the invariants and of the dimensional regularization
parameter €. Solving this system of equations finally allows one, as anticipated
above, to express most of the integrals in terms of a relatively small subset of ir-
reducible integrals, the so-called Master Integrals, which are then to be computed
explicitly.

So, given the problem of computing contribution at a given order in perturbation
theory to an observable, we can give the following definition of Master Integrals.

Master Integrals form a set of integrals such that any other Feynman integral
appearing in the problem can be expressed as a linear combination of the elements
of this set. This set thus satisfies the requirements of being closed with respect to
IBPs and minimal.

In other words, a set of Master Integrals is a solution of the IBPs system of
equations such that

e its elements cannot be further reduced by applying IBPs (i.e. the set is closed
under IBPs operation),
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e the number of elements is the minimal one necessary in order for the previous
property to hold.

Consequently, master integrals (MIs) have all the properties of standard Feynman
integrals, plus those that derive from the above definition. We would like to stress
that, given a system of IBPs identities, one can usually determine an ensemble of
equivalent solutions for it. This implies that one always has the freedom to change
the set of MIs and this amounts to simply a change of basis in the space of the
IBPs system solutions.

Roughly speaking, the computation of a given observable at a given order in per-
turbation theory, is thus naturally split into two parts

e the reduction of the original set of integrals coming from the matrix elements
to a set of MIs as small as possible,

e the explicit computation of the MIs.

A lot of effort has been made in the past twenty years to improve all this machin-
ery.

In non-trivial applications, such as two-loop corrections, the system of equations
one has to solve to carry out the reduction can easily grow to include hundreds or
thousands of equations, so that one must resort to the use of computer algebra.
In the last years many public and private implementations for the automatic re-
duction to master integrals have become available, many of them relying on the
Laporta algorithm [87].

After the problem of reduction is completed, one is left with that of solving the
masters. Traditional techniques, such as a- , Feynman or Mellin-Barnes paramet-
ric representation are of course available to solve each of the master integrals. But,
as the number of loops and external legs increases, also the number of propaga-
tors does and these traditional methods are not feasible anymore. Beside these
traditional techniques at the beginning of the nineties the method of differential
equations has been proposed and over the years has proven to be very powerful
in a large number of computations. In this method, differential equations for the
integrals under consideration are derived, by differentiating at the integrand level
with respect to external scales upon which the integrals depend. The master in-
tegrals are then determined by solving such differential equations and matching
them to appropriate boundary conditions.

The rest of this chapter will be dedicated to go more into detail in the master
integral technique, with particular emphasis on those techniques that we used ex-
tensively in our computation and that cannot yet be carried out automatically,
namely the solution of masters through differential equations. Among the next
three sections, the first will be dedicated to reduction, the second to methods for
solving the masters and the third will focus in particular on some recent ideas de-
veloped in the field of solution via differential equation, which has been exploited
in the present project.
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4.2 Reduction of Scalar Matrix Elements to Mas-
ter Integrals

Let us imagine we want to compute the contribution to a certain order in per-
turbation theory to the inclusive cross-section for a particular physical process
via master integral techniques. Which steps should one take to obtain the set of
masters describing such quantity from scratch? This section will be entirely ded-
icated to describe how a set of master integrals is obtained within the framework
of computation of perturbative quantum corrections to an observable.

4.2.1 Topologies and classification of scalar Feynman Inte-
grals

We assume that the reader is already familiar with matrix elements generation for
a given process, so we just sketch how it works without entering into details. First
Feynman graphs are generated. For processes with a large number of loops/legs,
and thus described by a large number of graphs, this happens normally through
the help of an automatic generator. Then, a mathematical expression is associated
to each graph through Feynman rules, thus giving what is usually called a Feyn-
man diagram. At this stage our process is then described by a sum of Feynman
diagrams, usually referred to as Feynman amplitude. For processes involving par-
ticles with spin different from zero, (amputated) amplitudes are tensor quantities,
namely they have free Lorentz indices. These free Lorentz indices are then satu-
rated when one takes the square modulus of the amplitude and contracts it either
with the polarisation tensor or with suitable projectors in order to either compute
a cross-section or extract form factors. When such contraction is performed a
scalar quantity is obtained, which we will always refer to in the following as scalar
amplitude.

Also we stress that in the following we will always work in Dimensional Regular-
ization. Given a process q1 + g2 — ¢3 + ... + qn which depends on N external
momenta ¢, ...,qny and L loop momenta Iy, ...,1, the scalar amplitude A at this
point looks like

A(ql,...,qN;zl,...,zL):/ddzl.../ddzLN(qi i 4ol licl) g
BT ELP

where the numerator in the integrand is a polynomial in all the possible scalar
products that can be built out of the independent internal and external momenta
whereas the denominator is a product of M inverse propagators Eq.(4.3).

In order to obtain quantities with a physical meaning, namely inclusive cross-
sections or form factors, one has then to integrate Eq.(4.28) over the Phase Space
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for the N — 2 particles g3, ..., ¢ in the final state.

o :/ddQ3~~~/ddQN5+(Q?2, —m3)...04(¢% —mA)D(q1 + g2 — (g3 + ... + qn)) X
X A(le"'vQN;l17~~~7lL)~ (429)

Even if it is not necessary for the following discussion, we would like to consider
starting from now the most general case in which the technique of master inte-
grals can be used. Indeed, this technique was developed at the beginning with the
purpose of dealing with integrations over the only loop momenta, meaning that
it was meant to be applied to perform integrations at level of scalar amplitudes
Eq.(4.28), thus leaving phase-space integrations to traditional techniques.

Later on, the possibility to treat phase space integrals as loop integrals was in-
troduced, consequently leading to the idea of applying master integrals to both
loop and phase-space integrations [?]. This idea relies on what is commonly called
reverse unitarity, which essentially consists in using the Cutkosky rule to replace
delta-functions by differences of propagators

1 1 1
2. 5 2 2 N — = . 430
imd(p” —m”) p? —m24+i0  p?>—m? —i0 (pQ_mQ)c | )

Leaving details for the following subsection, for the moment we can say that this
allows us to substitute §-functions with cut propagators in the phase space mea-
sure, and, consequently, to treat phase space integrals as loop integrals. Once in
Eq.(4.29) we have performed one phase space integral with the momentum conser-
vation J-function and we have rewritten the remaining on-shell §-functions using
reverse unitarity,

J:/ddq;g.../dqu,lX
1
X

1
A(qry gl 0l .
(qg_mg)c ((CI1+CJ2—(Q3+...(1N1))2—m?\,>c (1, an3h L)
(4.31)

If we now substitute the explicit expression for the scalar amplitude Eq.(4.28), we
get

i=N-—1

L
a:/ 11 ddqi/Hddljx
i=3 j=1

><< 1 ) ( 1 ) N(Qi'Qj7Qi'ljali'lj)
g-m3/). " \(¢1+@q— (g3 +..av-1))? —mi c E?El ~--E;fM .
(4.32)
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In Eq.(4.32) it is eventually clear that from this stage on loop and phase space
integrations can be treated in the same way, so that we can think of applying
master integrals technique not only at level of scalar amplitude (Eq.4.28) but also
at level of cross-section (Eq.4.32).

Keeping this in mind, from now on we will address the general mathematical issue
of reducing to master integrals a quantity which has the following features:

e it is a function of a number F of ‘external’ momenta ¢, ..., g

e it can be generically written as the integral over a number I of ‘loop’ momenta
ki, ...,k of a certain integrand

e the integrand has the generic form of a polynomial in all the possible scalar
products that can be built using momenta q1, ..., qg, k1, ..., kr over a denom-
inator given by products of inverse propagators.

45, q; kvkz - k;
A(le' 7QE /Hdd azsl Ea]EM ]) (433)
1 Loy

This generic quantity A will have the physical meaning of either a scalar amplitude
or a cross-section depending on the precise physical observable one might want to
compute.

We start now manipulating Eq.(4.33) as follows. First, we expand A in order
to write it as the sum of integrals each one over a ratio having at the numer-
ator a monomial in the scalar products and at the denominator the product of
propagators, which are actually scalar Feynman integrals.

y aS1 Sasz .S;‘\'}J\J
Alq1,y - qE) ch (g1, .-, qE) /Hd kp EOR g (4.34)
JEy

where

e we pulled the scalar products between external momenta outside the integrals
and encoded them in the coefficients ¢; (g1, ..., gg) which have then the form

E

ci(qr,map) = [] (@ qm)n (4.35)

l,m=1

e we have indicated with S, ..., Sps all the possible independent scalar products
that one can construct of the type g; - k;, k; - k; using all the independent
external and loop momenta.
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The number of all possible scalar product of the type g; - k;, k; - k; is fixed by the
formula

I(1+1)

5 T1E. (4.36)

nsg =
The key observation now is that the amplitude has been written as a linear com-
bination of scalar integrals (Eq.4.34) but the ensemble of these integrals is usually
not linearly independent, meaning that we still have room to manipulate this ex-
pression and reduce the number of integrals appearing in this linear combination.
The linear dependence is induced by the fact that factors appearing at denomina-
tor are built up themselves from scalar products. This implies two things. First,
the number of linearly independent propagators {Fj, ..., Epr} that we can build
given I loop momenta and F external momenta is fixed by the expression fix-
ing the number for scalar products, namely Eq.(4.36). Second, we can think of
expressing each scalar product at numerator as a linear combination of inverse
propagators {E1, ..., Ep }. More in general, we can think of the sets {S1,..., Sym}
and {E1,..., Em} as two bases in the space of all possible linear combinations of
scalar products. In this perspective expressing scalar products as linear combina-
tions of a set of selected independent inverse propagators is nothing but a change
of basis in this space. So, assuming that our scalar amplitude naturally provides
a set of M linearly independent inverse propagators { E1, ..., Ep }, we can perform
this change of basis

M
Si=>» Bij(E;—bj) (j=1,..,7) (4.37)

Jj=1

where B and b are respectively an invertible M x M matrix and an M-dimensional
vector whose elements just depend on the scalar products between external mo-
menta ¢; - ¢; and internal masses m?. We can now use this change of basis to
simplify Eq.(4.34): in each term appearing in the sum we substitute scalar prod-
ucts at numerators with their decomposition Eq.(4.37), we expand again, perform
all simplifications between numerator and denominator that may occur and finally
obtain a scalar amplitude which is a linear combination of Feynman integrals writ-

ten in terms of only inverse propagator belonging to the set {E1, ..., Ens}

I M
Alq1y oy qE) = Z i (qiy s qE) / H dk, H E; i (4.38)
p=1 j=1

%

We can now introduce the concept of ‘topology’ which will be extensively used in
the rest of this thesis and which states in a formal way the idea of sets of indepen-
dent propagators as basis in a space. We define topology T a set {Ex, ..., Eap} of
inverse propagators F; which is minimal and complete in the sense that any scalar
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product of a loop momentum k; with either a loop momentum k; or an external
momentum p; can be uniquely expressed as a linear combination of the E; and of
the kinematic invariants 3.

Given our topology T = {E1, ..., Exp}, we can classify all the scalar integrals ap-
pearing in the sum in Eq.(4.38) according to it. Indeed, once an order for the
propagators in the set T  is conveniently fixed, we can associate to each integral a
M-dimensional vector whose entries correspond to indices (i.e. powers) of propa-
gators F; belonging to the topology. We establish this correspondence by adopting
the following notation

I M A
/ T d%, [T E™ — 11T, {ais,, iy, s, 1 (4.39)
p=1 7j=1

We also define subtopology any subset T” of inverse propagator which can be con-
structed starting from a given original topology T'. It is appropriate at this point to
discuss an issue which concerns the identification of topologies. In our discussion
so far, we took for granted that propagators appearing in the scalar amplitude
naturally make up a topology, in a sense that we assumed them to be linearly
independent and in a number equal to M with M given by Eq.(4.36). In real
computations, this perfect scenario rarely happens. Usually one has to deal with
two possible variations of this scenario, which might happen one at a time or also
at the same time. First, the propagators might not be a linearly independent set.
This problem can be solved with the help of partial fractioning. Let us consider
the simplest situation, we have a set of M propagators from the scalar amplitude
and three of them satisfy the following relation of linear dependence

E;, = Ej + Ej. (4.40)

This means that this particular set of M propagators is not a topology. But we
can create an identity in order to get rid of one of them in favour of the other two.
Indeed, we have

_Ej-i-Ek

1 4.41
- (1.41)

Now, if we take the simplest ‘problematic’ integrand, namely

1
—_— 4.42
E,E;E, ( )
and apply to it the identity we get

1 E,+E 1 1 1

= J + k = b} + 2 . (4'43)
E,E;E} E;, FEE;E, E’E, E’E;

31t must be stressed that a topology is defined only up to shifts of the loop momenta.
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We have split our original integral containing the three dependent propagators in
the sum of two new integrals which contain each just two of these propagators,
namely no more propagators which are linearly dependent. At this point we are
left with the task of assigning these integrals to suitable topologies. These are
easily obtained by taking the original set M and replacing in turn propagators F;
and Fj with other auziliary propagators constructed ad hoc to complete the set in
such a way that linear dependence is satisfied. In this way we get from the initial
set two new sets of M propagators, linear independent and such that they contain
respectively the first and the second integrand that result from partial fractioning.
Actually, partial fractioning can be more involved than this, but this example is
meant just to convey the general philosophy of partial fractioning:

e exploit the linear dependence between propagators to construct identities
that allow to build integrands containing just product of independent prop-
agators

e manipulate the initial set of propagators by eliminating old propagators and
adding new auxiliary ones such that in the end they give rise to topologies
and such that these topologies actually contain the newly built integrands.

The other problem that might arise concerns the number m of propagators that
are naturally contained in a scalar amplitude. It can be a priori either smaller or
bigger than the number M given by Eq.(4.36) required to build a topology. In
the first case m < M, it is sufficient to add one or more auxiliary propagators in
order to complete the set in such a way to get a topology out of it. In the second
case, m > M, the set of m propagators is not linearly dependent, so again we can
exploit partial fractioning to reduce it to a smaller set of independent propagators.
To conclude we might say that it is often necessary to play with both partial
fractioning and auxiliary propagators to get to a form for the scalar amplitude as
that described in Eq.(4.38). From now on, keeping in mind the framework of a
general computation, we will assume that all the necessary in this sense has been
done, so that we have arrived to a form of the amplitude as in Eq.(4.38) and in
the next section we can start explaining how such expression is reduced to master
integrals.

4.2.2 Identities between Feynman Integrals

In this subsection we will address the problem of further reducing a scalar ampli-
tude in the form Eq.(4.38) by means of Integration By Parts (IBPs) identities 4.

Roughly speaking, the idea is to write down, using IBPs, a system of linear equa-
tions for scalar Feynman integrals belonging to a certain topology and solve this

4IBPs have been introduced in the previous section in the context of properties of dimension-
ally regularized Feynman integrals.
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system with respect to a small set of integrals in terms of which all the others
will be expressed through linear relations. Integrals belonging to this set found
by solving IBPs systems of equations are what we will call from now on Master
Integrals (MIs). MIs are thus characterized by the property of being irreducible, in
a sense that they cannot be expressed as linear combinations of simpler integrals.
To give an idea of how this works, we shall start from the simplest example one
can think of, namely the massive tadpole for generic index of its only propagator
(in the following we omit the dependence on invariants and dimension for brevity)

dk
F(a) :/7(1@2 e (4.44)
We apply the IBP identity to this integral
0 1
d —
/d b k(k2 — =0 (4.45)

with % k= % - k. If we carry out derivatives we get
(d —2a)F(a) — 2am*F(a+1)=0 (4.46)

which can be solved to give the following recurrence relation

d—2a+2

Fa) = s me

F(a-1), (4.47)
telling us that any Feynman integral with integer @ > 1 can be expressed re-
cursively in terms of one integral F(1) which we therefore consider as a master
integral, namely an integral that cannot be further reduced, as follows °

(=D*(1 = d/2)a

F(a) = (a — 1)!(m2)a—1

I. (4.48)

Let us pick up now a slightly more difficult example, namely the massless 1-loop
bubble with generic indices a1, as.

d?k
Ploven) = | Gyt (449

We apply IBP with respect to the integration momentum

i, 9 1 _
/ S T = T TR

(4.50)

5In the mathematical notation (m)y is the Pochammer symbol.
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and obtain the following relation
(d—2a1 —a2)F(a1,a2) —azF(ag —1,a2 + 1) + azq®F (a1, as + 1)=0, (4.51)
which can be rewritten as
asq*F(ay,as + 1) = agF(a; — 1,a2 + 1) + (2a1 + ag — d)F(ay, as). (4.52)
If we now shift the index as we can write

1

T

[(d —2a1 —as + 1)F(a1,a2 — 1) — (ag — 1)F(a1 — 1,a2)] .
(4.53)

This relation relates an integral whose indices sum up to a; + as on the Lh.s. to
integrals whose indices sum up to a; + a2 — 1 on the r.h.s., thus enabling us to
reduce the sum of the indices a1 + as. From the denominators we see that this
relation holds only for as > 1. What if for instance as = 1?7 Then we can use
the symmetry property of this specific integral F'(a1,as) = F(az,a1) (which comes
from the invariance of the integral under the shift k¥ — ¢ — k ) to exchange a; and
as in this relation and then set as = 1. This gives us

d— a] — 1
(a1 —1)¢?
This last relation enables us to reduce the index a; to 1. So, Eq.(4.53) and

Eq.(4.54) together enable us to express any integral of the given family in terms
of the only master integral F'(1,1), so that

Flap,1) = — Flar —1,1). (4.54)

F(a1,a2) = c¢(ar,az2,d)F(1,1) (4.55)

where C is a rational function of the regulator d = 4 — 2¢ and of the only scale of
the integrals ¢°.

We can extrapolate from this example what happens in a more general situation.
By explicitly performing on the integrands derivatives appearing in the IBPs and
expressing then scalar products appearing at numerators in terms of the chosen
basis of inverse propagators {E1, ..., Epr}, one obtains identities of the form (we
use the notation of Eq.(4.39))

M
0=c I[Ta {G‘Ena’Eza ) G’EM}] + ZaEld’LI[T7 {a’EUa’Eza v 0p; + ka [X3) G’EM}]
i=1
1M
+ Z ag,eiI[T,{ap,,ap,, ...,ap, +k,...,ap, —p,...,ap, }| (4.56)
1#£]

involving three kinds of amplitudes



4.2. REDUCTION OF SCALAR MATRIX ELEMENTS TO MASTER INTEGRALS 97

e the original scalar integral itself I[T, {ag,,ag,, ...,am,, };

e scalar integrals I[T,{ap,,ag,,...,a5, + k,...,ag,, }] with one of the indices
increased by some integer number k.ap, — ag, + k (¢ = 1,...M). These
terms originate from the derivation of the factor Ef i Obviously these terms
are absent for indices being equal to zero, meaning that it is impossible to
generate an absent denominator by differentiation. This implies that IBPs
applied to a scalar integral belonging to a certain subtopology T’ can never
produce scalar integrals belonging to a topology bigger than T";

e scalar integrals I(T, {ag,, ag,, ...,ag, +k,...,ap, —p, ...,ag,, }] with one index
increased by some integer k, ag, — ag, + k and another decreased by some
other integer p, ap, — ap; — p. These terms originate from the derivation

of the factor Ej K together with the cancellation of a power of E;LEJ with
inverse propagators generated at numerators.

The coefficients c¢,d;,e;; are functions of € and of the invariants on which the original
integral depends.

The IBPs identities constitute a system of linear equations in which the unknowns
are the scalar integral themselves. The oldest approach, developed in the original
article on the IBPs ([?],[?]), involves a symbolic solution of the identities, treated
as recurrence equations in the indices. In the two examples we gave above one can
actually see this kind of method at work, though just in the two easiest situations
one can imagine. In the general case, one introduces operators raising or lowering
one of the indices

iiI[Tﬂ {G’E17 <y QF; 5 -y QE }] = I[Ta {G’EU -y OF; 1., AE N }] (457)

and tries to combine equations in such a way that a scalar integral is written in
terms of amplitudes all containing lowering operators, so that reduction to sim-
pler subtopologies can thus be achieved. The main disadvantage is that a careful,
case-by-case, inspection of the equations is required. Also, when the system of
equations starts becoming huge, solving for generic values of the indices might
become cumbersome and in some cases impossible.

More recently, a new approach radically different from the previous one was pro-
posed in [87]. This method, commonly known as the Laporta algorithm, does
not attempt to solve systems of IBPs containing an infinite number of equations
(i.e. for generic values of the indices of propagators) but systems made of a finite
number of equations generated by specifying some carefully chosen values for the
indices. Indeed, it is observed that in practice large values of the indexes a; do not
matter, so that one is able to truncate the initially infinite system of equations at
certain, usually small, values of the a; and thus deal with a finite system of linear
equations. The system is solved using the well-known Gauss elimination method.
The solution gives the expressions of the integrals as linear combinations of the
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master integrals with rational coefficients in the DR parameter e. This approach
has the big advantage of being suitable for completely automatic calculations, since
it does not require inspections of single identities one-by-one. On the other side,
it may require a large CPU time and very long intermediate expressions may be
generated, but with some tricks also the entity of these problems can be reduced.
For a detailed description of the algorithm and example, we send the reader to the
original paper where this was first published ([87]).

In our project we made extensive use of the Mathematica implemented version of
this algorithm, which is delivered in the FIRE package [113]. In particular we used
the latest version of the package [114], which allows for performing reduction both
with Mathematica and with c++. However, this is not the only automatic code
available for reduction to master integrals. Various implementations exist and the
interested reader may find citation of a complete list of them in [76].

One last remark we would like to make is about the compatibility of reverse unitar-
ity, mentioned in the previous subsection, with IBPs reduction [8]. Given that we
are addressing the computation of a cross-section, once the phase space d-functions
are replaced by the difference of two cut propagators as in Eq.(4.30), we can apply
IBPs two cut scalar integrals in the same way we would apply them to standard
loop integrals. Indeed, the prescription for the imaginary part of the two propa-
gators in the r.h.s. of Eq.(4.30) is irrelevant for the differentiation. Therefore the
IBP relations for the two descendants of these two terms have the same form as the
IBP relations for the original integral without the cut. It is then allowed to apply
reverse unitarity, thus getting cut scalar integrals, and then apply to them IBP
reduction. Reduction will work exactly the same way it works for loop integrals,
with the exception that whenever a cut inverse propagator appear at numerator in
an integral, that integral is zero (Indeed one has to remember that cut propagators
are 0-functions representing on-shell constraints!).

At this stage, we can consider the problem of reduction of a given scalar am-
plitude to master integrals solved. In the next two sections, we will address the
issue of computing the masters themselves.
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4.3 Master Integrals Computation - Part 1

Once the reduction to master integrals is performed, one is left with the issue
of computing explicitly the masters. In this section we shall address this topic.
One has usually at disposal several methods to compute the masters. Among the
traditional ones, there are a and Feynman parameters and Mellin-Barnes para-
metric representation. These methods have been used extensively over the years
for one-loop and two-loop computations, but they have some disadvantages. When
the number of external and/or internal lines start to grow, the number of possi-
ble inverse propagator appearing at denominator in the integrals increase. Since
all these methods rely on some way of representing each Feynman propagator as
an integral over a certain parameter, integrands involving many propagators give
rise to multi-fold parametric integrals with a high number of dimensions (i.e. in-
tegration variables), which can easily become pretty cumbersome to be solved.
Furthermore, these methods address the computation of each integral separately
from the others, so that when the number of master integrals increases, typically in
multi-loop/leg computation, the number of integrations to be carried out becomes
really challenging.

In this kind of scenario, one might typically want to exploit properties of master
integrals, namely the fact of being a closed irreducible set of integrals belonging
to one or more topologies, to try to find a more efficient strategy to solve them.
An alternative method, which goes under the name of Differential Equations(DE),
indeed uses such properties and has proved successful and very powerful since its
development in the nineties. Since we heavily relied on this particular strategy for
the computation of all master integrals in our project, the rest of chapter 4 will
focus specifically on this strategy. In particular, we will review all the ingredients
and basics of the method in the present section ¢, whereas in the following one we
will enter in the details of some quite recent further developments which make the
DE method even more efficient and maybe pave the way towards automation of
MIs computation.

Since we used very little of the ‘traditional’ methods in our computation, we de-
cided not to give a full treatment of them.

4.3.1 Generation of Differential Equations for Master Inte-
grals

Once the MIs have been identified, we can derive differential equations for them
with respect to the external invariants of which they are functions by using again
IBPs relations together with the fact that the Mls are a basis in the vector space
of a certain category of Feynman integrals belonging to a given topology. Three
steps must essentially be taken.

%[2], [125]
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e Omne chooses which set of independent external invariants he/she wants to
use to express results for the MIs (which will be then functions of these
invariants).

e Then one derives differential operators in the external invariants by observing
that derivatives with respect to them can be expressed as derivatives with
respect to external momenta through the chain rule.

e The set of differential operators is applied to each master. This allows to
express the derivative of a MI as a linear combination of other Feynman
integrals belonging to the same topology or to its subtopologies. In order to
understand this step, we recall from section 3.2, that derivatives of Feynman
integrals, in this case with respect to external momenta, do not produce new
propagators in the integrand denominator. In other words, derivatives of
Feynman integrals with respect to external momenta will always produce as
a result integrals which belong to the same topology or to subtopologies of
the original integral.

e After applying derivatives, not all the integrals appearing at r.h.s are masters!
IBP reduction is then applied to these integrals, thus reducing those that are
not master integrals to linear combinations of these masters.

e Asaresult we end up with a system of first order, usually coupled, differential
equations for the masters.

We shall illustrate how this works in practice with a very basic example, which will

then be useful as part of the Single Top NLO computation reported in Chapter 4.
Let us take the 1-loop bubble with an internal mass m? and depending on one

external momenta g. We take both indices of propagators to be equal to 1.

d
F(¢*,m?1,1,d) = / = ni)kzq Yl (4.58)

This integral depends on two scales ¢> and m?. However, we know from Section
3.1 that it is always possible to pull out from a Feynman integral its dimension
in powers of energy and deal with dimensionless integrals. Since it is simpler to
deal with dimensionless integrals, this is exactly what we want to do! So we make
this integral dimensionless by multiplying it for the inverse power of its dimension
in powers of m?, which corresponds in this case to m?¢. The integral we obtain
in this way is then a function of the only dimensionless ratios that we can build

2
starting from the external invariants, in this case just = = %.

d4—2€k
ad _ €
F(z,1,1,¢) = m? / i (4.59)
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We now turn to derive the differential operator which gives the derivative with
respect to = as a function of the derivative with respect to m? by using the chain
rule.

d_ ()T (g £ eyt d o d
dr  \ dm? m2 (m?)2 dm?  \ m2 dm?  x dm?
(4.60)

So, we obtain

%F“d(x,l, 1,e) = —

a~z|3m
S
S|

: [W)E/ (,{2?;;5 f/c)Q} )
== et )/ et | )

S

1 d4726k . d4725k
_|: — 2+(m2)1+ / 2 _ 2 02)\2( — 2]
T m?)(q — k) (k? —=m?)*(q — k)
_1 [eFad 2, 1,1,¢) +F“d(x 2,1,6)] . (4.61)
T

At this stage we inspect integrals appearing on the r.h.s. and we apply IBPs to
the new integral F%¢(x,2,1,€) to see if it can be further reduced. This is actually
the case since the reduction gives us

1

2

F(g®,m?2,1,¢) =
m*® —q

5 [(1=20)F(¢*,m* 1,1,¢) = F(¢*,m*2,0,¢)] (4.62)
and if we multiply both sides by (m?)'*¢, we obtain the dimensionless relation

Fo(z,2,1,¢) = % [(1—2e)F*Y(z,1,1,€) — F*Y(z,2,0,¢)] . (4.63)
— X

At this point we can decide either to keep F%%(z,2,0,¢) as a master integral or to
further reduce it to F%(z, 1,0, ¢) through

Fz,2,0,€) = (1 — €)F*(2,1,0,¢). (4.64)

In this case we get

F(z,2,1,¢) = % [(1—2¢)F*(x,1,1,¢) — (1 — €)F*(2,1,0,¢)]  (4.65)

which substituted in Eq.4.61, gives

d 1 1-2¢\ (1—¢)

—F (2, 1,1,€) = — = |F*(z,1,1 — Fed(z,1 .

e == 1 [ (e ) - S2d P00
(4.66)
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We have a obtained a differential equation for F*¢(x, 1,1, €) which we can solve if
we know the inhomogeneous term F%(x,1,0,¢). The latter has a smaller number
of propagators, namely it belongs to a subtopology of the initial one. So, in a
bottom-up approach, where we start solving from the smallest subtopologies up
to the bigger ones, this term can taken to be known and the differential equation
can thus be integrated.

We generalize now the knowledge we have acquired from this example by syn-
thesizing in general formulas for the generation of DE for MIs.

Let us begin by taking a generic scalar integral which depends on a set of N
invariants s = {s1, ..., sy} built out of E external momenta

F(s1,...,8N) = /ddk;lddk;LEfl...EXdM. (4.67)
Let us consider the quantities
OF (s )
O]‘k(s) :q]"p,a—(). (],If: 1,2,...,E) (468)
ke,
By the differentiation rules we have

0sa OF(s) < 9sa \ OF(s)
=g, HZ Dy 8sa => (qm- 8%’”) o (4.69)

a=1

According to the available number of the kinematic invariants, the r.h.s. of
Eq.(4.68) and the r.h.s. of Eq.(4.69) can be equated to form the following sys-

tem
N
3 ( 054 ) Fs) _ . 0F(s) (4.70)

qj,p an,p, asa DK aqk,p,

which can be solved in order to express 9F(s) iy terms of Qi 9F(s)
PEN JH Oqr,

Eq.(4.70) holds for any function F(s). Let us now assume that F = Fj(s) is
a master integral belonging to a set {1, Fy,..., F,} of MlIs describing a certain
topology. We apply to it the operator performing derivative with respect to a
certain external invariant. This corresponds, through the action of this operator, to
a linear combination of derivatives of the master with respect to external momenta
and masses. These derivatives are integrals themselves, belonging to the same
topology as the MIs {F},...,F,}, to which we can apply IBPs reduction. By
doing so, we reduce the r.h.s. to a linear combination of MIs, thus expressing
the derivative of the master F; with respect to a certain invariant as a linear
combination of the ensemble of MIs themselves. If we apply this procedure to
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each master, we get a system of first-order differential equations in the ensemble
of variables s for the MIs {Fi, ..., F},}

0

5. (5,0 = 4;(s5,)Fj(s,0) + > Ai(s,)Fu(se) j=1,...p. (4.71)

ki

For the sake of precision, we point out that in the set of MIs {F7, ..., F,, } we include
master integrals for the topology into consideration plus those for all its possible
subtopologies, since the latter appear in the inhomogeneous terms in almost all
cases.

Once the system of differential equations Eq.(4.71) is written down for a given
set of MIs, the problem of solving the MIs amounts to being able to integrate such
equations and matching them with proper boundary conditions. Now it is essential
to point out that while the problem of IBP reduction is always solved in closed
form in € (and this is usually possible), the same does not happen for the problem
concerning the solution of the MIs. There exists a very tiny category of Feynman
integrals, mainly 2-point functions, which are solvable in closed form in €. In most
cases, given the complexity of the integrals, it is not possible to determine these
integrals as exact functions of the regulator €. Also, it happens very often that the
results for these integrals will have to be expanded anyway around d — 4, which
corresponds to € — 0. Given these facts, one usually addresses the computation
of MIs expanded as Laurent series in €. To do so, one substitutes the ansatz

n

Fi(s,e) = Y e FM(s)+ 0 () (4.72)

k=n0

where ng corresponds to the first power in € that contributes to the series, whereas
n is the maximum order we require in the solution and after which the series is
truncated. If ng is negative, it corresponds to the highest pole of the integral.
When expanding systematically in € all the MIs and all the e-dependent coefficient
appearing in Eq.(4.71), one obtains a system of chained differential equations for

the coefficients Fj(k) of the Laurent expansions of the masters. The first equation,

corresponding to the highest pole, involves only the coefficient F}"O) as unknowns.
The next equation, corresponding to the next pole in €, involves the F]»("OH) as

unknowns and usually F j(no) in the inhomogeneous terms, but, since the equation
for the highest pole is considered solved, such a term is considered known. The
same approach is adopted for the subsequent equations: if we are solving the
equation for the k-th order of the expansion, all coefficients at previous orders will
appear in its inhomogeneous term, but in a bottom-up approach these are knowns.
Experience shows that typical functions occurring in Feynman integrals are certain
classes of iterated integrals, elliptic functions and possibly generalizations thereof.
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It is still an open problem that of predicting in general, for a given Feynman graph,
what class of functions it is described by. In the next subsection we will introduce
the main class of functions in terms of which most results for Feynman integrals
are expressed. These functions go under the name of Goncharov polylogarithms or
Multiple polylogarithms or Generalized Harmonic Polylogarithms.

4.3.2 Multiple PolyLogarithms: an overview

Many Feynman integrals can be expressed in terms of classical polylogarithms and
Nielsen polylogarithms. Starting from the ordinary logarithm

2 dt
Inz= —, (4.73)
1 t
we can generalize it as follows
Lin(z / —LG 1(t), Lii(z) = —In(1 — 2). (4.74)

Eq.(4.74) defines recursively that class of functions which goes under the name
of classical polylogarithms. This class of functions can be further generalized to a
wider class, called Nielsen polylogarithms, defined as

(=1)»tp=1 L (Int)» (1 — 2t)]P
(n—1)!p! /0 t dt.

Snp(2) = (4.75)

These functions are sufficient to describe large classes of Feynman integrals, but
not all of them. Specially some multi-loop and multi-legs integrals can give rise to
new classes of functions. Among these new classes, the most common are the so-
called multiple polylogarithms (MPLs). Since this is indeed the class of functions
that we needed in our computation to express results for our master integrals,we
will give some more details about it in the following. MPLs are a multi-variable
extension of Eq.(4.74) defined recursively via the iterated integral

G(al,...,an;z):/ tdt Glag, ., an: ) (4.76)
o t—ai

with G(z) = 1 and a;,z € C. The number n of the indices a; is called weight of
the MPL, and they can be other constants or variables. In the special case where
all the a;’s are zero, we define

G(0,...,0;z) = =1n" z. (4.77)
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Iterated integrals form a shuffle algebra, which allows one to express the product
of two MPLs of weight n; and nsy as a linear combination with integer coefficients
of MPLs of weight n1 4+ no

G(a1y ey Ony 3 2)G(Any 41y ooy Qg g 2) = Z G(ao(1); -+ Qo(ny4n2)5 2),
oce€X(n1,n2)

(4.78)

where X(ni,n2) is the set of all shuffles of ny + ny elements, namely the set of
all permutations of ny 4+ ng elements with o(1) < ..0(n1) and o(ny1 +1) < ... <
o(ny 4+ n2). In other words, we consider all possible ways of shuffling the indices
a1, .., Gy, of the first element of the product with the indices an,+1, ..., @ns4n, Of
the second element in such a way that each of these shuffles conserves the initial
ordering of the indices of both factors in the product.

It is possible to find closed expressions for special classes of MPLs in terms of
classical polylogarithms. For instance, for a # 0, we have

- 1., N G z
G(0p; 2) = o In"z, G(dn;z)= Eln (1 - a) ,
G(Op_1,a;2) = —Liy, (f) GO, dp; 2) = (—1)7Sn(2) (4.79)
s Wy a ) y Wpy N a )

n

. — #H . oy
where we used the usual vector notation @, = (a,...,a). Given the definition of
MPL Eq.(4.76), which we can rewrite conveniently for our purposes as

G(al,&';z):/ @), (4.80)
0

t1 —ax
the derivative with respect to z is trivial

0 . 1 .
&G(al,a,z) i G(ad; z). (4.81)

For the derivative with respect to the first argument, we get

1 Z—az
—G(ay,az,a;z) = G(ay,a; z) —
daq ( ) ai — as ( ) (z —a1)(a1 — a9)

G(ag,a;z), (4.82)

and for the derivative with respect to the second argument

0 1
G ’ a‘a_}; = G ) 7_';
D (a1,a2,as,d;z) o a (ag agaz)+a2_a3
a1 —asg =
— G(ay,as,a; z). (4.83
(01 —a2)(@ —a3) (a1,a3,d;2). (4.83)

G(a‘lv a2, d" Z)+
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These identities can be checked by taking double derivatives and verifying that
the result does not depend on the order of derivation. In this process, one should
use different partial fractioning identities to get to the desired result. Also, these
identities hold when the arguments in the weight vector @ are all different. In case
some of them are equal, then some of the denominators in the equations above
vanish.

Let’s consider now the case of the derivative with respect to the k-th argument,
for k > 2:

0 z dtl te-2 dtk,1 0
—G(d;z2) = — G S A
Dax (@ z) /0 H—a /0 te 1 —an_1 Oag (aks g1, i ti—1)

B /Z dtl /tk_2 dtk,1
o ti—a1Jy th—1 — QR—1

1
<7G(akaak+2vm;tk1)
A — Ak+1

lg—1 — Q41 )
— G(ak+1, Ak, -5 te— . 4.84
(t—1 —ax)(ar — art1) (@41, 0k2 1) (4.84)

By replacing

th—1 — Qg1 .
(tk—1 — ax)(ar — ak + 1)(tk_1 — ak_l)

1 1 1 — 1
_ _ k-1 = Qi1 (4.85)
ap—1—ap tp—1 —ar  (ar—1 — ar)(ar — Qpt1) tho1 — Q—1

and integrating the resulting expression we get

) 1 1
— G _'; =— @G ...,A 1) —dC ~~~;A y e
Oay, (@:2) Gk—1 — Ok (oo, i2) Q) — Gk+1 B, 52)

ap—1 — Ak+1 ~
- G(...,a4k,...;2), (4.86
(ap—1 — ax)(ar — ar41) (- ), (4.86)

where the hat marks the missing arguments. Again, if two consecutive a; and a;41

are equal, the arguments above should be modified.

There is a last special case for taking derivatives with respect to the last argument
0 1 Ap—1

—G(@,an-1,an;2) = Gd,ap;2) — ——————
8an ( y Un—1, Un, ) Ap10y ( s Uny ) (an—l_an)an

G(a@,an—1;2). (4.87)

Using the expressions above for the derivatives of MPLs, we get for the total
differential

~ = Z-m
dG(a1;a25aaan—l7an;2) :G(ag,a,an_l,an;z)dln (a a )
1 — a2
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+ G(a1,d, an—1,a,; 2)d1In (al — a2) 4.
az —as

+ G(ay,a2,d,an—1;2)dIn (aﬂ_;ian> ) (4.88)
n

Eq.(4.88) is the basic result on which we relied in the majority of cases to compute
our master integrals. It has been implemented into Mathematica routines and
widely used to integrate the differential equations for the masters.
In particular, we found out that the category of functions that we need to describe
our results is a subset of those defined in Eq.(4.76). Indeed, in physics MPLs
usually show up with the entries of the index vector chosen from a limited set,
often called the alphabet of the problem under consideration. In the simplest case
that a; € {—1,0, 1}, these functions are called Harmonic Polylogarithms (HPLs)
[105]. In multi-scale integrals the a; often depend on another variable, in which
case one speaks of two-dimensional Harmonic Polylogarithms (2dHPLs), which
were first introduced in [66]. The latter are actually the restricted category of
MPLs in terms of which our results are expressed.

4.3.3 Boundary Conditions: Expansion by regions of Feyn-
man Integrals

Eq.(4.88) constitutes the milestone for the integration of Differential Equations
(Eq.(4.71)) written for the masters. Then, the only piece we are missing to com-
plete the picture of the computation of MIs via DE are the boundary conditions.
Computing a boundary condition (b.c.) for a Feynman integral means being able
to obtain the value of the integral in a given kinematic limit, obviously before
knowing the general functional form of the integral itself (which is the result we
want to achieve at the end of all this procedure!). This kinematic limit can be
freely chosen on the basis of computational simplicity and it corresponds to a par-
ticular value of a given ratio of external invariants (dimensional scales) on which
the integral depends. In the case of an integral depending on just two dimensional
scales, this limit corresponds to a precise kinematic point, so that the resulting
b.c. for such an integral will simply be a number. For multi-dimensional integrals,
one has at disposal a certain number of ratios that can be built out of the external
invariants. When computing boundary conditions, one has the freedom to choose
the number of ratios which are going to be constrained to specific values. If the
b.c. is computed by fixing only a subset of these ratios, the integral to be evaluated
will have a smaller number of scales and the resulting b.c. will be a function of
those ratios that have been left free. Otherwise one can also choose to compute
a multiple limit and fixing all the possible ratios on which the multi-dimensional
integral depends, and in this case the resulting b.c. will be again a pure number.

Given these premises, it is clear that the computation of boundary conditions
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reduces to the mathematical problem of compute the value of an integral in a
particular limit of the parameters on which it depends, without carrying out the
analytic integration in the case of general value of these parameters. We present
the problems one encounters when trying to achieve this goal by means of an ex-
ample.

Let us consider the massless triangle in 4 dimensions

9 9 d*k

The integration is over the four components of the loop momenta k = (ko, k) and
the integral is a scalar quantity, so the result of integration will be a function of
the two external momenta p, ¢ through the possible scalar invariants that one can
build out of them (¢2,p?,q - p). Let us imagine we are interested in obtaining
the value of this integral in a particular kinematic configuration, identified by
the condition ¢? > p?. Then we address the question: is it possible to compute
lim 2,2 F(q?,p?%, q - p) without computing F for general values of its arguments?
For simplicity we switch to euclidean metric, so that k,p,q¢ € R* and the square
modulus of the generic vector [ is given by [? = [2 + 12. In euclidean metric we
have ¢?,p? > 0 and the condition ¢* >> p? is equivalent to |g| > |p|, which in turn
is realized only if there exists a component g; such that ¢; > p;,Vj. Given this,
we can classify ratios of invariants as follows

2 .
]% > % > 1. (4.90)

At this point the simplest idea one can come up with to solve this problem is
that of exchanging the order of operations by applying first the limit and then
the integration operators. This amounts to expanding the integrand around the
chosen kinematic limit, namely in our case to send naively p to zero in the integrand
denominator, and then trying to integrate the result of the expansion.

Before showing explicitly what happens when we exchange these operations with

our example, let us point out the two requirements that we would like our result
to have.

e First, we would like the integrals we get on the r.h.s. after the expansion
to be Feynman integrals and not other types of functions. This appears
rather natural because Feynman integrals are the fundamental objects we
are dealing with and it is better to have them in the expansion rather than,
say, some artificially introduced parametric integrals.

e The second ‘natural’ requirement is that we would like our final result to
be an expansion in powers and logs of the small parameter around which
we are expanding (namely the small ratio(s) of invariants which identify the
kinematic limit in which we want to compute our integral).
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Going back to our example, when we send p to zero at the integrand level in our
toy-integral F'(p?,¢?,q - p) we obtain

4
/ S — (4.91)
(k*)*(q — k)?
This integral is clearly ill-defined, since it is logarithmically divergent when k gets
small. Thus we expect the result to behave like log(p?). Through the introduction
for example of a dimensional scale A, which allows us to compute divergent inte-
grals obtained from expanding, we can explicitly get the above-mentioned log-type
behaviour. Indeed, once we know that this divergent behaviour comes from the
small k integration region, what A does is cutting the integration domain into two
parts, thus separating the small from the large k region

1 d*k
Foma = FO 0 = FO* d®q- D), =—/ e (492
ma il ( )l\P\ [k|<]ql e k<A (k) (p + k)2 ( )

We call the contribution from the small k region fsnqy and we denote with f 523 il
the first term of the expansion around the limit k£ < g. We would like to stress that
in such limit k& can be as small as p so that we have to keep both the dependence
on k and p in the integrand. This integral can be carried out for example by

introducing spherical coordinates, and the result is

A 2 2
d
7 ~-Tm(Z). (493
o T2+ 2|p|rcosf+ p? q? A2

Eq.(4.93) exhibits the log(p?) behaviour we expected, but we observe that the
price we pay for this is that of introducing a spurious dependence of the integral
on a non-physical parameter A which acts at all effects as a regulator.

It comes natural to wonder if Eq.(4.93) is the only contribution to F' in the limit
lg| > |p|... obviously nothing prevents |p| from being much smaller than |q| also
when k£ is not close to zero! What happens in this case? Again we introduce an
intermediate scale A such that [p| < A < |g| to divide the integration domain in
two regions, and pick up the large k region this time

4 s
Fomatt = —5 / sin2 0df
a” Jo

d*k
0
flarge =~ fl(ar)ge = F(p2a q2a q- p)||p|<<|k|,|q| = / (494)

ki>a (K2)*(q — k)
We stress that this time we can safely send p to 0 in the integrand since k is large
and thus regulates the divergence 1/(p+ k)2. On the other hand we cannot touch
the terms 1/(q — k)? because now |k| and |¢| may happen to be comparable. The
result of the integration is

log(A®/q?)

e (4.95)

flarge = 272
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We observe that we get a result which is constant in p? and exhibits the leading
power behaviour in ¢2, namely 1/¢.
Now we recall that the original integral F' in the limit |p| < |¢| is given by the sum
of the two pieces we just computed respectively in the small and large k regions
2/ 2
lim F(q27p27 q- P) = fsmall + flarge =~ fs(gyzall + l((ggge = W2M'
Ip|<]ql q
(4.96)

We observe that, having taken into account all possible integration regions that
contribute in the limit |g| > |p|, when we sum over these contributions the depen-
dence on the regulator cancels between the different pieces and we are left with a
result which depends only on physical quantities.

We are pretty happy with this result, but this was quite a simple case where it was
still possible to introduce a dimensional scale A and carry out integrations of the
different pieces with spherical coordinates. In real life, this will almost never be
the case because of the complexity of integrals. Thus we address now the issue if it
is possible or not to arrive to the same result without splitting the integration do-
main into regions through an explicit dimensional scale A. An even worse problem
is represented by the fact that if we are performing computations in the framework
of a gauge theory, the introduction of an explicit ‘cut-off” breaks gauge-invariance,
which we want to avoid, if possible.

A solution to these issues is provided by the use of a different type of regulator,
i.e. DR. Let us pick up the same 1-loop triangle but this time we work in DR,
so we promote the dimension in which the integration variable k live from 4 to
d=4—2e.

We can rewrite F' as the sum of fiorge and fomau, then extend the integration do-
main to the entire space in both these contributions and subtracting at the same
time the overlap as follows

1 d*k d*k
lim F(¢* p* q-p =—/ 7+/ T E Ty
i, F V= Jn TG TR T Jon (20200 — R

1 d*k d*k
:q_Q/ (k?)(pw)”/ (2)2(q — k)2

1 d*k d*k
- [Q_Q /k>A (k) (p + k)? " /k<A (k*)2(q — k)Q] .
(4.97)

We can now manipulate the counter-term we are subtracting by expanding at first
order the integrands according to the region of integration

1 d*k d*k
) lq_ /UM 50 7+ ygen T - W] -
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i/ d*k +/ d*k
q? [k|>A (k2)? [k|<A (k2)%(q)?

The counter-term amounts to a scaleless integral and thus, since we work in DR,
to zero.
So we are left with the following expression for our integral

1 d4k d4k
lim F(q¢%,p%,q- z—/ +/ . 4.99
w2, e D) =0 | e T e e (4.99)

The two integrals in Eq.(4.99) can be easily solved in DR, giving

/2 <I‘(1 —€)2T'(e) 1 I'(1—¢)?2T(e) 1 )

['(2-2¢) ¢ (p?)e L(1—2¢) (g2)t+e
n@*/q’) — 2
q? '

lim F(¢* p*q-p) =
Ipl<]ql

e—0
=3 r?

(4.100)
We report result Eq.(4.100) for the sake of completeness, but the interesting notion
we learn from this example is contained one step before, namely in Eq.(4.99),
which tells us that the initial problem of computing the integral F' in a particular
kinematic limit without computing it for general values of its parameters is solved!
Eq.(4.99) has the following properties:

e the initial integral F(q?, p?,q - p), depending on 3 invariants, is replaced by
the sum of two integrals depending each on just one scale (p? or ¢?),

e each of these two integrals is also homogeneous with respect to the expansion
parameter p2,

e they are (simpler) Feynman integrals and not other classes of functions,

e DR is essential, since it allows us to write the r.h.s. integrals contributing in
different regions of the integration domain as integrals over the entire domain
avoiding at the same time overlapping between these regions,

e the operation of limit and integration in general do not commute and when
exchanging their order, namely when taking the operation of limit under
integration sign, we have to pay attention to take into account all the possible
regions of the integration domain that can contribute non-zero terms in the
kinematic limit under study,

e the final result Eq.(4.100) is an expansion in powers and logs of the ratio
p?/q? which constitutes the small parameter in which we expand the integral.
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If we look back at the requirements we listed above, we clearly see that our result
meet them!

From this very basic example, we can thus extrapolate the general guidelines
to compute the asymptotic value of a Feynman integral in a given limit of its
parameters (internal masses and external invariants).

1. Divide the space of the loop momenta into various regions according to the
kinematic limit into consideration and expand the integrand in a Taylor series
with respect to parameters that are considered small there (NB: both loop
and external momenta must be taken into consideration when looking for
regions and expanding the integrand according to the region!).

2. In every region integrate the expanded integrand over the whole integration
domain using DR.

3. Sum the resulting contributions from all regions, setting scaleless integrals to
zero.

This procedures goes under the name of Fzpansion by Regions of Feynman inte-
grals.

Despite the lack of a rigorous mathematical proof stating the correctness of Ex-
pansion by Regions (at least for those limits that are typical of Minkowsky space,
namely when momenta are located on some singular surface, either on a mass shell
or at threshold), there are some ‘experimental’ general features that still have not
been observed to break down in any particular situation. Experience tells us that
in all limits the resulting expansion of an integral is always a series in powers and
logs of the small parameter of the expansion. If we have an integral that, for sim-
plicity, depends on just two dimensional scales, for instance an internal mass m?
and an external off-shellness Q? > 0, its expansion around z = m?/Q? < 1 will
have the general form

oo 2h

F(Q?* m?) ~ (Q** Z Z Crjx" I’ z, (4.101)

n=n0 j=0

where we pulled out the overall dimensional factor (Q?)% and w is the degree of
divergence of the graph associated to F.

The sum over n runs from some minimal value. The index n can generally take,
in some limits, not only integer but also half-integer values. The second index j is
bounded, for any n, by twice the number of loops.

According to a standard definition of an asymptotic expansion, when we truncate
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the series at an arbitrary order N, the remainder is defined as

N 2h
Ry (Q%m?) = F(Q*m?) — (@*)* Y Y Cpja"In’ & (4.102)

n=Np j=0

and it is O(2V), namely for Q such that A < Q < B, there exist C > 0 and € > 0
such that

rNRy(Q?, Q%) < C (4.103)

for 0 < z < e. When we compute multi-dimensional integrals in multiple kine-
matic limits these formulae get slightly more complicated, but the essence remains
the same. Each small parameter is multiplied by a dimensionless ‘scaling’ variable
x and we deal with the resulting function of = in the limit z — 0.

Another ‘experimental’ fact is the existence of a non-zero radius of convergence
of the asymptotic expansion of any Feynman integral in any given limit, which
becomes a fundamental property in the moment we want to substitute the value
of an integral in a kinematic point with the series obtained through Expansion by
Region truncated at a certain order.

At this point we would like to add a couple of remarks before ending our dis-
cussion on Expansion by Region.

First, we would like to stress the importance of Dimensional Regularization in this
kind of procedure. Indeed, it allows to provide simple prescriptions for the inte-
grals we get on the r.h.s. after the expansion, in a sense that we can keep them as
dimensionally regularized integrals over the whole integration domain and these
are much easier quantities to deal with and to compute than integrals regular-
ized with a dimensional cut-off. However a remark is in order at this point. The
initial integral that we need to expand can be divergent itself. In this case, we
need DR to regularize the ‘original divergences’ intrinsic to the integral itself. On
top of that, as we saw, when we expand we can get additional divergences from
the regions contributing to the expansion. It can happen then that the singular
regions have divergences which are not regulated by the DR parameter, and an
additional analytic regulator needs to be introduced in order to take care of these
extra divergences.

Finally we want to emphasize that, even once this procedure of Expansion by Re-
gions has been understood and established, the problem of computing Feynman
integrals in a precise limit is not trivial. Indeed, when looking at the three main
steps listed above to perform the expansion, one will immediately understand that
the main issue has been in some sense forced into the first point. Despite the
computational complexity that may still be required to compute r.h.s. integrals
arising from the expansion, the most difficult part remains that of finding all pos-
sible regions contributing to the value of the integral in a particular kinematic
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configuration. In the case of multi-loop integrals identification of relevant regions
becomes highly non trivial due to the interplay between parameters (i.e. external
invariants) and integrations variables (loop momenta or their components). We
will not go further into the discussion of these open problems since this goes be-
yond the purpose of this thesis, but we refer the interested reader to references
[116] and [100], the former being a general review of Expansion by Region and the
latter a recent approach to automation of this procedure.
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4.4 Master Integrals Computation - Part 2: Canon-
ical Basis

We want to conclude this chapter about Master Integrals techniques with a section
entirely dedicated to some recently developed ideas which have repeatedly proven
successful in improving the method of Differential Equations for Feynman integrals
and which have been extensively used in our computation.

In the previous sections we saw that, given a certain topology, we have the freedom
to choose the preferred set of Master Integrals, since each set has equivalently the
role of a basis for the space of Feynman integrals belonging to that topology. We
can exploit this feature of MIs, which is part of the definition of master integral
itself, to simplify the system of Differential Equations which is meant to give us
the solution for a given set of masters. Indeed, experience shows that DE system
can look very different according to the particular choice of Mls basis we make,
meaning that a proper choice of basis can considerably simplify the system of dif-
ferential equations. A clever change of basis is one that is able to diagonalize or
at least triangularize the DE system order by order in the DR parameter €, thus
guaranteeing the integrability of the system.

The ideas we are going to present in the rest of the section try to approach in
a systematic way this issue of finding an optimal basis of master integrals. The
material presented is mainly based on the recent papers of J. Henn [75], [76], to
which we refer the reader who might want to find out more about this topic.

4.4.1 Feynman integrals singularities and Canonical form of
Differential Equations

In order to understand what an optimal choice is for the basis of masters, one
should start asking himself what the optimal choice is for the differential equa-
tions, which makes their integration as easy as possible. To give an answer to
this question, one first has to analyse the singularity structure of Feynman inte-
grals. Actually the kind of singular behaviour that Feynman integrals can exhibit
is restricted by the fact that they admit parametric representations such as « and
Feynman representations (Eq.4.22, 4.23). Divergent regions can be found by in-
specting the divergences in the space of a or Feynman parameters and from such
an analysis it follows that in divergent regions an integral has a power-like be-
haviour F' ~ (x — x )P, where z, is the singular point and p is a certain exponent.
This means that Feynman integrals * can have only reqular singularities 8. Fur-

7"We remind the reader that in the following we will always consider Feynman integrals as
complex functions of one or more complex variables, so that the common language will be that
of complex analysis.

8 A regular singularity of a function f is an isolated singularity whose growth is bounded by
an algebraic function.
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thermore parametric representation Eq.4.22, 4.23 exhibit only a linear dependence
from the DR parameter € in the exponents. We can summarize in the following
two properties ?

e Feynman integrals only have regular singularities in the kinematic variables
e the scaling exponents near a singularity are linear in e.

These properties are essential to understand not only which is the optimal form
of the differential equations for Feynman integrals, namely what we will define in
the following as ‘canonical form’, but also how to reach such form.

We define canonical form of the differential equation for a given function f that
particular form which makes the singularity structure of f manifest. If we special-
ize in particular to our subject of interest, i.e. Feynman integrals, given the two
above-mentioned properties of Feynman integrals this means that the differential
equations can contain only regular singularities '° in the kinematic variables and
that the dependence on € of the coefficients can be only of linear type.

Before discussing in detail how the canonical form for a set of Differential Equa-
tions for Feynman integrals can be reached, let us illustrate with a simple example

To be more precise, suppose U is an open subset of C, the point a is an element of U and f is
a complex differentiable function defined on some neighbourhood around a, excluding a, U\{a}.
Complex functions can exhibit four classes of singularities.

o Isolated singularities: f is not defined at a, although it does have values defined on U\{a}.

— a is a remowvable singularity if there exists a holomorphic function g defined on the
whole subset U such that f(z) = g(z) for all z in U\{a}. The function g is then a
continuous replacement for f.

— a is a pole or equivalently a regular (or non-essential) singularity if there exists a
holomorphic function g defined on U with g(a) # 0 and n € N such that f(z) =
g9(2)/(z —a)™ for all z in U\{a}.

— ais an essential singularity of f if it is neither a removable singularity nor a pole or
alternatively, if and only if the Laurent series of f in a has infinitely many powers
of negative degree.

e Branch cuts: is a line or a curve excluded from the domain to introduce a technical
separation between discontinuous values of the function. The function f will then have
distinctly different values on each side of the branch cut.

9We stress that a steady mathematical proof of such properties is still lacking. But common
knowledge continues confirming their validity.

10In the theory of differential equations in the complex plane C, the points of C are classified
into ordinary points, at which the equation’s coefficient are analytic functions, and singular
points, at which some coefficient has a singularity. Then, among singular points, a distinction
is made between a regular singular points, where the growth of solutions is bounded by an
algebraic function, and an irreqular singular points, where the full solution set requires functions
with higher growth rates.
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how it works in practice.
Let us consider the following 2-loop (dimensionless) cut integrals describing the
phase space of two massless and one massive particle in the final state.

3—d
— [ ak,d’k 5 4.104
mi / 1 2k%k§[(p+q—k1—k2)2—m2] ( )

2—d 2
_ dy. d 577 (k1 + ko)
my = /d e e g — T — ko) =]

(4.105)

with p, ¢ being the initial state momenta, s = (p + ¢)?, k1, k2 being the outgoing
massless particles momenta and k,,, = p+ ¢ — k1 — k2 being the momentum of the
outgoing massive particle with mass m? = k2.

The dimensional version of these integrals depend on two dimensional scales: the
external invariant s and the internal mass m?2. The evolution with respect to s is
trivial since it just contains the information about the dimension of the integral
in powers of energy. The only non trivial evolution is thus with respect to m?2.
When we consider the integrals in their dimensionless version Eq.(4.105), they will
depend on the only ratio of invariants we can build out of s and m?, namely

2
= (4.106)
s
and the differential operator 9, will read
0, = 8O0p,2. (4.107)

If we let this operator acting on the integrals Eq.(4.105), we get

- 3(—1+€) 3(—1+e) 3—4e —14e
{ azTnl = m2 (2(—1+z) - 22 ) +m (—1+z + 2: )
3(1—¢)

1— 1
Dzmy = ml( 5+ zje)"‘m? 22

which we can rewrite in matrix notation as

3—4e + —14e 3(=14€¢)  3(=1+4e)
Qo= | U Ty T o (4.108)
2 + 2z 2z

with 7 = (mq1,ma). The system is coupled and it does not make the singularity
structure of the integrals manifest. Indeed it is true that the DE has regular
singular points at z = 0,z = 1 as expected, but their dependence on e does not
tell us anything about the behaviour of functions mi, ms in these singular limits.

But we can now choose the following different basis to describe the same topology
§5—d

_ d d
M= (/ R T ) )y sy e
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5—d

2 [ dkyd'k i )1—
2 [ s )

857d
(K2)?k3[(p + q — k1 — k2)? — m?]?

which is connected to the original basis by the transformation (in matrix form)

M,y = / dkyd%ksy (4.109)

M - ( %+ 71b+z + (7112)2 + (71(4{2)3 ) . n’i (4110)
with M = (My, Ms) and

. 1—3e+2e2 —3(1—3e+2€?)
T\ 3(1—3e+2€¢?) —2(1—3e+26%)

b— —2+4 66 —4€2  —3(1 — 3e + 2€2)
o —%"‘%—62 —%(1—36-1-262)
e —88+ 12 4+ 192¢ — 12862 —3(1 — 3¢ + 2¢?)
T —1942438e—24¢2 —2(1—3e+26?)

g [ 176+ 2 43846 — 25667 —3(1— e+ 2¢°) (4.111)
- —44+ 8 4+ 96e — 64¢>  —3(1—3ec+2¢?) |- '
The differential equations for the new basis in matrix notation read
- de 4 2¢_ Ge -
9, M = ( ==z A > - M. (4.112)
=Tz ~%

Despite the complexity of Eq.(4.110) and Eq.(4.111), this change of basis leads to
the new system of differential equations Eq.(4.112), which is not only at a first
glance simpler than Eq.(4.108), but also it has the fundamental property of de-
pending linearly on € and having no constant term in e. This property, together
with the fact that equations only have regular singular points, guarantees that the
singularity structure of the integrals is made manifest at the level of the equations
themselves.

Such form of the differential equations, which is indeed what we define as ‘canon-
ical’, is desirable not only for its beauty and elegance, but specially for two main
features which makes integration and matching to boundary conditions as simple
as possible.

e Once the solution is written as an expansion in €
M=>"M®(z) (4.113)
k>n

and plugged into the system, the system decouples order by order in € and
at each order in € the r.h.s. of the equations is known and can thus be
integrated.
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e The behaviour of the solutions in singular limits can be read directly from the
differential equations. Let us consider for instance the limit z — 0. Keeping
only the leading term on the r.h.s.

Zy

.M = e=2 . M. (4.114)
z

we find the solution

lim M (z, €) = 2°%° Mo(e) (4.115)
z—0
where My(e) is the vector of boundary conditions (which are in this case
constants) and Zy is the matrix of coefficients which are singular in the
z — 0 limit, namely those that are proportional to 1/z

Zy = ( f :g ) : (4.116)

The matrix exponential evaluates to

3—227¢ —64+62"°
€Zy __
z = < 1_»—¢ _943,— ) (4.117)

so that solutions are different linear combinations of different terms z where
the exponents « are of the type o = me, namely linear in € with m being
an (semi-)integer number '!. In particular, the exponents o happen to be
the eigenvalues of the matrices of coeflicients surviving in the singular limit
considered. For instance, in this case the eigenvalues of Zy are {0,—1} and
indeed all terms appearing in Eq. (4.117) are linear combinations of the scal-
ings {20, 27¢}! This is exactly the type of behaviour for the solution that we
expect given the analysis of Feynman integrals divergences that we carried
out at the beginning of the section.

We would like to emphasize that the singularity structure of the equations does not
always reflect so neatly the singularity structure of the solution as it happened in
the example above. Indeed the ‘matrix’ nature of the equations allows for ‘spurious’
singularities to occur. Let’s take the following purely mathematical example

€

o.fleo=( 5 L) fwo (4118)

2 1+x

The singularity —x% is not a regular one. Given the simple differential equation

0:1 () = = f() (4.119)

HConstant terms in Eq.(4.117) are to be read as 2™¢ with m = 0.
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its solution is of the type f(z) = exp~%/* fy. When z approaches 0 this function
exhibit a singular behaviour which is not bounded by any algebraic function, so
that this singularity in x = 0 is classified as an essential one.

Now, we know that if the vector of unknowns f is a vector of Feynman integrals,
essential singularities cannot appear. This means that a term like —1/2% is a
spurious singularity which can be removed with an appropriate manipulation. And
indeed we can get rid of it by performing a ‘change of basis’, namely by defining

f=13, Tz(i (1)) (4.120)

(1—e)x 1—e

which leads to

. J1/1 0 1 0 0\].
8zge[5<1 0>+1+—$<_1 1>:|g. (4121)

We will discuss in the following how algebraic simplifications can be performed on a
basis of integrals in order to reach a canonical form for their differential equations.

4.4.2 Looking for canonical form of DE: an algebraic ap-
proach

In order to describe how the expected singularity structure of the integrals can be
made manifest, or in other words how the canonical form of the equations can be
achieved, we will focus on the case where the integrals depend on just one kinematic
variable x, for simplicity. In the case of multi-dimensional integrals depending on
more than one dimensionless scales, all the presented algebraic manipulations will
hold, but in this case one should apply them to each partial differential equation
(PDE) in order to simplify the entire set of PDE describing the evolution of the
integral.

We start from equations for some chosen basis of master integrals f obtained at
the end of an IBP reduction procedure

— —

Ouf(x,€) = Az, €) f(,€), (4.122)

where A is an N x N matrix where information about the kinematics is encoded.
From the structure of the IBP relations it follows that A depends on z and € in a
rational way.

Dependence on x

The form of the differential equations we are seeking is such that the singularities
of the DE correspond to those of the original Feynman integrals. The latter, we
recall, are regular singularities, namely of the type ~ (x — xx)®, for some values of
a and being xj the singular points. This means that if we inspect the behaviour
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of the DE Eq.(4.122) near a singular point, say = 0 without loss of generality,
we can expand A as

Alz,e) = x—lp > 2k Ag(e), (4.123)

k>0

for some value of p with p > 1. Because the system of DE is regular singular in
x = 0 there exists some basis change

f: Tq, &,;g“(ft,e) :B(xve)g(xve) (4124)
described by an invertible matrix T,
B=T"1'AT -T77'9,T (4.125)

for which the matrix B describing the DE system in the new basis has p < 1
1
B(z,e) = ;Bo(e) +0(29). (4.126)

Consequently, near each singular point the solution has the desired behaviour
2P0() Without entering the details, we just point the interested reader to the
mathematical literature [12] , [14] where the problem of the degree of singularity
of a DE system was studied and it was shown that under certain conditions the
order of the singular term can be reduced by means of a transformation which is
rational in z. It follows that removing spurious singularities at one singular point
does not influence the behaviour at other points (except at infinity), so that the
following form for the DE system can be algorithmically reached (for simplicity we
maintain the name f for the basis, even though a basis change has been performed)

0, f(x,€) = [Z _—(x)k +plz, e)] fla,e) (4.127)

k

where p(z,€) is polynomial in z and contains, if non zero, a spurious singular-
ity at infinity. A possible way to remove an eventual such singularity consists in
introducing another singular point which has the property to balance the trans-
formation at infinity.
In the end the form

O flz,€) = [Z ax(€) ] fla,e) (4.128)

is reached, where only regular singularities are manifest.

Dependence on ¢
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Given the DE system in the form Eq.(4.128), the solution around a singular point,
say again x = 0 without loss of generality, takes the form

= P(z, ez fo(e), (4.129)
where fo(e) is a boundary vector, independent of z, at x — 0, and
P(z,e) =1+ > 2™ Pn(e) (4.130)
m>1

is a matrix polynomial whose expansion can be determined recursively from the
information in Eq.(4.128). This shows clearly how Eq.(4.128) already contains all
the information about the scaling of the integrals in the singular points. To be
more specific, the solution around the singular point zy, is a linear combination of
terms whose scaling powers are the eigenvalues of the matrix ag/(e).

From this consideration arises spontaneously the question if the dependence on
e can be further simplified. By construction (from IBPs) the dependence on e is
rational. Poles in € are spurious and can be removed with a procedure which is
similar to the removal of spurious divergences in z [127], [13].

For a polynomial dependence on €, the main cases can be identified. If the r.h.s.
of the DE is O(e), then the solution at each order in € can be obtained in terms of
iterated integrals. If the r.h.s. starts at O(e°), the solution may be more compli-
cated. So the issue boils down to the question if we can construct a transformation
that removes the € part of the matrix on the r.h.s. of Eq.(4.128) and what the
nature of such transformation is. The answer to this question depends on the
nature of the DE. One of three following situations can happen.

1. Removing the €’ term amounts to choosing a rational normalization factor,
so that the needed transformation matrix T is rational.
Let us give a simple example. Given the 2 — 2 process p+ q — k + km,
we consider the dimension-less cut integral representing the phase space for
the emission of a massless particle with momentum k and a massive particle
with momentum k,,, =p+q —

2 d/2ddk
/k2p+q_ o (4.131)

with s = (p + ¢)? and z = m?/s. The differential equation for such integral
reads

0.7() = () [ (1.132)

We can get rid of terms which are homogeneous in € through the simple

rational transformation T'= (1 — 2¢)(—=1+¢€)/((1 — 2)z), so that if we define

)= (1-2¢)(—=1+¢)

1—2e¢ 1—¢
—1+z z |

£(2) (4.133)
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we get for g

0.0:) =9() |- 25— - <] (1134)

which is exactly the desired canonical form of the equation.

2. Removing the ¢” term can be done using algebraic functions '? : the trans-
formation matrix T contains not only rational functions but also algebraic
ones, but sometimes a change of variables restores a purely rational depen-
dence in the DE system.

Let us give the following simple example. We start from the system

9o flas€) :( 4? (ifeg)c ) Fla o) (4.135)

and apply the transformation f — Tf with T = diag(1,1/4/1 — 4/x). We
obtain

Vee—n

which makes the r.h.s. O(¢). Furthermore in this case a rational form of the
system can be recovered by applying the variable change z = —(1 — y)2/y.

o 0 0 o
O f(x,6) =€ < I S ) flx,€) (4.136)

3. Removing the ¢® part is possible through a transformation but this leads
to solutions containing elliptic or even more complicated functions. As it is
pointed out in [45], a necessary but not sufficient condition to get elliptic
functions is that the DE system remains coupled even at € = 0. This comes
from the fact that elliptic functions satisfy higher order differential equations
and this is equivalent to a system of coupled first order equations.
Concerning Feynman integrals, the simplest case where this can occur is the
two-loop sunrise with equal masses (see [76] for references), which indeed
requires elliptic functions to be expressed.

4.4.3 Properties of canonical form and Iterated Integrals

We suppose now that, given a certain system of differential equations, we have man-
aged to simplify both the x and the € dependence, thus arriving at the canonical

12 An algebraic function is a function that can be defined as the root of a polynomial equation.
Quite often algebraic functions can be expressed using a finite number of terms, involving only
algebraic operations addition, subtraction, multiplication, division, and raising to a fractional
power.
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form in which the system only contains regular singularities and the ¢ dependence
is totally factorized from the kinematic 13

— —

8o f(x,€) = eA(x) f(z, ) (4.137)

with f being the vector of unknown functions and A being a N x N matrix. Such
DE system can be solved with Picard’s method of successive approximation ([34])
which we briefly recall in the following.

Picard integration. Let’s consider the ordinary DE system

%X(t) =A®)X(t), X(to)= Xo. (4.138)
This is equivalent to the system of integral equations
X(t)—Xo = t A(s)X (s)ds. (4.139)
to

The method consists in solving the system recursively. We define

Xny1(t) = Xo+ /t A(s)Xn(s)ds for n > 0. (4.140)

to

The first couple of terms of the solution will give

Xl(t) = Xo +/ A(S)dSXo

to

t t s
Xo(t)=Xo+ | A(s)dsXo+ | A(s)ds [ ds'A(s)Xo

to to to
(4.141)
Assuming tg < t, the second term in the expansion can be written as
/ A(s5) A(s1)ds1dss Xo. (4.142)
to<s1<s2<t

Continuing in the same way, we can formally write the limit X (¢) = lim,,—, o0 X5 (2)
as X (t) = T(t,to)Xo, where T'(¢,to) is given explicitly by

T(t,to) = 1, + Z/ A(sp)A(sp_1)...A(s1)ds1...ds,,.  (4.143)

n>1 to<s1<...<s, <t

13 Again we suppose to have equations depending on just one dimensionless variable, but all
the following argument hold identical also in the case of systems of partial differential equations.
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The r.h.s. is an infinite sum of iterated integrals, which we will formally define in
the following, and we recognize in T'(¢,%p) the expanded form of a path-ordered
exponential, so that we can write the solution in the compact form

X(t) = P el A% x (4.144)

being P the path-ordering operator. We recognize in Eq.(4.144) the well known
Dyson series, written in the general case in which matrices A(s;) evaluated in dif-
ferent points s; on the path do not commute.

If we now go back to our DE system for a set of Feynman integrals, and rewrite it
for convenience in differential form

df(z,e) = e dA(z) f(x,€), (4.145)

we see that indeed the solution can be written in compact form as a path-ordered
exponential

flz,e) = Pele d’zlﬁ)(e) (4.146)

where C is a path connecting the boundary conditions, for instance x = 0, to =
and fB(e) is the vector of boundary conditions. If we now expand the exponential
around € = (0, we find a perturbative solution in terms of iterated integrals, where
the entries of dA determine the integration kernel. The power of the canonical
form Eq.(4.137), and in particular of the factorization of € from the kinematics, is
that when the system is solved in such a perturbative approach around € = 0, we
are guaranteed that order by order in € the system, which is originally coupled,
decouples, thus allowing us to carry out integration.

At this point it is necessary to define more precisely what an iterated integral
is, together with its basic properties.

Iterated integrals. Let k be a real or complex number and M a smooth manifold
over k. Let 7 : [0,1] — M be a piecewise smooth path on M, and let wy, ..., w, be
smooth k-valued 1-forms on M. The ordinary line integral is given by

L = /0 1 Fi(t)dt (4.147)

and does not depend on the choice of the parametrization f(t) of ~.
The iterated integral of wy, ..., w, along v is defined by

/wl...wn :/ fl(tl)dtl...fn(tn)dtn. (4148)
5 0<t1<...<tn, <1

More generally, we call iterated integral a k-linear combination of such integrals.
Tterated integrals satisfy the following basic properties:
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1. The iterated integral fv w1...wn does not depend on the choice of parametriza-
tion of the path ~.

2. If y71(t) = v(1 — t) denotes the reversal of the path ~, then

Alwl---wn = (_1)ann...w1 (4.149)

3. The shuffle algebra product formula holds

/wl...wr/errl...errs = Z /wg(l)...wg(TH) (4150)
Y Y

oex(r,s) VY
where X(r, s) is the set of possible shuffles

S(rs)={ceX(r+s):c(l)<...<ot(r)and o (r+1)<..<o ' (r+s)}
(4.151)

and X(n) is the set of permutations on {1, ...,n}.

Given the definition above of iterated integrals, we recognize immediately that
Multiple Polylogarithms constitute a subset of them obtained by requiring the 1-
form wy, ..., w, to be logarithmic 1-form. Experience shows that in the majority of
cases, MPLs are sufficient to express the solution for an unknown set of Feynman
integrals. Whenever this is the case, the canonical form of the DE system for the
set of integrals can be further constrained to assume a precise shape. In the next
subsection we will analyse this particular case of canonical form, which finds in
multi-loop/legs computations broad application and which has been extensively
used in this project.

4.4.4 d-log canonical form: Properties and recursive inte-
gration

Let us consider the case where the differential equations can be put into the form

— ~ =

df(z,€) = e(dA) f(z,€) (4.152)

with

A:

Z Ay log ak(x)l (4.153)
k

and

ap =T — Ty, (4.154)
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with z being the locations of the singularities. In other words we assume we have
managed to put the DE system in a canonical form where the total differential of
the matrix coefficient is a logarithmic 1-form whose arguments are rational linear
functions of the dimensionless variable z (this can be generalized to the multi-
variable case straightforwardly by replacing « with & in Eq.(4.152) and (4.153)).
We stress that Eq.(4.154) holds whenever this representation can be reached via
rational transformations only. In the general case, where the d-log representation
is reached through algebraic transformations, the entries oy will exhibit an alge-
braic dependence on x. We will assume in the following that a proper remapping
can always be found such that, starting from the general case of algebraic depen-
dence of the oy, a linear dependence can always be restored 4. Given this, we take
Eq.(4.152), (4.153) and (4.154) as starting point and we discuss in the following
their properties.

e Multiple Polylogarithms. First, we discuss the category of functions
appearing in the solution. As it was pointed out, the solution of a DE system
in canonical form is given by iterated integrals. But in this particular case,
since we are integrating logarithmic 1-forms, it is immediate to see that the
iterated integrals we get are by definition Multiple Polylogarithms! Indeed,
as usual we can solve Eq.(4.152) pertubatively in € and the contribution of
O(€™) to the solution will be an iterated integral of the form

Fult) = fiM 4 / FL(ty)dty ... fo(tn)dty (4.155)

0<t1<...<tn <1

where fén) is the initial condition at order O(e™) and the weight functions
fi(t1), ..., fn(tn) are the of the type fi(t;) = 1/(x — x;) where x; belongs to
the set {zx} of singular points of the equations. So the first striking feature
of a d-log representation is that the solution can be written entirely in terms
of MPLs.

It is important to stress that starting from a general d-log representation (not
necessarily of ‘rational type’) the solution can always be written in terms of
MPLs, almost by definition. If the dependence on the dimensionless variables
of the d-log form is rational, then MPLs are straightforwardly obtained, as
it has just been showed. On the other hand, if we start from a d-log form
containing algebraic dependence on x, the solution we get might look very
ugly and far from being just a linear combination of MPLs, but in principle
it can be rewritten entirely in terms of MPLs via suitable transformations
acting on the iterated integrals in terms of which the solution is originally
written.

4 While we can always assume that such a remapping exists, we stress that no algorithm is
available to find it in the general case.
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e Uniform transcendentality. The second property follows directly from
the first one, namely from the possibility of writing a solution entirely in
terms of MPLs.

It is possible to introduce for MPLs, the concept of degree of transcendental-
ity T(f) of a function f, which is defined as the number of iterated integrals
needed to define the function f, e.g. T (log) =1, T(Li,,) = n, etc.... It also
holds T(f1f2) = T(f1) + T(f2). Constants obtained at special values are
also assigned transcendentality, for instance zeta values it is set T (¢,) = nt®

Algebraic factors have degree zero. If a function f is a sum of terms,
we say that f has uniform (degree of) transcendentality when all its terms
have the same degree. In the following we will address the concept of degree
of transcendentality also with the word ‘weight’ since for a MPL these two
quantities happen to be the same. On top of that, we define such functions
pure if their degree of transcendentality is lowered by taking a derivative, i.e.
T(d f)=T(f)— 1. This implies that transcendental functions in f cannot
be multiplied by algebraic coefficients, which would otherwise be ‘seen’ by
the differential operators. A remarkable property of the solution of a d-log
canonical system of equations is that each term in the e-expansion is a Q-
linear combination of pure MPLs of the same weight. For a generic integral
basis, this is not true and the results looks more complicated, with terms of
different weights being mixed and prefactors of MPLs being algebraic func-
tions of the kinematic variables. Finally, if weight -1 is assigned to €, then
the solution of a d-log form has uniform weight zero.

These properties make the solution to a canonical basis particularly compact and
elegant. But on top of that they have importance on a practical level for two
reasons. First they are a good way to check if the solution we have found for the
system is correct or not, since this solution must be uniform and pure. Second,
they can become a guiding principle for finding an appropriate integral basis. This

15We recall that zeta values are values taken by the Riemann zeta function

@)= — /OOO L (4.156)

et —1

for integer arguments z = n,n € N. The equivalent definitions which can be derived from the
previous ones are zeta values as the sum of a series (known as p-series)

1
=3 (4.157)
k=1
and zeta values as the result of multiple integration
n
1 1 e
¢(n) = / Hl;lnx’ (4.158)
0 o 1Tz
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approach is not based on purely mathematical simplification of the DE system
as we showed above, but it deals instead with the original integral representation.
Since we did not use this second type of approach in our project, we do not develop
it in the present thesis, but we refer the interested reader to [76], where a basic
explanation can be found.

Integration of d-log Differential Equations.

To conclude the section, we report on an algorithm to integrate a d-log system of
equations recursively in e ([77]). This is actually the method we applied in our
project to integrate the master integrals. Since we dealt in our specific case with
master integrals depending on two dimension-less variables, i.e. we actually had
to integrate system of PDEs, we are going to illustrate how the algorithm works in
this specific multi-variable case with an example taken from our own computation,
but obviously the generalization to a higher number of variables is straightforward.

The method consists in integrating separately in each variable and order by
order in €. We take one of our bases of master integrals

Mh (Zayve) = (4159)

related to a certain topology t; for which we wrote down differential equations in
d-log form as

thl (z,y,€) = A, (2,9,€) - ]\Ztl (z,9,€). (4.160)

Ay, is the matrix of coefficients of the differential equations (in the following ma-
trices and masters are intended to depend on z,y, €)

Ay = Z1y, + Z0,, + ZYy, + Y1, +Y0,, (4.161)
-4 0000 0 0
1 0000 0 O
1 0000 0 O

Zly, =e| 0 0 0 0 0 —1 0[dlog(l-2) (4.162)
1.0 0 00 -2 0
0 0000 —4 0
1.0 0 0 0 —4 0
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2 =60 0 0 0 O
1 =30 0 0 0 0
0 0 0 0 00 O
Z0, =0 0 0 —1 0 0 0 [dlog(z) (4.163)
0 0 0 -4 0 0 2
0 0 0 2 00 O
00 0 0 00 —1
000 0 0 0 O
00 0 0 0 0 O
-1 0 -3 0 0 0 0
ZYy, =¢| 0 0 3 -4 0 —2 2 |dlog(y+2) (4.164)
1 0 0 4 0 2 -2
0 0 3 —4 0 -2 2
1 0 6 -4 0 -2 2
00 0 0 0 0 0
00 0 0 0 0 0
00 -1 0 0 0 0
Yiy=¢| 0 0 0 0 0 0 1 |dlog(l+y) (4.165)
00 0 0 -2 0 0
00 -3 4 0 2 -2
00 0 4 0 0 0
00 0 000 0
00 0 000 O
0 2 2 000 0
YO, =e| 0 0 -3 4 0 2 -3 |dlogy). (4.166)
00 0 000 O
00 0 000 O
0 -3 -6 4 0 2 -3

The vector of solutions will be given by a Laurent series around € = 0

=3
M, = Z Mt(f)ei +O(€%) (4.167)

i=—1

We establish to integrate first in z and then in y. The partial DE in z and in y at
a given order in € reads
0N (2,y) = (An). (2. 9) My (z.9) (4.168)

0,M" (z,y) = (Au), (2, y) M (z,9) (4.169)
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with

(Atl)z = Z]'tl + Zot1 + an
(At,), = Y1y + Y0, + ZYy, (4.170)

We integrate Eq.(4.168) and find a solution up to an arbitrary function of y to be
fixed

M (zy) = B () + / 42’ (An), (2, ) V(). (4.171)

To fix ﬁgl) (y), we insert the solution we just found Eq.(4.171) into Eq.(4.169), thus
finding a differential equation for HE?)(y)

0,h" (y) = (Br,), eV () (4.172)

where the matrix (B, ), (y) is related in a non trivial way to (4y,), (2,y). Inte-
grating this equation we get

b (y) = O + / dy' (B,), (ki V() (4.173)

where € is a vector of constants which must be determined by imposing the
value of the function in a specific point (Z, 7).

We apply all this to our vector of integrals. We start from order ¢ = —1, where
our ansatz is just a vector of constants

7
T
ey’ /€
MYy = [ )| - (4.174)
céo)/e
céo)/e
0(70)/6

We insert this into Eq.(4.168) and by integrating in terms of Goncharov Polylog-
arithms, we determine the dependence on z of the ansatz at order i = 0

M (z,) = {2 = 3¢”)GH{0}, 2] - 4V G({1}, 2) + b (),
(” = 3¢S)G({0}, 2) — VG ({1}, 2) + ha(y),
VG({1},2) + (—ei” = 3¢)G({~y}, 2) + hs(y),
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—"G{0},2) — < G({1}, 2)
+ (3 — 4c — 2¢§” + 26 G({~y}, 2) + haly),
(—4c” + 267G ({0}, 2) — (& +2¢57)G ({1}, 2)
+ (@ +4¢” + 2¢ — 260G ({~y}, 2) + hs(y),
2V G({0}, z) — 4V G({1}, 2)
+(3ct” — 4cf” — 2¢8” + 267)G({~y}, 2) + he(y),
—PG({0}, 2) — (¢t + 4G ({1}, 2)
+(? +6¢ — 4c” — 2¢0 + 265G ({—y}, 2) + h7(y)} (4.175)

In order to determine the vector of functions h;(y), we insert Eq.(4.175) into the
y-partial d.e. and find

hi(y
ha(y
0))

A

=

dlog(y)(cgo) 20&0) +cy’)+c )dlog(y—l—l)—l—hg( )=0
D dlog(y) + hy(y) = &V dlog(y + 1) (4.176)
dlog(y)(c\” +4c(°) +2c§” — 2 D = 2¢ dlog(y + 1) + hh (y)
(dlog(y) — dlog(y + 1))(3¢S” — 4cf” — 2¢” + 2¢{”) = hi(y)
dlog(y)(c” — 3¢ — ) + 4 dlog(y + 1) = hy(y)

The solution to this system of differential equations is

hi(y) =0+ c{”
ha(y) =0+ cgl)
hs(y) = 7 G{~1},y) + (= + 26 — )G ({0}, y) +
ha(y) = & G({~1},y) — &V G({0}, y) + i
(4.177)
hs(y) = —2¢ G({~1},y) + (¢’ +4c<°>+2c<6°>—2c$0>>G<{0},y>
+65

he(y) = (=3¢ + 4c” + 20 — 2 G({~11, )
+(3¢” 40510) 26(60) +2c(°)) ({0}, y) +

hr(y) = 4c” G({~1},9) + (2 = 3¢” — )G ({0}, y) + Y
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We have thus determined our solution at order ¢ = 0 up to a vector of b.c.

e
Y
i
& =P, (4.178)
A0
5

etV
e

We proceed by iterating the same procedure in order to construct higher orders in
€.

Boundary conditions are then determined typically through expansion by region
at every order in € and matched to the solution.

This concludes this section dedicated to the canonical form of differential equations
together with the chapter on Master Integrals computation. In the next chapter,
the content of this chapter will be applied to our computation, so that more and
perhaps clearer examples of the explained tools will be provided.



134 CHAPTER 4. MASTER INTEGRALS TECHNIQUES



Chapter 5

Master Integrals for CC-DIS
Form Factors

5.1 NLO Form Factors
In this section we present a simple example of computation via Master Integrals.
The quantities we choose to calculate are unrenormalized massive coefficient func-

tions for CC-DIS at NLO, namely the Single Top subprocess b + W* — t + X at
O(as).

5.1.1 From diagrams to scalar amplitudes

Charged-Current Single Top production starts at order O(a?) (Leading-Order)
with the process b(py) + W*(q) — t(p).

Z'MBorn —
b

Figure 5.1

We start by drawing diagrams which contribute then at O(ay), which we will refer
to as NLO in the following. At NLO we have to distinguish between

135
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e real emission contributions.

b(pb) + W*(q) = t(pt) + g(k) : An extra gluon is radiated and is thus
present in the final state as a real particle.

W*

Figure 5.2

g(pp) + W*(q) — t(ps) + b(k) : By applying crossing symmetry to the two
previous diagrams, we obtain two diagrams for a gluon-initiated process with
a top and an anti-bottom in the final state.

e W
L%T ¢ 7777 b
—— I S—

IMEE = 4 ' iMIT =Y t
& &
g g
(a) (b)
Figure 5.3

e virtual emission contributions.
b(pb) + W*(q) — t(p¢) : Virtual gluons are emitted and reabsorbed giving
rise to wvertex and self-energy 1-loop corrections for the bottom and top
quarks. Since only connected and amputated Feynman diagrams contribute
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to the S-matrix, actually the only contributing diagram is 1-loop correction
to the vertex. !

Figure 5.4

With our own Mathematica code we translate Feynman diagrams into mathemat-
ical expressions, namely amplitudes, and we take the square modulus of the sum
of these amplitudes. At this stage, the objects we obtain have all Lorentz indexes
saturated except for the ones of the off-shell boson, which will be contracted with
the ad hoc projectors in order to extract form factors. Since we have to include
only contributions of O(«ay), the square modulus of the amplitudes will contain the
square modulus of the sum of real emission diagrams and the contraction of the
virtual diagrams with the Born amplitude. The nature of the contributing sub-
processes, namely bottom- and gluon-initiated naturally divides the computation
into two parts, because, having different particles in the initial and final states,
these two sub-processes cannot talk to each other when we take the square mod-
ulus of the amplitude. We can thus compute separately the contribution coming
from the bottom channel

(limP2(00))" = (limb" + z‘MS’RF)W +2m (M5 + iMBOT")”V} (5.1)

and the one coming from the gluon-channel

Qv

(lim72(a))™ = (Jime" +img™ ) (5.2)

LConcerning the self-energy diagrams, the one containing the bottom self-energy evaluates to
zero in our 5F scheme (mg = 0) because the 1-loop self-energy of a massless particle is a scaleless
1-loop bubble and thus equal to zero in DR! The diagram containing the top self-energy instead
is not zero in our computation because mf > 0. Indeed this diagram, computed off-shell namely
by keeping p? #* m?, provide the renormalization counter-term for the vertex diagram in the
on-shell scheme.
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In the following, we take C; as an example to illustrate how the generic coefficient
function C; is computed.

Example: C;

The natural thing to do is to divide the computation by channels (bottom and
gluon) and, inside each channel to analyse separately real and virtual contribu-
tions. In this case, we concentrate on the bottom channel because it involves both
real and virtual contributions and can be considered then slightly more complex
than the gluon channel, which at NLO involves only real diagrams. On the other
hand, it must be said that the gluon real diagrams require the computation of
one more master integral with respect to the bottom ones. This additional master
has been computed by us with the method of differential equations. We decide
nonetheless not to report this MI calculation here, since in the next section the
method of differential equations will be widely used and described in all its power
and splendour by applying it to 2-loops master integrals.

We proceed to compute the bottom contribution to NLO form factors.

Projectors onto coefficient functions are linear combinations of five fundamental
tensor structures

{9u> Do, Db, > P, Qv + Db, Qs Qs €ppapun }- (5.3)

In the particular case of C1, the first three structures contribute. We thus start
by contracting all our squared amplitudes with these tensors, to obtain the pieces
we will need in the following to construct the desired form factor. In the bottom
channel, by using momentum conservation p; = py +¢q— k to get rid of p; we obtain
for the reals

g
ALF = (|¢M2’R + z’M‘;’RIQ) Guv =
8(=2+d)*(k-po(m? —q-q) +py-q(mi +2k-q—2p,-q—q-q))
(k -k — 2k - pp)?
2 x 8(d — 2)(4(k - pe)” +pb- g(2(d = 6)(k - g —pb - ¢) + (d— 4)(mi — g - q))
(k-k—2k-po)(m? —2pp-q—q-q)
k- pb((d —2)mf + 4k - q —8pb-q+q-q(4 —d)))

(k-k—2k-pp)(m?—2p,-q—q-q)

L 8d=2)((d=2)py - (g = k)(m? — ¢®) — 2py - q(dm? — (d —2)(=k - q+ps - ¢+ ¢°)))
(m? —2pp - q — ¢?)?

32(d — 2)(k - pe)*(k - o — pb - q)
(k- k—2k-py)?

bR A bR, g b R12\PY
prb = (|ZM1 + My ) (pbu,pbu) =

Nz
Ape = (IZ'/W{’R + ng’RIQ) (Pb, v + Po,qu) =
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(32(d — 2)k - py(mipy -q+ (k- po —po - q)(=2k - q+2py - ¢+ q - q))
(k-k—2k-py)?)

+2X16(d—2)k~pb(—2(pb~q)2+pb~q(m?+2k~pb—q~q)+k~pbq~q)

(k-k—2k po)(mi —2py-q—q-q) (5:6)
and for the virtuals
AV = (R(GMEY) wimP) ] g =
/ddll (i 1(lh - — 20 ~pb)(m12 “hoh—2hg-q-9)
x [8(d —2)(4(l1 - pe)® + ((d — 4)l1 - 11 + 4l - q)py - q
+po((2 = d)ymi + 4l - g+ 4py - g + (d— 4)q - q))] (5.7)
A, = (R[(GMEY) = imP) ] (o1, m,) ) =0 (5.8)
Ay = (R[(aM5Y) ximP™) ] (py,0)) =
_ /ddll 16(d — 2)l - po(2(py - 9)° + 11 Po g -+ po-g(=mi + 2L -pr+q-q) (5.9)
(-t =20-p)(mi =l -l =2l -q—q-q))

We have thus obtained with scalar objects written in terms of scalar products
that constitute the building block for F; and also some of the other coefficient
functions. Since we need them in more than one coefficient functions, we decide
to perform reduction to master integrals directly at the level of these contractions,
namely before constructing coefficient functions.

5.1.2 Reduction and MIs computation

We now explain briefly how reduction to MlIs is achieved, by taking the g,, con-
tractions AZ’R, Ag’v as examples.

First, we remind that we are going to use master integral techniques to compute
both real and virtual integrations. This implies that the extra-gluon Phase Space
measure is converted to cut propagators via reverse unitarity

/ Ak pes . (K2)54 (5 — m2)5D (py 4+ q — b — pr) —

o). (Grmm=)., an

and cut propagators are then added to the real contributions, so that the object
we need to compute is

1 1
cylt = /ddk (—) ( ) ADE 5.11
! kQ cut (pb + q— k)Q - m% cut ! ( )

For the virtuals instead, we need to integrate just over the top momentum, so
that thanks to momentum conservation we will have
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/ A dpi6y (52 — m2)8D (py + g — pr) = / d05((py + q)° —m2), (5.12)

thus obtaining
chY = 6(s — mf)/ddllAg’V. (5.13)

Now, the first step towards reduction is expanding out products and powers
appearing at numerator in integrands of Eq.(5.11), (5.13), so that such integrands
are written as linear combinations of a certain number of scalar Feynman integrals
having at numerator only monomials in the scalar products. The coefficients in
front of the integrals will be functions containing scalar products of the only ex-
ternal momenta py, q.

Then, the second step is the identification of topologies suitable to express all our
scalar integrals. We remind that we call ‘topology’ a family of propagators which
is minimal and complete in a sense that it contains the minimum number of prop-
agators required to express all independent scalar products in terms of them. This
implies that the set of propagators in a topology is linearly independent 2.

For more complicated processes than the one under examination there might be
a proliferation of topologies coming from different diagrams. One observes that
usually some of these topologies happen to be actually the same, up to a shift of
integration momenta. In these situations it is usually worth to spend some time
to identify among all the possible topologies given by diagrams those that are ac-
tually independent. Indeed, this allows to perform reduction to MIs on a smaller
number of topologies, thus decreasing since the beginning the number of MIs to
be taken into consideration and also the computational time it takes to perform
the reductions.

Now, in our NLO example, diagrams contributing are very few and simple, so the
situation is simplified with respect to the above-mentioned picture.

e Real contribution C%E.

We have 3 independent scalar products {py - k, q - k, k*}, so that topologies
for these diagrams will contain 3 propagators ®. From phase space diagrams
in this specific case only one topology arise

T = {k, (p — k)°, (pp + q — k)> — m7}. (5.14)

It is important to mark that the first and third elements of T®% are the
inverse of cut propagators. In other words they have to be understood as

2see chapter 4 for more details.

3This can be verified by using the formula given in section 4.2 which allows to compute the
dimension of a topology given the number of internal and external independent momenta
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follows. These quantities are zero when they appear at numerator, whereas
they actively contribute to form the integrand of the Phase Space integrals
when they appear at denominator.

e Virtual contribution C_Z’V.
Obviously also in this case we have 3 independent scalar products {py - {1, ¢ -
I1,12}, so that again topologies for these diagrams will contain 3 propagators.
We have one single topology describing the virtuals

Tb’v = {l%a (ll _pb)27 (ll + Q)Q - m%} (515)

Now that we have found which topologies describe real and virtual diagrams in
the bottom channel 4 , we associate to each scalar integral appearing in the inte-
grands in Eq.(5.11), (5.13) an ordered set of indices where index a; corresponds
to the inverse power with which propagator number i of the topology appears in
the integral. This set of indices, together with the topology to which it refers,
completely identifies the integral. For instance for the Phase Space we will have

/ddk: (%)m <(pb T _1k)2 — mf) =1I[T>% {1,0,1}]. (5.16)

We thus rewrite the g,,, contribution to bottom coeflicient functions as

Cof = —4(d —2)*(mi — )T, {1,1,1}]
_ 2x8(d— 2)I[TE, {1,0,1}]((d — 4)(m? — 5) — 2Q?)

" 2(mi + Q*)(Q* + T, {1,1,1}])
_A(d=2) ((d = 2)(mi = H)UT™ T, {1, =1, 1}] + 4mF (Q* + $)I[T™, {1,0, 1}])

(mf — s)?
(5.17)

chV =5(s — m?) {4(d —92) (QI[Tb’V, {0,0,1}] — 21[7"", {0,1,0}] — 2Q*1[T"", {0,1,1}]
=207V, {1, —1,1}] + 207", {1,0,0}] — ((d — 6)m} + (d — 8)Q*)I[T"", {1,0,1}]

4We stress that in general topologies are independent of the specific contraction we are con-
sidering. This means that for instance in the case under inspection topologies Eq.(5.14), (5.15)
have been found by analysing the contractions Cg’R, CS’V with the g, tensor, but the same
topologies apply to contractions with all the other tensor structures Eq.(5.3). In other words,
this just confirms the quite obvious statement that once we decompose the squared amplitude
times the Phase Space measure on a basis of tensors, the original singularity structure is con-
served untouched in each coefficient of the decomposition. It might happen though that some
diagrams gives zero contributions when contracted with some of these structures and in this case
the set of topologies coming from that specific contraction is only a subset of the one which is
needed to describe all contractions.
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—20nf+wQ%HThV,{L1Jﬂ]—20nf+—Q2fIHMV,ﬂﬂL1H)}. (5.18)

We collect all scalar integrals appearing in Eq.(5.17), (5.17) and belonging to the

given topologies T%%, T%V and we reduce them to masters. After running the
reduction with Mathematica package FIRE, we see that expressions in Eq.(5.17),
(5.18) can actually be expressed in terms of only 3 master integrals

e one MI for the real contribution, namely the Phase Space itself

1 1
Master; = [T {1.0,1 :/dd’f 3
aster; = I[T"",{1,0,1}] k2) o \(os+aq—k)2—m? ) .,
(5.19)

e two for the virtual contribution, namely the massive tadpole
- 1
Master, = I[T"V, {0,0,1}] " 24 7¢ /ddllm (5.20)

and the bubble with one massive propagator and external momentum g

1
B((h +q)* —mi)

Masters = I[T"", {1,0,1}] = /ddh (5.21)

By substituting the reduction into Eq.(5.17), (5.18) we obtain the compact expres-
sions

16(1 — 2¢)(1 —€)%s

Cgb’R =Master; {—

e(Q? + s)
—4E m2 2 S

| 16(—1+(Q? + e(mf — 5) — U2AliQe)

m? — s

—€ /2—3 2
* (mt? — 5)2 (5:22)

bV §(s —m7)
Cy" =+ 4(—1+€)x

(1 — 2¢€)em?Q?
x (Mastera((12 — 7(4 — 2€) + (4 — 2¢)*)my{ — 2(1 — 2e)m;Q* + (2 — 2¢)Q")
—(1 — 2e)Mastersm; (—2emy + 4e*m7Q* + (4 + 6 — 2(4 — 2€)e) Q%)) .

(5.23)

At this point, we can repeat the same procedure for all contractions with tensor
structures in Eq.(5.3) and we can start constructing coefficient functions by using
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the projectors defined in Eq.(3.41). For instance, we get for C; in terms of master
integrals

2(s + 2€%s — e(m? + 2s)
€(Q? + 5)?
2(2€%(mi — 5)* = 2(mi + Q%)s + e(mf + 5)(m + 2Q% + 5))
(7 — 2@ + 5)
N (=14 e)m} —2(=3+ e)m?s + (=1 + €)s?) }

(m? — 5)%s

C’f’R =Master; {

(5.24)

§(s —m?)
e(—=142e)m2(m? + Q2)
x ((—1 + e)Masters((—1 + 2e)m} + Q?)
— (=14 2¢)Mastersm; (2Q* + e(m; — Q%) + 2¢*(m} + Q%)) . (5.25)

cyV =+

At this stage we just need the expressions for the masters. In this very simple
case, we do not need computing none of them, since they are only simple 1-loop
integrals that can be found in literature without any effort. In particular the
tadpole and the phase space are very basic integrals, so we just report in the
following results for them. We want to express final results for NLO coefficient
functions in terms of the set of variables {s, z,y}, with 2 = m?/s and y = Q?/s.
Within this perspective, results for the masters are already expressed in terms of
these variables, with s appearing always in front as a prefactor carrying information
about the dimension of the integral and multiplying a certain function of z, y which
carry instead information about the non trivial dependence of the integral on m?
and Q2. We also introduce the dependence on the 't Hooft mass of dimensional
regularization p?, namely a dimensional scale that we need to introduce when
working in DR, in order to ensure the coupling g, to remain dimensionless when
switching from 4 to d dimensions.

s\ ° 9. T(1—¢)
Master; = | — R R —— 5.26
e = () 0= g (5:26)
Masters = —s (%) 21T (—1 + €)eE (5.27)

The 1-loop bubble, namely Masters, is also really simple, but we carry out the one-
line computation that allows to obtain it to sketch how integration with Feynman
parameters works in a very basic case °.

2

The integral depends on two dimensional scales, i.e. the internal mass m; (or

5More involved examples can be found in [115].
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alternatively s, since in Born kinematic it holds s = m?) and the external invariant
Q?. By applying Feynman parametric representation to Eq.(5.21), integrating over
one of the two parameters using the d-function and expressing the result in terms
of our set of variables, namely s,y, we get

Masters — ( ) / o 1_;1)) (5.28)

The integral can be carried out in closed form in € in terms of Hypergeometric
functions, thus giving

s\ ~¢ (1 +y)~“csc(em)Hypergeometricy gy (1 —€,62—¢, (13-—1/))
Mastery, = — .
I (2 —¢)

(5.29)

We underline that all masters are here expressed in closed form in e because of
their simplicity. In more involved computations, this is normally not possible and
master integrals can then be computed only as series in € truncated at a certain
order. In the next section, where we will compute form factors at the next pertur-
bative order, i.e. O(a?), this will be actually the case.

Once we have the coefficient function written in terms of masters and also re-
sults for the masters , we actually have all the necessary ingredients so that the
computation can be considered almost finished, up to a renormalization procedure.
By inserting the results for the MIs Eq.(5.26), (5.27), (5.29) into Eq.(5.24), (5.25)
and expanding in €, we get

"= (L) (-3 -1+ ies+m) armsa-2)

1 1 201+ 2y + 2)
o (4 [mb”y)‘ﬁ)

v2|r] aen- [P o

1-=2
(2+ 4y + 22) log(1 — 2) 22 2(1+4y+y*) y+7
14y 1+y 2(1+vy) 2

) (5.30)

Now, concerning the virtual diagrams, we get from the vertex diagram

,Vyvertex S - 1 1_21n(1+y
oo - () s -2y (-5 - Y
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A8y + 12y — (12 + 36y) In (1 + ) + 12y1n (1 + y)* — 24yLi, (Fyy)
12y

(5.31)

Real and virtual contributions are then to be combined in order to get the
unrenormalized coefficient function C;. When we sum them up all soft poles must
cancel and the remaning poles can only represent either UV divergences or IR
collinear divergences coming from the initial state. Both these kinds of remaining
divergences are then to be removed by means of, respectively, a renormalization
and a mass factorization program. We also remind that in our expressions we do
not get final state collinear poles because we have a massive top radiating in the
final state, but in case we had them they should cancel as well when combining
real and virtual contribution. This recaps the strategy that one would adopt in
a higher order computation, namely first assembling all the contributing pieces
and then performing renormalization and mass factorization. In our case simple
NLO computation, since the UV poles just appear in the virtuals, we may also
renormalize first the UV divergences in the virtual vertex diagram (thus performing
a renormalization at level of single diagrams) and then assembling it with the reals
and performing mass factorization (namely renormalization of the initial state
collinear poles).

Performing UV renormalization means in general to renormalize running coupling,
wave-function and mass. We follow the usual choice, namely to renormalize the
running coupling in MS and wave-function and mass in the on-shell scheme. At
NLO level though, the scenario happens to be quite simplified and it turns out that
the only wave-functions need to be renormalized. This can be achieved by means
of appropriate counterterms. Following [29], the bare and renormalized coefficient
functions satisfy the relation

C = 233} 7,/ Chare(a2") (5.32)

S

where we dropped for the moment the various indices which identify coefficient
functions for simplicity. Indeed we can neglect Z;f because, being the bottom
mass equal to zero in our computation, in an on-shell scheme the expansion of
this quantity will read Z21/b2 =14 (5Z21/b27 with 6221/b2 = 0. By performing the
perturbative expansion of the various left quantities (see again [29], Eq.(3.2)), we
get at 1-loop level

bare

1
o — o1b + Eézé}tl)c(()l) (5.33)

with Clgilr)e being the sum of real and virtual parts, i.e. in our case

C(ll) _ C,?R_'_C¢i),V,'z)e7“1fezzc7 (534)

lbare
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COD being the LO contribution to the coefficient function which in our case is
simply C’{Ol) =1, and finally (5Z2(71tl ) being the proper counterterm which performs
1-loop wave-function renormalization. The e expansion for this counterterm, trun-
cated at O(€%) reads

(anyeso s\ © 3
575D = (F) <—2—€—2>+O(6). (5.35)

By adding Eq.(5.35), (5.30) and (5.31) as prescribed by Eq.(5.33), (5.34), and
adding the proper color factor Cr we obtain the renormalized coefficient function

AR TS M — )
(F1-2—2)
Ty )

2

F6(1—2)(1+y) (4+ % —3In(1 4y) — w +In(1 +y)? — 2Lis (%))

—2(1+y) (2 Fnil:zz)} L {1 i z} +>

2 2 _
LTy ztdyrdytaa 2 21424 )il Z)}. (5.36)
27 2 201+ 9) Tty

We observe that the double pole, which is a product of a collinear times a soft
singularity, gets cancelled between real and virtual contribution, as expected. The
UV pole is renormalized, and we are left precisely with just one single collinear
pole, due to emission of a real gluon from the massless bottom in the initial state.
Mass factorization is then the last step we need to take in order to get a finite
result.

At NLO, mass factorization is very simple, since we know that the collinear pole
must multiply a coefficient which is exactly the appropriate splitting function, and
in this precise case Py/q(z,y).

Now, in order to recognize the splitting function, one should pay particular atten-
tion because, due to our variable choice, the splitting will not be manifest. Indeed,
the natural DIS-like variables for Single Top would be

_mitQ 2ty A:L:L (5.37)
s+Q? 14y’ mi+Q*  l+y '

in terms of which the product 1P, ,,(7) would reads

p = ten (ML) [Bsant —2 4
~Pya(7) ECF( o ) {25(1 )+~ ) (5.38)
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By performing the necessary change of variables, one can easily convince himself
that the coefficient of the 1/e pole appearing in Eq.(5.36) is the correct splitting
function P, reported in Eq.(5.38). After cancelling this last collinear divergence,
which is reabsorbed into the b-pdf, we can finally write our final result Eq.(5.39).

an _ ()"
Cl,ren - <F) CF{

Ml—zxy+w(4+%;—3MG+10—EKEEQ%JM1+yV—2Lb(—g—))

1+y
—2(1+4y) (2 {mil—;)L B [112L>

7Ty z4dyz+yiz4 2 2(1+2y+z)1n(172)}

- -+ +

5.39
2 2 2(1+y) 1+y ( )

In this section we aimed at giving a simple example of how a fixed-order compu-
tation works in QCD, via Master Integrals technique. We achieved this goal by
showing how one determines and computes Master Integrals for massive CC-DIS
at O(as) in QCD, thus getting the renormalized coefficient functions, as for in-
stance the one reported in Eq.(5.39) for the bottom channel.

We stress that renormalized coefficient functions at NLO are fundamental also for
the computation of form factors at the next perturbative order, since they consti-
tute the building blocks for the construction of collinear counterterms necessary
to renormalize the NNLO coefficient functions.

In the next two sections of chapter 5 we will proceed to illustrate how the tech-
niques of Master Integrals works in the case of O(a?) corrections, which is more

S
involved because of the larger number of Masters and their increased complexity.
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5.2 Master Integrals for CC-DIS at O(a?)

In this section we present the computation of the set of master integrals describing
the O(a?) (NNLO) contribution to form factors.

At this perturbative order, three independent channels are open, namely bottom,
gluon, singlet channel. It is thus natural to address the computation of NNLO
form factors and its explanation channel by channel.

Then, inside each channel the contributing subprocesses will be identified and, for
each of them, sets of independent topologies and master integrals will be deter-
mined. Results for all master integrals are obtained via the method of Differential
Equations (DE). All double real (RR) and real-virtual (RV) MIs are our original
results. They have been all computed by using DE in canonical form, which we
report in detail in the Appendix for all topologies involved. Since one of the most
complicated step into the computation of these masters is the determination of
boundary conditions, this part will be addressed in detail throughout the section.
The double virtual (VV) masters instead, where already available in [29], [30],
[9], [18], [37]. For these MIs, we do not report systematically system of DE, but
we take the chance to use them as example to show how non-canonical DE can
be integrated. Boundary conditions instead were directly extracted by the above-
mentioned references, to which we redirect the reader who might want to know
more about this specific topic.

5.2.1 Bottom channel: b-initiated subprocesses at NNLO.

Double Reals [b+ W* =t + X1 + Xo])_,,,

Topologies and Master Integrals for b(py) + W*(q) — t(pt) + g(k1) + g(k2).

Diagrams contributing to b+ W* — t + g+ g are drawn in Fig.5.5. We stress that
the actual number of diagrams contributing is ten, since for each of the diagrams
in Fig.5.5 we have to consider that we have two identical particles (gluons) in
the final state, so that the diagram is symmetrical under exchange of the two
gluon momenta ki, ko. Given this symmetry, in the following we consider matrix
elements arising from only one particular assignment of the gluon momenta, since
to remaining ones can be obtained be simply exchanging k; with k2 in the matrix
elements expressions. By taking the square modulus of diagrams in Fig.5.5 we
obtain twenty-one different phase space diagrams. The 3-particle (two massless
and one massive) phase space we need for the Double-Reals is given by

1 1 1
e o 3] [3] ] om0
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O R

(a) (b) (c)
Cg :j 0 C% )6
(d) (e)
Figure 5.5: Tree-level diagrams for b+ W* -t 4+g+g¢g
1 1 1

= [ d% /ddk [—] [—] [ } . 5.40

R R AR el 040

If we now multiply the phase-space diagrams by the phase space integration mea-
sure ©

11 1
dPS3 = (5.41)

K252 (p+q— k1 — k2)2 —m2’

we obtain that our twenty-one phase space diagrams can be all described by just
3 independent topologies

tr ={kT, (=K1 + po)®, k3, (k1 + k2 — p)*, (—k2 + p»)?,
—mi+ (=k2 +po+ )% —mi + (k1 + ko — pp — q)*}
to ={ki, (k1 +po)*, k3, (=k2 + )%, —mi + (=K1 + 2y + 0)°,
—mi + (=ka +pyp +q)°, —mi + (k1 + k2 — pp — ¢)°}
ts ={k3, (k1 + k2)?, (k1 + ps)*, k3, (k1 + k2 — py)?,
—m?+ (k1 +po+ @)%, —m? + (k1 + k2 — pp — 9)*}, (5.42)

corresponding to the three diagrams in Fig.5.6.

6We omit from now on the symbol [|c of cut propagator for simplicity of notation.
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(a) (b) (c)

Figure 5.6: Phase-space diagrams for b+W™* — t+ g+ g corresponding respectively
to the independent topologies t1, t2, t3.

(a) t1 (b) t2 (c) ts

Figure 5.7: Independent topologies to b+ W* —t+ g+ g.

From now on, we will not think anymore in terms of diagrams, but in terms
of topologies and subtopologies, meaning that, for the moment being, we will
disregard the physical meaning of diagrams and integrals and concentrate only on
their mathematical features. We will then adopt a different convention also for
drawings, since we will not draw anymore Feynman diagrams, but topologies and
integrals. Each (sub-)topology or integral will be represented by a graph. Each
internal line correspond to a propagator, whereas external lines represent fixed
(external) momenta. Massless lines are represented by normal lines. Massive lines
corresponding to m?, Q?, s are represented respectively by thick lines, double lines
and thick dashes lines. Topologies Eq.(5.42) will be represented then by graphs in
Fig.5.7. The determination of independent topologies for this subprocess is trivial
because set of propagators describing all diagrams other than Fig.5.6 happen to
be apparent subtopologies of those in Eq.(5.42), without need to perform any shift
on loop momenta. By collecting all scalar integrals given by matrix elements and
reducing them to master integrals, we get the following set of master integrals (MIs
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from Master; to Master; belong to t;, from Masters to Mastery; to to, from
Masteria to Masteri7 to t3).

Master; = G(t1,{1,-1,1,0,0,0,1})
Masters = G(¢1,{1,0,1,0,0,0,1})
Masters = G(¢1,{1,0,1,1,0,0,1})
Masters = G(t1,{1,0,1,1,0,1,1})
Masters = G(t1,{1,1,1,1,0,1,1})
Master¢ = G(t1,{1,-1,1,1,0,1,1})
Masterr = G(t1,{1,0,1,1,—1,1,1})

(5.43)
Masters = G(t2,{1,0,1,0,0,0,1})
Masterg = G(t2,{1,-1,1,0,0,0,1})
Masterio = G(t2,{1,0,1,0,1,1,1})
Masteri1 = G(t2,{1,1,1,1,1,1,1})
(5.44)
Masteri2 = G(t3,{1,0,0,1,0,0,1})
Masteri13 = G(t3,{1,-1,0,1,0,0,1})
Master14 = G(t3,{1,0,0,1,1,0,1})
Masteri1s = G(t3,{1,0,0,1,1,1,1})
Masteris = G(t3,{1,—1,0,1,1,1,1})
Masteri7 = G(ts,{1,0,—1,1,1,1,1})
(5.45)

The only independent integrals are contained in the basis for the first two topologies
t1,t2 (Fig.5.8). Masters for the third topology t3 are not independent since they
can be obtained from masters Master; with ¢ = 1,...,11 by appropriate shifts of
integration momenta, so that from now we will discard this basis, since it does
not provide any new independent integral. Inside the basis for t1,ts, all master
integrals are independent except for Masters and Masterg which coincide with
Master, and Masters. In order to determine these Mls, according to the approach
presented in Chapter 4, we transform each one of these basis into a canonical basis
of integrals, listed in Eq.(5.47).
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(a) Mastery (b) Masters (c) Masters
_ [ L. _ [ L. _ [ .
| | |
* [(pb - * [(pb - k2)2]
] | ] | ] |
| | |
(d) Masters (e) Masters (f) Masters
) |
| .- .- |
_ | 720NN
! | |
(g) Mastery (h) Masterio (i) Master11

Figure 5.8: Set of independent MIs for b+ W* —t+ g+ g.

Simple thin lines are massless, simple thick lines, double lines and thick dashed
lines are massive and correspond respectively to m? (either internal or external) ,
Q? and s (only external).

M = (1 - 2)(2G(t1,{2,0,1,0,0,0,2}) + G(t1,{2,0,2,0,0,0,1}))

Mo = G(t1,{2,0,1,0,0,0,2})

M3 = 2¢(1 +y)G(t1,{1,0,2,1,0,0,1})

My = (14 3)2G(t1,{1,0,1,1,0,1,2})

Ms = 2e2(1 4+ v)2G(t1,{1,1,1,1,0,1,1})

Mg = (14 y)(1 — 2)G(t1,{1,0,2,1,0,1,1})

My = 2¢(1 +y)2G(t1,{1,0,1,1,0,2,1}) (5.46)

Mg = (1 — 2)(2G(t2,{2,0,1,0,0,0,2}) + G(t2,{2,0,2,0,0,0,1}))

My = G(t2,{2,0,1,0,0,0,2})

Mo = 2(1 — 2¢€)G(t2,{1,0,1,0,1,1,1})

M1 = (1 +9)2(1 — 2)G(ta2, {1,1,1,1,1,1,1}) (5.47)

For these integrals we are thus able to write a system of equations in canonical
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form, which can then be integrated using the procedure introduced in Section 4.4.
We report here the canonical system for topology ¢; to provide an example of
how such a system can look like. Results for canonical basis and canonical DE
systems are reported systematically for all topologies in the Appendix. Starting
from here and throughout the rest of equations appearing in this Chapter and in
the Appendix, we will use the short notation dL to indicate the differential of a
logarithm which we would otherwise write as dlog.

dM; =e(—6MadL(z) + My (—4dL(1 — ) + 2dL(2)))
dMs =e(—3MadL(z) + M (—dL(1 — 2) + dL(2)))
dM3 =e(2M2dL(y) + M3(2dL(y) — dL(1 +y) — 3dL(y + 2)) + M1 (dL(1 — z) — dL(y + 2)))

dMy =e(M4(4dL(y) — dL(z) — 4dL(y + 2)) + Me(2dL(y) — dL(1 — z) — 2dL(y + z))
+ M7 (=3dL(y) + dL(1 +y) + 2dL(y + 2)) + M3(—3dL(y) + 3dL(y + 2)))
dMs =e(—2M5dL(1 + y) + M7(2dL(z) — 2dL(y + 2)) + M1 (—dL(1 — 2z) + dL(y + 2))
+ Mg(—2dL(1 — 2) + 2dL(y + 2)) + Ma(—4dL(2) + 4dL(y + z)))
dMe =€(M4(4dL(1 4+ y) + 2dL(z) — 4dL(y + 2)) + Me(2dL(1 + y) — 4dL(1 — z) — 2dL(y + =2))
+ M7(—2dL(1 +y) + 2dL(y + 2)) + M3(—3dL(1 + y) + 3dL(y + 2)))
dMy7 =e(—3MadL(y) + My(4dL(y) + 4dL(1 + 1) — 4dL(y + 2))
+ Mg (2dL(y) — 4dL(1 — z) — 2dL(y + z)) + M1(—dL(1 — z) + dL(y + 2))
+ M7(—3dL(y) — dL(2) + 2dL(y + z)) + M3(—6dL(y) + 6dL(y + 2))) (5.48)

By integrating such systems of differential equations, we obtain the solution for
our canonical integrals (and consequently for our original integral too) up to a
boundary condition to be determined in a chosen kinematic point. The following
paragraph is dedicated to explain how this can be achieved.

Determination of boundary conditions for RR masters.

We use the threshold region z — 1 to fix the value of our integrals. This implies
we need to determine in some way the behaviour of our integrals in this region,
without obviously knowing the general solution to the integrals themselves.
Given the kinematic plane described by coordinates z,y, we decide indeed to de-
termine the threshold behaviour in a fixed point , identified by the coordinates
{z = 1,y = 0}. In other words we want to determine the asymptotic behaviour
of our integrals in the double limit {z — 1,y — 0}, which corresponds actually to
s~m? and Q? < s. In order to do this, we follow the procedure described in [7]
and briefly reported in the following.

We rescale the momenta kq, ko of the extra particles emitted by the rescaling factor
Z = 1 — z, which encodes information about the behaviour of such momenta in the
threshold region.

Then, we expand the integrand and the integration measure around z = 0, so that
we are able to extract the leading (singular) behaviour of the integral in this kine-
matic point. When we perform such expansion some propagators become linear
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in the integration momenta and some others simply do not depend anymore on
them, thus not belonging anymore to the topology. In this last case, we have to
add to the topology some auxiliary propagators which will not appear in the soft
integrals but just serve the purpose of completing the topology and enabling us to
pass this topology to the reduction program FIRE.

We observe that in the soft limit all RR masters can be written as linear combina-
tions of just two soft masters, which are the Phase Space Mastery and Mastery
in Eq.(5.43). These two soft masters can then be computed explicitly with tradi-
tional techniques, such as Feynman parameters or Mellin-Barnes.

Again we use the integrals of topology t; to show explicitly how this procedure
works. In particular, let us pick up Masterg as defined in Eq.(5.43), and perform
on it the above-mentioned soft expansion. We start by rescaling gluon momenta
as k1 — Zky, ko — Zko

Masterg Rizgki /dd(fkl)dd(sz)x

y (—zk1 + pp)?
(zk1)2(zk2)2(Zk1 + ke — pp)2(—m? + (Zk1 + zk2 — pp — @)2)(—mF + (—Zk2 + pp + 9)?)

730 / 224 gL d%ko x

§ z(—2k1 - pp)
() (k)2 (k2)2 (—22(k + k2) - po)[E(s — 2k2 - (py + )[E(s — 20k + k2) - (b + )]
— z2—4e d d (_2k1 'pb)
= /d k1d%ka ((k1)2(k2)2(=2(k1 + k2) - po)(s — 2ka - (pp + q))(s — 2(k1 + k2) - (P + q))
= 2274 Master, (5.49)

where we defined with Masterg, the integral over the soft propagators obtained
after the expansion in z. If we apply the same procedure to the rest of the basis
for topology t1, we obtain

Master: — 2(4_4€)Masterf
Mastery — 2(3745)Master§
Masters — 22~%) Masters
Mastery — 2(1745)Masteri
Masters — 2(745)Ma5te7‘§
Masterg — 2(4745)Ma5te7‘§
Mastery — 22719 Masters, (5.50)

where the soft integrals Master; are defined as

(—2k1 - pp)
(k2) (k2) (—2k1 - pp — 2k1 - q — 2ko-p —2kz - q + )
1
Master§ = / d%k1d%o
’ (k%) (K3) (=2k1 - pp — 2k1 - q — 2k2 - pp — 2k2 - g + 5)

Masteri :/ddk‘lddk‘g
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1
(k‘%) (k}%) (—2(k1 + k2) - pp)(—2k1 - pp — 2k1 - ¢ — 2k2 - pp — 2k - ¢ + 5)
s_ [ gdp d 1
Master; = /d k1d%ka (k%) (k%) (Z2k1 o — 2k - o) (—2ka - py — 2ka g + 5) X
1
8 (—2k1 -pp —2k1 - q — 2ko -py — 2k2 - q + 5)
Ay d 1
/d LR 2y (R2) (“2hr - p0) (k1 - po — 2k - p0)(—2ha 1y — Zha g 4 5)
1
8 (—2k1 -pp —2k1 - q — 2ko -py — 2k2 - q + 5)
(—2k1 - pp) o
(k3) (k3) (—2k1 - py — 2k2 - pp)(—2k2 - pp — 2ka - ¢ + 5)
« 1
(—2k1 -pp —2k1-q—2ka - pp — 2k2 - g+ 5)
(—2k2 - pp) o
(k2) (k2) (—2k1 - pp — 2k2 - pp)(—2ka - pp — 2k2 - q + 5)
1
8 (—2k1 -pp —2k1-q—2ka -py, —2ka-q+s)

Masters :/ddk‘lddk‘g

Masterg =

Masterg :/ddk‘lddk‘g

Masters :/ddk‘lddk‘g

(5.51)

We have now to run the reduction program (FIRE in our case) on the Master
to check if they can be further reduced. The soft topology to which these integrals
belong would be in principle

ti :{22]6%, 5(*2]61 . pb), 22]6%, 5(*2]61 “ Py — 2ks - pb),

Z(—2k2 - pb), Z2(—2k2 - pp — 2k2 - ¢+ 8), Z2(—2k1 - po — 2ka - pp — 2k1 - q — 2k - g+ 5)}.
(5.52)

We have no soft propagator which does not depend on the integration momenta
k1, k2, but we encounter another scenario where again the soft topology must be
manipulated in order to obtain an ensemble of 7 independent propagators. Indeed,
in this case one of the 7 propagators in ¢{ can be written as linear combination of
the others, i.e. Z(—2ks - py) = Z2(—2(k1 + k2) - pp) — Z(—2k1 - pp). So we drop this
propagator (Z(—2k2 - pp)) and replace it with another one —2k; - k2 in order to get
a complete topology (namely a minimal closed ensemble of linearly independent
propagators) which can be accepted by FIRE. We observe though, that in this
case the propagator Z(—2ks - pp) that we are dropping out of the topology actually
appears in one of the integrals, namely Masters, but this problem can be easily
solved by decomposing the integral as

(—2(k1 + k2) - pp) — (—2k1 - pp) «
(k2) (k2) (—2k1 - po — 2k2 - pp)(—2k2 - pp — 2ka - g+ 5)
1
* (“2k1 - pp— 2k - q — 2kz - pp— 2k - q+ 5)

Masters = / d%1d%k;
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1
= /ddklddkg s
(k%) (k2) (—2k2 - (pp + q) + s)(—2(k1 + k2) - (pp +q) + )
—2k1 - pp)
— [ d%k1d% ( X
/ U (12) (k2) (<2k1 - py — 2k - po) (—2ka - py — 2k - q + 5)
1

X . (5.53)
(—2k1 -pp — 2k1 -q— 2k2 -pp — 2k - g+ 5)

The original integral has been written as a sum of two other integrals of which
the first one is new and the second one is instead nothing but Masterg. But,
regardless of whether these integrals are new or not, the crucial point is that they
do not contain anymore the linearly dependent propagator that we dropped. In
this particular case, they do not even contain the new propagator —2k; - ko, but this
fact is rather irrelevant for the reduction (and indeed in some other topologies we
encountered the situation where the new propagator, added to obtain a complete
topology, was indeed present in some soft integrals after decomposition or partial
fractioning). By performing reduction on all the soft integrals Master? with i =
1,...,6 and on the new integral obtained on the r.h.s. of Eq.(5.53), we see that all
these integrals shrink to linear combinations of Masters, Master; as defined in
Eq.(5.43).

Master§ = —(1/4)(Q? + s)Masters

Masters = Masters,

Master§ = —(((=3 4 4e)Masters) /(=1 + 2¢)(Q? + 5)))

Masteri; = Masterj

Masters = ((—=1 + 4€)(2(3 — 10e + 8€¢2) Masters + €2s(Q? + s)Masters))/ (3¢ s(Q? + s)?)
Masters = (4(—3 + 4€)Masters + (—1 + 3€)s(Q? + s)Masters)/(2(—1 + 2¢)s)

—3 + 4e) Master$
Master?:%

4(—3 + 4e)Masters + (—1 + 3€)s(Q? + s)Master;
2(—1+ 2¢)s .

(5.54)

Computation of the two independent soft masters, performed by C. Duhr by
means of Mellin-Barnes technique, gives

s I(1—¢)?
Master; = ———
T(4— 4e)
Masters = T(1—¢€)2 4(3 — 4e) (T(1 — 36)T(2 — 26)T(1 + )T'(1 + 2¢)
T(4—4e) e(l+y) el'(1 —€)?
— 2Hypergeometricppg ({1,1 — 2¢,1 — €}, {2 — 2¢, 1 + €}, 1])). (5.55)

Thus, by plugging these results into Eq.(5.54) and then back into Eq.(5.50), we
are able to determine the values of our integrals in the asymptotic limit {s —
m?,Q? < s}.

Before concluding this explanation, we would like to do some important remarks.
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e The procedure we just reported is actually nothing new. Indeed what we did
is Expansion by Region (see Section 4.3) on Double-Real integrals, in order
to extract their leading behaviour in the double limit {s — m?, Q? < s}.

e At the beginning of the explanation we pointed out that Z = 1 — 2 is the
variable which encode the asymptotic behaviour of the extra-radiation mo-
menta in the soft limit, because this limit is identified by all the momentum
components of k1, ks scaling as Z. That’s why, in order to extract the leading
soft behaviour of our integrals, we scale k1, ko by z, and we replace m? with
s(1—2).

This would be correct without any further remark if we were looking for the
only s — m? limit of our integrals. But we are actually looking for the double
limit s — m?,Q? < s! So, given that z is the small parameter of our ex-
pansion, this means that we should in principle rescale also Q? by z, namely
make the substitution Q% — ZQ? in the propagators, and then expand.

But we observe that in our specific case, this is not needed, because, once
we expand the scalar products contained in our propagators, and substitute
p% =0,pp-q = (5+Q?)/2, no propagator depend anymore on Q?. This obser-
vation holds for all RR masters describing the bottom channel. Obviously,
this implies that our integrals will not exhibit singularities in y = 0. Thus
we can safely conclude that the leading behaviour of MIs expansions in the
limit {z — 1,y — 0} is the same as the leading behaviour in the only limit
z — 1 up to y-dependent corrections given by functions which are smooth
for y — 0.

e We observe finally that performing Expansion by Region to obtain soft be-
haviour of integrals which contain only phase space integrations (no real
loops!) is indeed trivial, as it can be seen by the above formulas, in a
sense that we always get only the hard region contributing to the expan-
sion. This is quite obvious if we think of the nature of these integrals. The
soft limit requires all components of extra-radiation momenta ki, ko to be
small compared to s. But this same components are in this case the integra-
tion variables! The usual scenario of Expansion by Region for loop integrals
would see some constraints imposed on some ratio of external invariants to
be small and loop momenta totally free to be ‘small’ or ‘big’ with respect
to this ratio. From the analysis of this interplay between external and in-
tegration momenta, one is then able to determine all regions contributing.
In this particular case, we do not have such an interplay because integration
variables (i.e. components of ki, ko) are directly required to be small with
the same scaling with respect to s (and this implied the condition on the
external invariants s ~ m? to be satisfied), meaning that only one ‘region’
contributes to the desired limit!
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Topologies and Master Integrals for b(py) + W*(q) — t(p:) + b(k1) + b(k2).

D .
_ j;
~ ) 5
(a) (b)

Figure 5.9: Tree-level diagrams for b+ W* —t +b+b

Diagrams contributing to b + W* — t 4+ b + b are drawn in Fig.5.9. By taking
the square modulus of these diagrams and adding the Phase Space integration
measure Eq.(5.41), we obtain ten different phase space diagrams which happened
to be described by just one independent topology.

ta ={k3, (kb1 + k), k3, (k1 + k2 — pu)°, (—k2 + p3)°,
—mi + (k1 — q)%, —mi + (k1 + k2 — p» — 0)°}, (5.56)

which is represented according to our convention in Fig.5.10.

Figure 5.10: Independent topologies to b+ W* — t + b+ b.

When reducing all scalar integrals to masters, we get the following set of MIs, which
are all new with respect to the sets of masters obtained for b+ W* =t + g+ g,
except for the first three, namely from Master, to Masters.

Master; = G(t4,{1,-1,1,0,0,0,1})
Mastera = G(t4,{1,0,1,0,0,0,1})
Masters = G(t4,{1,0,1,1,0,0,1})
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Masters = G(t4,{1,-1,1,0,0,1,1})
Masters = G(t4,{1,0,1,—1,0,1,1})
Masterg = G(t4,{1,0,1,0,0,1,1})
Master7 = G(t4,{1,-1,1,1,0,1,1})
Masters = G(t4,{1,0,1,1,0,1,1})
Masterg = G(t4,{1,1,1,0,0,1,1})

Masterio = G(t4,{1,1,1,0,1,1,1})
(5.57)

Along the same path followed to solve integrals b + W* — ¢t + g + g, we per-
form a change of basis towards a canonical one. This canonical basis and the
correspondent system of canonical DEs are reported in the Appendix for the sake
of brevity (see Eq.(7.8) and (7.9)). We underline that the alphabet describing
b+ W* — t+ g+ g happens to be a subset of the alphabet for b4+ W* — t + b+ b,
which contains in addition the two new letters 1 +y + z,1 + 2y + 2.

Al ={z 2= Ly l+y 24y l+y+21+2y+ 2} (5.58)
The double limit y — 0,z — 1 for Master; as defined in Eq.(5.57) reads

Master; — 287%) Masters
Mastery — 2°749((=1 + €)sMaster3) /(—10 + 8¢)
Masters — 227 (—(((—=3 + 4e) Masters)/((—1 + 2¢)(Q* + 5))))
Masters — 2(3745)Master§
Masters — 27 ((=1 + €)sMasters) /(—10 + 8e)
(=19 (_(1/2)(Q* + s)Master3)
(=3 + 4e) Master3) /(—1 + 26)(@* + 5)))
—((sMasters) /(4(Q” + 5)))
Masterg — 27 (2(—3 + 4€) Masters) /(es)
Masteriop — 2749 (= (((—=1 + 2€) (=3 + 4¢)(—1 + 4€) Mastery) /(€ s(Q* + 5)))). (5.59)

Masterg — z

Master, — z27%)

Masters — z

(
(
(4745)(
(
(

Being that Masters in Eq.(5.57) is the same integral as Masters in Eq.(5.43), all
the information needed to compute masters for b + W* — t + b+ b are provided.
This concludes our discussion of the Double-Real master integrals and we address
in the next subsection the Real-Virtual contribution.
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/[(kl + k2)?]

(b) Masters

(d) Masters

Figure 5.11: Set of independent MIs for b+ W* — t + b+ b.

|
I+ [(k1 + k2)?]
|

(e) Masters

(g) Masterio

(f) Masterg

Simple thin lines are massless, simple thick lines, double lines and thick dashed
lines are massive and correspond respectively to m? (either internal or external) ,

Q? and s (only external).
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Real-Virtuals [b+ W* — t + X{]

1—loop

Diagrams contributing to [b+ W* — ¢ —|—g]1_loop are drawn in Fig.5.12. Phase
space for the Real-Virtual corrections is a simple 2-particle (one massive and one
massless) one, given by

PS2 = /ddk/ddpt [k:Q} {ﬁ} 8 (pp+q—k —pr)

/dd {k‘?} { b—i—q—k) _m%]c- (5.60)

The corresponding measure is thus’

1

P2 = e R

(5.61)

By contracting amplitudes for diagrams in Fig.5.12 with the one for the tree-level
process b + W* — t 4+ g, adding the 2-particle (one massive and one massless)
phase space measure Eq.(5.61) and searching for independent topologies, we find
that three independent topologies in Eq.(5.62) (drawn in Fig.5.13) are sufficient
to describe all the Phase Space diagrams.

t1 ={k?, (k+pp)% 13 —mi, (L — @)%, (k+11 — )2, (k+ 11 —pp — @)%, —mi + (—k + pp + @)°}
to ={k>, (k+ ), 13, (L +pp)°, —mi + (L — @)%, —mi + (k+ 11 — @), —m7 + (—k +po + 0)*}

t3 ={k%, (k+pp)%, 3, (1 + pp)%, (—k + 11 + pp)%, —m? + (1 — @)%, —m? + (—k + pp + ¢)*}.
(5.62)

Reduction to master integrals result in the set of MIs Eq.(5.63), where we decided
this time to gather all master integrals coming from the three topologies Eq.(5.62)
into just one set of masters for which we will write and integrate just one system
of DE.

Master1 = G(t1,{1,1,0,1,0,2,0})

Masters = G(t1,{1,1,0,2,0,1,0})

Masters = G(t1,{1,1,0,1,0,1,0})

Masters = G(t1,{1,1,0,1,0,0,0})

Masters = G(t1,{1,1,0,1,1,1,0})

Masters = G(t1,{1,1,0,1,1,0,0})
(

Masterr = G(t1,{1,1,0,0,1,0,1})

"We omit from now on the symbol [|. of cut propagator for simplicity of notation.
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Masters = G(t1,{1,1,0,1,1,0,2})
Masterg = G(t1,{1,1,0,2,1,0,1})
Masterio = G(t1,{1,1,0,1,1,0,1})
Masteri1 = G(t1,{1,1,0,1,1,1,1})
Masteri12 = G(t2,{1,1,0,0,1,1,0})
Masteri13 = G(t2,{1,1,0,1,0,0,1})
Masteri4 = G(t2,{2,1,0,1,0,0,1})
Masteris = G(t2,{1,2,0,1,0,0,1})
Masterie = G(t2,{1,1,0,1,0,1,1})
Masteri7 = G(t2,{1,1,0,2,0,1,1})
Masteri1s = G(t2,{1,2,0,1,0,1,1})
Masterig = G(t2,{1,1,0,0,1,1,1})
Masterao = G(t3,{1,1,0,1,0,1,0}})
Mastera1 = G(t3,{1,1,0,1,0,1,1})
Masteras = G(t3,{2,1,0,1,0,1,1})
Masterss = G(t3,{1,1,0,2,0,1,1})
)

Masterqs = G(t2,{1,1,1,1,1,1,1} (5.63)

Once again, we transform the original masters Eq.(5.63) into the canonical set
identified by Eq.(7.10), which satisfies in turn the system of DEs in canonical form
Eq.(7.11), reported in the Appendix. 8. The alphabet which describes the system
is found to be

‘ARV:{271_Z7y51+yaz+y71+y+z}- (564)

Canonical DE are integrated with the same method explained in Chapter 4, as for
the Double-Reals masters.

The computation of the boundary condition is instead quite different and definitely
more tricky than that of the RR case, so we will focus on it for the rest of the RV
subsection.

8We thank Dr. B. Mistlberger for kindly providing cross-check to Eq.(7.10) and (7.11)
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=

(a) Box n.1 (b) Box n.2 (c) Box n.3
(d) Triangle n.1 e) Triangle n.2 f) Triangle n.3
(g) Triangle n.4 h) Triangle n.5 i) Triangle n.6
1
(j) Bubble n.1 (k) Bubble n.2 (1) Bubble n.3 (m) Bubble n.4

Figure 5.12: 1-loop corrections to b+ W* —t+g
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(a) t1 (b) t2 (c) ts

Figure 5.13: Independent topologies to [b+ W* — ¢ + gl1—io0p-
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(a) Master: (b) Masters (c) Masters

| | |

| | |
(d) Mastera (e) Masters (f) Masters

| | |

| | |
(g) Masters (h) Masters (i) Masterg

Figure 5.14: Set of independent MIs for b + W* — t 4+ ¢ at 1-loop (Master from
1t09).

Simple thin lines are massless, simple thick lines, double lines and thick dashed
lines are massive and correspond respectively to m? (either internal or external) ,
Q? and s (only external).
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(a) Masterio (b) Masteri1 (c) Masteries (d) Masteraa

(e) Masteri7 (f) Masteris (g) Masterio

Figure 5.15: Set of independent MIs for b + W* — t 4+ ¢ at 1-loop (Master from
10 to 24).

Simple thin lines are massless, simple thick lines, double lines and thick dashed
lines are massive and correspond respectively to m? (either internal or external) ,
Q? and s (only external).
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Determination of boundary conditions for the b-channel RV masters.

We remind that our RV integrals depend on 3 dimensional scales {s,m?, Q?},
which we recast into the set {s,z = m?/s,y = Q?/s}.

Being the only dimensional scale, s parametrizes the dimension of the integral in
powers of energy. The evolution of our integrals with respect to s is then trivial.
On the other hand, we do not have a priori any information about the evolution
with respect to z and y. This information is extracted by integrating the system
of DEs for the MIs.

For the rest of this subsection, we assume that DEs systems (Eq.(7.11)) for the
masters have already been integrated.

We are left only with the determination of initial conditions. We choose to com-
pute them in the same double limit z — 1 Ay — 0, which we used also for the RR
(we remind that it corresponds to the limit in which the real emitted gluon is soft
(s = m? ) and the virtuality of the W* is much smaller than s (Q? < s).

The way we compute these initial conditions is the following.

We are dealing with integrals where one integration variable [; is a ‘real’ loop mo-
mentum (belonging to a virtual particle) and the other one k is the momentum
of a real emitted particle whose delta of on-shellness has been replaced by a cut
propagator.

In order to get the asymptotic behaviour of our integrals in the chosen limit
{z = 1,y — 0}, we would like to use Expansion by Region (see 4). But this
method is designed for pure loop momenta, whose components and off-shellness
can assume any value.

We cannot apply this method to the integration over k, because k describes a real
particle (k% = 0) and also it must be softer than any other external momentum in
order to realize the threshold limit s ~ m?.

The procedure we decide to adopt can be then resumed in the following steps.

e We ‘cut’ again our integrals, namely transforming them back into real 1-loop
integrals integrated over a 2-particles Phase Space.

e We apply Expansion by Region only to the pure 1-loop integral.

e We finally integrate the result over the soft Phase Space (the integration
being thus over only the angular variable).

2-particle Phase Space and invariants parametrization
We imagine now that we have cut our diagrams Phase Space diagrams as we said
above, so that for the moment we forget about the phase space integration over
the real momentum k and we are thus left with 1-loop corrections to the process

b(py) + W*(q) = tpo +q— k) + g(k). (5.65)
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We remind that for this process at any number of loops, the kinematic is parametrized
by two masses

Q°=—¢* mi=(p+q—k)? (5.66)
and two Mandelstam invariants among °
s=(+9?% t=—k?> u=(g—k?> (5.67)

Since in our process the off-shell W-boson acts only as external particle, its off-
shellness Q2 will never appear as an internal mass in the pure 1-loop integrals.
Obviously the same holds for the Mandelstam invariants s,¢,u. Consequently,
the pure 1-loop integrals will be functions of the kinematic invariants classified as
follows

e internal mass: m?

e external scales: m?, Q2 s, t, u.

We choose to use as independent variables to describe our process S; = {s, Q%,m?, \},
where A = 1/2(1 4 cos ), being 0 the angle between p, and k. In terms of this set
S1 , the remaining variables are expressed as

==Ly

wm @t ogmo ML M@ D)
_ ]‘S—m% 1 (s—mf)2€ €

dn = 2= F(l——e){ — } AL — A)] dA. (5.69)

The physical region is given by the volume in the parameter space given by
s>0ANQ*>0As>m?>0AN0< A< 1. (5.70)

which defines also the sign of the remaining invariants ¢ < 0, u < 0.

We perform a last change of variables going from set S; to set So = {z,y,s, A},
where we introduce the usual dimensionless variables z,y. As for the Double-Real
masters, also in this case we define the variable Z = 1 — z, which captures the
scaling of the extra radiation momenta in the threshold limit (Z — 0). Our 1-loop
integrals will be then computed as expansions around the ‘small’ parameter Z.

9The on-shellness and momentum conservation constraints yields the relation s 4+t + u =
2 2
m; — Q~.
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To be able to expand at integrand level around z — 0,y — 0, we need to know
the scaling of the all invariants in this limit:

m? = (1—2)s

Q* > ys
t——z(1+y)(1—N)s
u— (—=sy) —zZ2(A+(A—1y)s. (5.71)

Finally, in order to integrate the result of Expansion by Region at 1-loop over the
Phase Space, we need the expression this latter in terms of z (Eq.(5.72)).

9(=3+2€) r(—1+4¢) ((1 _ )\)76)\7621726))
I'[1—¢€ '

depy = (5.72)

1-loop topologies in the double limit y — 0,z — 1

When we cut our RV integrals, we get a certain number of pure 1-loop integrals,
to be perform in the desired kinematic limit. Among these integrals, we have 2-
,3-,4-point functions.
We describe in the following the computation via Expansion by Region of each
one of these categories of functions. The method is explained in 4. We briefly
recall here what the method consists of. Suppose we want to compute a Feynman
integral which depend on aq,as,.. dimensional scales in a particular kinematic
limit which is identified by the ratio between two of these scales being small, for
instance a = a1/as — 0. Obviously we want to do this without needing to the
integral in full kinematic. Then, ‘expansion by regions’ consists in

e revealing ‘regions’ where the parameters of the Feynman representation of
the integral scale as the expansion parameter a elevated to such integer power
that the ¢ and F polynomial result to scale homogeneously under a global
rescaling of all the parameters (these are the regions which are supposed to
contribute to the integral non-zero contributions in DR),

e computing via traditional techniques (Feynman Parameters or Mellin-Barnes)
these regions,

e summing up the contributions from these regions. This is the result for our
integral in the limit a — 0.

The most difficult part is revealing all the regions contributing in a given limit. In
our case fortunately this is quite, because we are at 1-loop and we can quite safely
rely on the results of Asy2.m ([80]) which reveals these regions automatically for
us. Then computation of regions is carried out via Feynman parameters. In the
following we analyse in detail topology by topology how this procedure works.
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e BUBBLES

1. Massless bubble

pl)_k

1
bi(py - k) = [ d%
1(po - ¥) / 1(11 —q)2(k+1 —pp—q)?

= F(e)/dmldmgé(l — 1 — xo)(—t x1 22) (21 + 3?2)72”6
(5.73)

This integral depends on just one dimensional scale ¢ = —2p;, - k and the
F polynomial is positive-definite for ¢ < 0, namely for physical values
of t. So, the dependence on ¢ of the result can be just one: t elevated
to the dimension (in powers of energy) of the integral, which means in
this case, since t < 0, (—t)4=2¢=4/2 = (—t)=¢. If we recall Eq.(5.71),
then we see immediately that this integral present a double branch-cut
for z < 1, A < 1. The result is simply (without needing to compute any
region)

(1=N"s"(y+1)"°()"T(1 = ¢T(e)

bl(zay7)\a S) = F(2—26)

(5.74)

If we expand in € we get logs of Z, which represent nothing but the
above-mentioned branch-cut.

2. Massive bubble with internal mass m? and external mass Q2
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1
b @) = [ e

:F(e)/dmldxgé(l — 21 — @) (w1 + wp) 22

x (21 (Qa + m3 (21 + 22)) " (5.75)

This integral depend on 2 dimensional scales: the internal mass m? and
the external mass %, which we can re-parametrize by saying that it
depends on one dimensional scale,say m? which gives its dimension in
power of energy and then on the dimensionless ratio Q?/m?. It can
be seen by analysing the behaviour of either the F polynomial or the
denominators that no singularities occur when the double condition
{s = m?,Q* < s} is realized. Indeed, Asy2.m gives just the hard
region {0,0} in this limit. We also mark that the F polynomial is
positive-definite in the physical region. By evaluating the hard region,
we get

bo(Q* < s,m? ~ s) = —s T'(—1 +¢). (5.76)

3. Massive bubble with internal mass m? and external mass u

q—k

1
& =mi)(k+h —q)?

:F(e)/dmldx25(1 —x1 — o) (21 + @p) T HH

x (w1 (—uze +m?(zy +2))) "¢ (5.77)

bg(—u,mf) :bg(—u,mf) = /ddh

Exactly the same consideration holds for this integral as for the previous
massive bubble. The F polynomial is positive-definite in the physical
region {u < 0,m? > 0} and, since the integral depend on —u/m?, the
limit s — m? is clearly smooth. Moreover, if we also ask for Q% < s,
again the external scale goes to zero (it would remain ¢ - k but k is
soft!), but the integral, as in the previous case, does not develop any
new singularity thanks to the presence of the internal scale m?. We
conclude that the double limit {s — m?,Q? < s} does not produce



172 CHAPTER 5. MASTER INTEGRALS FOR CC-DIS FORM FACTORS
singularities and thus we just need to compute the hard region, which
reads again

b3(Q? < s,m? ~ 5) = —s T (—1+¢). (5.78)

For this particular topology and external mass, we also have to evaluate
the two integrals with dotted propagators in Fig.5.16a,5.16b.

q—k q—k

(a) (b)

For both these integrals the double limit is smooth, so that we only
have to compute the hard region, as confirmed by Asy2.m. (NB: The
only pathological case may be that of integral with a massless dotted
propagator, but also in this case the integral is convergent in the IR
region, as it can be seen from power counting). For these integrals we

get
—Uu m2 = d 1 !
b4( 9 t) /dl [(l12_mt)] (k+l1_q)
:sil’EI‘[l + elzy (a1 + z2)” 1+42¢
X A1 +y)rg + (1= 2)(x1 — (=1 + N (1 +y)xa)) ™~
(5.79)
by(Q? < s,m? ~ 5) =(s 1 T[1+¢]) /(1 — e). (5.80)
; 1
bo(—u,mi) = /d STt = 0
71 61‘\[1 + E](El 1— 6%2(1‘1 + x2)71+26
X A1 +y)ra + (1= 2)(x1 — (=1 + N (1 +y)x)) "'~
(5.81)
bs(Q% < s,m? ~ s) =(s " T[L + €¢])/((—1 + €)e). (5.82)

4. Massive bubble with internal mass m? and external mass s
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Py +q

2y _ d =
br(s,mi) f/d TR (= 0P

:F(e)/dl‘ﬂi(ﬁgé(l — T — 1‘2)(1‘1 + xg)_2+2€

x (w2(—sx1 +m?(xy + 12))) "¢ (5.83)

This integral depends only on 2 dimensional scales, s (external) and
m? (internal). This implies that the F polynomial is positive-definite in
the region s < 0,m? > 0. Because of the condition s < 0, this region
is non-physical and we will refer to it in the following as ‘euclidean’ or
‘non-physical’ region. This tells us that the result for our integral will
be a function which takes complex values for physical values of s (s > 0)
and this consideration holds in general, regardless of the various limits
we can take for this function.

Now, let us consider also the fact that we are interested in computing
not for general values of s, but for s — m?, namely when the exter-
nal scale approaches the internal one. This kind of limit, typical of
Minkowsky space, is usually known as on-shell limit of a Feynman in-
tegral, and experience warns us that this limit might not be smooth.
And this is indeed the case! If we ask Asy2.m to give us the expansions
in the double limit {Q? < s,5 — m?} (which in this case reduces to
only s — m3?), it gives us two regions {0,0}, {0, 1} and from the second
region we actually get a branch cut singularity.

We dedicate the following paragraph to explaining the procedure we
use in order to determine exactly the imaginary part acquired by the
integral in the physical region.

Analytical continuation: Whenever we have to deal with integrals whose
result is a complex-valued function, it is always good to compute them
in a region where they are real (which is identified by the condition that
the F polynomial be positive-definite) and then analytically continue
them back to a region of physical interest, where they develop then a
non-zero imaginary part. Analytical continuation is performed starting
from the Feynman prescription on the invariants, which gives positive
imaginary part to external invariants (e.g. s — s + 40) and negative
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imaginary part to the external invariants (e.g. m? — m? —i0). This
procedure guarantees, if correctly carried out, the imaginary part of the
result to have the correct sign.

Now, if we were to compute the integral Eq.(5.83) for general value of
s,m?, we would simply compute for negative s and then continue back
with the just-mentioned prescription s — s + ¢0. But since we are in-
terested in the value of the integral around the point s ~ m?, things
are slightly more subtle. In order to combine expansion around z ~ 0
with analytical continuation, the following strategy revealed itself more
efficient, specially for the computation of more complicated integrals
(e.g. see the Boxes computation below) which depend on other scales
on top of s and m? 1°.

In order to expand around z — 0, we need to parametrize m? as s(1—z).
Once we insert this parametrization in the F polynomial and we sim-
plify it, we assist to a cancellation of the terms having —s as a prefactor,
and we are left with a polynomial whose sign is not definite because of
the only presence of terms having —sZz as prefactors. Integral b7 is the
easiest example where we can see this.

Fo, = T2(—sx1 + mf(ml + x2))
= xo(—sw1 + s(1 — 2)(x1 + z2))
= x9(sxe — sZ(x1 + 22)) (5.84)

It is clear then that the easiest thing to do is to compute for z < 0,
which means we are in the unphysical region ‘above threshold’ m? > s,
and then continue back to physical values 0 < z < 1. In order to do so,
we define for simplicity

=-z —-1<z<0for0<mi?<s, 0<zform;>s (585)

Kl

The last ingredient we need to work out is the prescription to analyti-
cally continue Z, which we derive from the prescription on s as follows.

2 2 2

m m m . _ .

]__Z:Zz—t—)—t_ :—t—ZO:]_—Z—ZO
s s+ 10 s

(5.86)
This implies the following prescription

Z — 2410, (5.87)

0the consideration we are going to explain in the following hold not only for this specific
integral, but also for all other integrals (triangles and boxes) whose F polynomials depend on
both s and m% are characterized by the same kind of problems concerning threshold expansion
and analytical continuation.
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thus implying
T=—-2——2—1i0=2(—1—1i0) = ze" . (5.88)
We can now start computing our integral.

HARD REGION {0,0}

For the hard region we do not even need analytical continuation because
in this region we simply set Z = 0 in the F polynomial, thus eliminating
since the beginning any ambiguity in its sign.

b7(Z,5){0,0y = /d$287er(6)$z_26(1 +@g) 2t

_ T (5.89)

REGION {0,1}

b7(2, S){071} = a17268761_‘(6) / d(EQ(if‘ + 1‘2)7611:276
=5 %722 T(1 — (=1 + 2¢)
= %5 g T2 T2 (1 — )T (—1 + 2¢) (5.90)

We see that the branch cut start actually at O(z), so we need to com-
pute the complete contribution to this order, which includes actually
the second term (Next-to-Leading-Order) in the expansion of the hard
region.

HARD REGION {0,0} at NLO-z

- |
br(z, s)%ﬁf}) =55 zZI'(e). (5.91)
Thus our final result is
—-T 1 ;
br(z = 1,8) = 81 ;E) + =557 E0() — ¥ E T T(L - T (~1 4 2¢).
— 2¢

(5.92)

e TRIANGLES
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pb—k/ py+q—k
L4

»

Figure 5.16: Triangle n.1: ¢;

1. Triangle with 1 internal mass m? and external masses {Q?,t, m?}

1
(7 =m) (i — )2 (k411 — pp — q)?

:F(E)/ daodzsl(1+ €)(1 + xo + 3) 17
0

£(Q% —t,m?) = / d'ly

(mf(l + z2) + mg(Q2 —t mg))flfé (5.93)

This integral depends on 3 dimensional scales and, among these scales,
m? is both internal and external. So we are not guaranteed a priori
that the F polynomial respects the rules of being positive-definite for
negative external masses and positive internal masses. But, in the case
under study, this is true if m? is considered as internal mass. F is
positive-definite for the physical values of parameters {Q? > 0,m? >
0,t < 0}. The regions given by Asy2.m for this integral are 3: {{0,0,0},
{0,-1,—1}, {0,0,—1}}. Since the computation of regions does not
present any problems in this case and we do not need any analytical
continuation, we just report results, without any intermediate passage.

—1—¢
B S I'(e
t1(2,y,8){0,00y = T()
. 46m3/2571=€( (1 — \) 2) " “csclem
tl(zvy7 5){0,_17_1} = 612((1/2 —)6)) ( )

w5 1T((1 = X) 2) "% cse(2em)T(1 + €)

€

t1(27y78){0,0,71} = (594)

We mark that different regions may require the regulator € to be posi-
tive or negative, depending on which kind of divergence (IR or UV) it is
supposed to regulate in that region. But, since we are working in DR,
we are guaranteed that we can always make an analytic continuation
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in € of our results. This means that we can perform, for instance, an
analytic continuation in all regions which are initially defined for neg-
ative e. In general, the analytic continuation we have to do are trivial
(actually simple substitutions) because we never get e elevated to an
non-integer exponent (which would acquire a complex phase). Indeed,
e only appears in I" functions, inverse integer powers (namely explicit
poles 1/€,1/€2,...) and in csc,sec. These functions are defined in the
whole complex plane (except for well-known isolated poles in €), so as
a matter of fact, we do not need to do concretely anything. Once we
integrate in terms of these functions, analytic continuation is automat-
ically done for us.

That’s why we list our results without worrying about the values of €
for which these integrals are obtained. So for t; we get by summing up
regions

51T (e)
2e
B 46325717 (1 = X) ) “ esc(er)
T(1/2 — )
w5 1T((1 = X) 2) "% cse(2em)T(1 + €)

€

ti(z—> 1,y —0,5) =

In the same topology we also find other three integrals (o, t3, tg, drawn
in Fig.5.17) with dotted propagators for which we just report final re-
sults.

t2(z = 1,y = 0,s) =t2(Z,¥, 5){0,0,0} + t2(Z,¥,5){0,—-1,—1} + t2(Z,¥, 5){0,0,—1}
sTETT(2+¢)
e(1 + 2¢)
w8727 ((1 — N\)2) " “csc(em)T(—1 —€)
e(1 + €)I'(—2¢)
t2(2, 9, 8)(0,0,-13 = =78 > (L = N)2) "' * csc(2em)[(1 + €), (5.95)

t2 (27 Y, s){0,0,0} = -

t2(27 Y, s){O,*l,fl} =+

t3(z — 17?! — 07 S) = t3(27y75){070,0} +t3(27y75){0,—1,—1} + t3(27y78){0’0’_1}
—2—¢
~ s r(1-—ce
t3(2, 9, 8){0,0,0y = TO-9@2—49

_ s 2T (1= X))z esc(em)T(1 —€)
t3(2’7y75){0,—1,—1} =+ (1+€)F(_26)

t3(2,9,8) 10,013 = +18 > ((1 = X)2) > ese(2em) (1 + €, (5.96)
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tQ(Z — lay — 0? S) = t9(2?y7s){0,0,0} + t9(23y7s){0,71,0} +t9(27yas){0,0,1}
—2—€
_ s I'(2+e)
to(Z, 9, 8){0,0,0) = —m7

to(Z, . 5), = 47572 (1= N)2) 2T (1/2 — T(1 — )T ()T(1 4 2¢)
'Y, 0,—1,0 ﬁ 5

§72¢(1 = A) I (—e) 20(2 + €)
1+ el(—2¢)

to(2,9,8) (0,01} = . (5.97)

2. Triangle with 1 internal mass m? and external masses {Q?,u}

1
ta(Q%, —u,m; :/ddl
B e B | E R A

=I'(1 +¢) / (14 zo +x3)” "2
0
X (Qa’ze — uxs +mi(1+ 20 +x3)) ¢ (5.98)

Since we do not have overlapping between internal and external in-
variants (m? just appears as internal mass), the F polynomial follows
very simply the rule which assigns it positive sign for negative exter-
nal and positive internal invariants. Furthermore, since F does not
depend on s, it results to be positive-definite in the physical region
{Q? > 0,t < 0,m? > 0} and we thus do not need any analytical con-
tinuation. Last but not least, when we send F for Q? — 0 and m? ~ s,
the F polynomial does not goes to zero, meaning that the integral will
exhibit a smooth behaviour in this double limit. And indeed Asy2.m
gives us just the hard region for this topology, which reads

sTITT(1 +¢)

(—1+e)e (5.99)

t4(z —> 1)y _> 075) = t4(27y) S){O!O’O} =

3. Triangle with 2 internal masses m? and external masses {m?, s}

2 _ d 1
ts(me, 5) = / T T 2 (6 =0 —md)(k + b —q)F — D)

=T(1+e) / (1 + z2 + x3) T2 (—sza + mt® (z2 + (z2 +23)7)) <
0
(5.100)

The same considerations we did for bubble b7 (Eq.(5.83)) hold also for
triangle t5. The topology depends on just 2 dimensional scales s, m?,
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and m? is both internal and external mass. This means that, given
positive internal negative and external invariants, the F polynomial is
not guaranteed to have positive sign. But once again F happens to be

positive-definite for negative s and positive m? (namely if we consider

m? as internal mass). The integral will be thus real for s < 0 but com-
plex for s > 0, so that we will need to perform analytical continuation in
order to get the correct result. Finally, since we want to compute an on
shell limit of this integral, we know that it might develop singularities
in this limit, and this is indeed the case, as confirmed by Asy2.m, which
gives us two regions {{0,0,0},{0,1,1}}, of which the second one devel-
ops a branch cut. We report explicitly the computation of the second

region, since it requires some manipulations.
HARD REGION {0,0,0}

s T(1+¢)

> (5.101)

t5(2,9,5)10,0,0} = —

REGION {0,1,1}

We perform the same kind of analytical continuation that we performed
for bubble b7. Namely we compute ‘above threshold’; i.e. for z = —z >
0, and then we continue back to the physical region ‘below threshold’,
i.e. Z > 0, by using the prescription Eq.(5.88). We start then by making
the substitution Z -+ —z and computing for z > 0.

t5(%,9,8) 010y =a s ¢ / L1+ ¢)(Zaa + (z2a +23)%) "' 7. (5.102)
0

This integral is tricky because of the presence of both linear and
quadratic dependence of the integrand on the integration variables. We
can bypass this obstacle by performing the following change of variables

z2 =¢n/T, z3=(1-En/z. (5.103)
The Jacobian of the transformation is
2 £
J = ( Too1% ) (5.104)
Tz
with determinant
det(J) = jl (5.105)
The inverse transformation
T2

§= m7 n=Z(xa + x3) (5.106)
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provides the integration domain expressed in terms of boundaries on
the &, variables

0<&<l, 0<n<oo. (5.107)

So, our integral now reads
2 1 2 ! o0 2 1
t5(2,y,8) 010y = L(L+€)a™>s™ 7 (2) / di/ dn(n+€8°) "0
0 0

1
_ a72687175j7251—‘(1 _ E)I‘(Qe)/ df§726

0
_ S—l—eZ—QGeineF(l _ G)F(—l + 26) (5108)

Analytical continuation is performed in the last line of Eq.(5.108). Our
final result reads

s T(4e
2¢
+ S—l—GZ—QEEQiWEF(l _ E)F(—l + 26) (5109)

ts(z — 1,y = 0,8) = —

4. Triangle with 2 internal masses m? and external masses {Q?,u}
In this topology we have two integrals.

=I(1+ e)/ (14 2o 4 x3) " T3
0

t6 (Q27 —u, m?

x (mi(z2 + z3)(1 + z2 + 23) + (Q°w2 —uxs)) ™' ¢, (5.110)

) = /d l1 [”2]2(—771% + (ll _ q)2)(_m% + (k‘ + 11— q)2)

:F(Q—I—E)/ (1+$2+$3)25
0

t7 (Q27 —u, m?

x (mi(z2 4 23)(1 + z2 4+ 23) + (Q%w2 — uws)) > (5.111)

The same considerations we have done for topology ¢4 also hold for
this topology, so that results for this integral in the double limit {z —
1,y — 0} correspond to the only hard region and read

sTITT(1+ ¢
t6(z — 17y — 0, S) = t6(27y75){0,070} = %7 (5112)
—2—¢
_ s I'2+€
t7(z = 1,y = 0,5) = t7(Z,¥,9) 10,001 = # (5.113)

(=1+e€)e
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e BOX

1. Box with 1 internal mass m? (1 massive propagator) and ex-
ternal masses {u,t, Q?}

1
(3 =m)(lh = @)2(k+ 11 — q)?(k+ 1 — pp — q)*

:F(2+e)/ (14 @2 + 23 + 24)>
0

box1(Q%, u, t,pi, my) :/ddll

X (—ux1Ts — pfxlm — txoxza + Q2m1m2
+mfx1(m1 + x9 + 3 +m4))7275. (5.114)

The genuine F, before any manipulations, depends on the external
invariants {u,t,pf,Q2 = —¢?}. Being its sign positive in the region
identified by negative external and positive internal invariants, F is
positive-definite in the physical region {u < 0, < 0,p? < 0,Q% m?}.
We observe that, thanks to a cancellation occurring in the polynomial,
we can safely set p? = m? without spoiling the sign of the polynomial.

/ddh . . !
F=mP)(h —q)?(k+1l —q)2(k+11—py — q)2

=I'(2+¢) / (14 22 + 3 + 24)°
0

X (—uz1ws — trats + Qw10
+mizi(zy +x2 +x3)) 27 (5.115)
We obtain thus an integral which is real in the region of physical in-
terest and thus do not need analytical continuation. Asy2.m gives three
regions: {{0,0,0,0},{0,—1,—-1,—1},{0,0,0,—1}}. Since integrations
are quite simple and hand real-valued output, we report directly results
for the various regions.

box1(z = 1,y — 0, s) =box1(Z,v, 5){0,0,0,0y + box1(Z,y,5)(0,—~1,-1,-1}
+ bor1(2, Y, 8){0,0,0,-1} (5.116)
HARD REGION {0,0,0,0}

—2—¢
7 s I'2+e€
boxl(z7y75){o,o,o,o} = —( ( )

(ST ETL (5.117)

REGION {0,—1,—-1,—1}

e 1 2MT (=€) (1 4 €)
T'(1—¢e)I'(—2¢)
(5.118)

bor1(Z,y, 5){0,—1,—1,—1} = a—l—eS—Q—e(l =)
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REGION {0,0,0,—1}

bow1(Z, Y, 8){0,0,0,-1} = —a = mws 2T (L= N) 12, 1 esc(2em)D(e).
(5.119)

2. Box with 1 internal mass m? (2 massive propagators) and ex-
ternal masses {s, Q% u}

1

2 2 2y d
bowa(Q” s, u,piy mi) = / SO B L T (F + =0 — D) (U — 2% — D)

:r(2+e)/ (1 + 2 + o3 + 24)*
0

2 2
(—sz2w3 — uT1T4 — P; T2wa + Q T1T3

+mi(xs + za) (21 + 22+ 23 +24)) 7379, (5.120)

Following the usual rule, F is positive-definite for negative external
invariants {s < 0,p? < 0,u < 0,Q? < 0} and positive internal invariant
m?2. First we observe that we can safely set p? = m? thanks to a cancel-
lation in the F polynomial which guarantees the sign of the polynomial
to remain definite (as it happened for boz1). So we can rewrite

1
) +pp)2(k+ 1 — q)2 = m?)((lh — q)% —m3)

:F(2+e)/ (14 x2 + 23 + 24)>°
0

bomg(QQ,s,u,mf) :/ddll

(—szows — uz1Ta + Q2x1x3

+mi((zs + )’ 2124 + 23(21 + 22))) 7279, (5.121)

We also clearly see that for this box, we have to deal with analytical

continuation, since the result is expected to be complex for s > 0.
Asy2.m gives us 2 regions: {{0,0,0,0},{0,—1,0,0}} and indeed the
result for the second region happens to develop a complex phase. Since
integrations are quite trivial to perform and analytical continuation is
done using the usual prescriptions Eq.(5.88), we just report the final
results for regions.

boxa(Z — 0,y = 1,s) = boxa(Z,¥,5){0,0,0,0y + box2(Z,¥,5){0,~1,0,0}
522+ ¢)

(1+ 2¢)e
bow2(Z,y,8) (0, 1,00y = a €T sTITET T (—e)[(2). (5.122)

box2(Z, Y, 5)10,0,0,0y = —
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Now that all 1-loop integrals are computed, we can integrate them over the
Phase Space Eq.(5.72), namely over the angular variable A. There is just one last
subtlety that separates us from obtaining the initial condition and we would like to
spend a few words about it. Up to here we computed 1-loop topologies with only
denominators and with dotted propagators. This is because these 1-loop integrals
where obtained by taking the basis in Eq.(5.63) and cutting away the Phase Space.
Now, the point is that when we want to get the initial condition for instance for
this specific choice of basis (no numerators but dotted propagators) we will have to
integrate our 1-loop results not only over the standard Phase Space, but also over
‘dotted Phase Spaces’, namely combinations of one or more dotted cut propagators.
Whenever we get a dotted cut propagator, this is not physical and a ‘dotted Phase
Space’ cannot be parametrized like an ordinary Phase Space (Eq.(5.72). So, we
adopt the following strategy. We express the ‘dotted basis’ Eq.(5.63) in terms of
a basis with no dotted propagators but with numerators (which is actually the
original bases given by the Mathematica version of the reduction program FIRE,
[113]). When we cut away the Phase Space in the new basis, those masters which
have a numerator can be distinguished into two categories

e the numerator does not contain the loop momentum /1, ex.

/ddkddll (k + pp)?
E213(=k + 1+ pp)?(—mt? + (I — q)?)(—mt? + (=k + py + ¢)?)

d (k +pb)®
[ M

1
ith (k) = [ d%
Wit T = [ e

(5.123)

In this case the 1-loop integral is one of the results obtained above and and
then we parametrize the numerator depending on k in terms of the Phase
Space variables z, A and integrate over it together with the Phase Space.

e the numerator contains the loop momentum [y, ex.

/ddkddll (11 +pp)?
E213(=k + 1+ pp)2(—mt? + (lh — q)?) (—mt? + (=k + py + ¢)?)
1
- [ d% T'(k
IR e AL

. l1 +pb)2
th T’ (k) = /ddl (
with T" (k) "B(—k+ 1+ po)*(—mt? + (L — 9)?)

(5.124)

In this latter case the 1-loop integral has a numerator. In principle we would
need to compute a new 1-loop integral, but practically speaking this is not
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necessary because this new integral 7" (k) can be expressed as a linear combi-
nation of the above computed 1-loop ‘master’ integrals. Once this reduction
is done we just need to carry out the integration over k of a standard Phase
Space Eq.(5.72) times the 1-loop T"(k).

With this last paragraph, we have explained in detail all the elements needed to
compute the MIs describing [b + W* — t + g]i—100p- We can then conclude here
the RV section for the bottom channel. Complete results for the Mls are provided
in the Appendix.
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pb—k/ P +q—k oy —k Po+q—k

(a) Triangle n.2: ¢, (b) Triangle n.3: t3

po—k \pb+q—k

(c) Triangle n.9: tg

Figure 5.17
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Figure 5.18: Triangle n.4: t4
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Figure 5.20
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Figure 5.22: Box n.2: boxs
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Double-Virtuals [b+W* =], ,,,,

Diagrams contributing to the 2-loop corrections to the vertex b + W* — t are
drawn in Fig.(5.23). They give birth to four independent topologies (Eq.(5.125)
and Fig.(5.24)).

Y = 03,83, (1 = po)?, (2 +p0)2, (—l + L2+ p)%, —mi + (12 — )%, —m? + (=l +py + )%}
tyV = {13,135, (lh +12)%, (L + la — pp)?, (l2 — ), —mi + (Il + 12 —pp — @)%, —m7 + (1 — 9)*}
YV ={3,13, (h + )%, (2 — pp)®, —mi + (1 — @)%, —mi + (=l + l2 + @)%, —m{ + (2 + pb + 9)°}

tz‘l/v = {l%7 l% - m?v (ll +pb)27 7m? + (ll - q)27 (7l1 + l2 + Q)Qv (l2 + q)27 (12 erb + q)2}'
(5.125)

The master integrals obtained from the reduction of these diagrams are listed in
Eq.(5.126). In Fig.(5.25) we draw the subtopologies to which master integrals
with denominator equal to 1 correspond (the remaining masters are obtained by
multiplying these subtopologies by the appropriate numerators).

NMﬁwﬁﬁ::/d%”%%ﬁa—h+42+pw;—m9+02—@ﬂ
_ 2
Mast‘eﬁgf/2 - /ddllddl2 1212(—1y + la + pp)2[—mt? -(ifl(l2 116()1)2”_”“52 + (=l +py + )]
Master})"; = /ddhddb (s + 12)2[729 + (1 — )%
Master,", = /ddllddh B2 mi? 1 (b — q)2][_71m2 + (1 + 12— py — )]
Mastery)" = /ddllddl2 (1 1 12)2[—mt? + (I1 — q)g[fmﬂ + (1 +l2 = py — q)?
(I +12)?

Master},", _—/ddl d’l
A5t€Tta,4 YRR + (1 — )2)[—mit2 + (I + Iz — pp — q)2
13

(I1 + 1o — pp)?
BB[—mi? + (I — q)2)[=mt? + (L + 12 — pp — )]

Mastery)"; = / d?1yd,

1
Master‘,/v = /ddl dl
t2/6 YRR )2 — po)?[mt 1 (1 — @2][—me + (L + 12 — py — @)
l2
Master) V. = /ddl da* 2
2.7 B A 12)2 (2 —p)?2[mmt? + (0 — @)?)[-mt? + (+ 1o = py — 0)?]
1
Mast ‘,’V:/ddlddl
@5teTs 8 1 B2y +12)%(I2 — pp)?2[-mi? + (I1 — q)2][-mi? + (1 + l2 — py — q)?]

1
Master] Y, = /ddl %l
tg,1 YRR (1 — ) [—m + (—l + b2 + @)2][—mtZ + (2 + py + 9)2]

1
Master) ", = /ddl at
t3,2 10762 Bl—mt? + (I1 — q)2)[—mit2 + (=1 + la + @)2)[-mit2 + (I2 + pp + ¢)?]
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2
Master{ }; = /ddllddl2 Bl=mt2 + (I — g)?][-mt2 + (*IIIQJF l2 + ¢)*][=mt? + (2 + py + 9)?]
Mastery,; = /ddllddl2 BB[-mt2 + (= + s + ql)QH*mt2 + 24P +a)?
2

Master}"; = /ddllddlz B2—mi® + (<l + lg(ljr;i}b[)fmﬁ + (l2 +py + 9)?]
Mastery,"] = /ddllddl2 1212 - th][(ill +12 4+ 9)?
Mastery,", = /ddllddl? (12 — mi2][(lh -‘,—pb;QH(—ll +12 4+ q)?]
Mastery," = /ddllddl2 1212 - miél][:_—l;i)j- l2 +q)?]

(h +pp)?

MasterYV, = /ddl dd .
fat YRR — et + (0 — 92)(—h + L2 + 0)2)[(L2 + Py + 0)7]
(5.126)

Results for all master integrals in Eq.(5.126) have been provided in [29], [30], [9],
[18], [37] and were cross-checked by us. For a complete list of them, we send the
interested reader to the above-mentioned references. We limit ourselves to provide
for pedagogical purposes an example of how one of these integrals is computed
through standard Differential Equations, where by ‘standard’ we mean not in
canonical form. Let us pick up for instance M astert‘j ‘{ and define its dimensionless
equivalent

Masteer/fad(y) = (m?)d_‘lMaste’rtVlYl’ad( )
= (m?)726MastertV1Y1’ad(y). (5.127)

The D.E. for Masterzz’“d(y) reads

d Vvad, . 43— (4=20( —y) - 4y)Master} 1" (y)
—Mastertl,1 (y) =
dy 4y(1 +y)
(8 — 3(4 — 29)) Master; 15" (y) 5,128
- 1y(1+y) : (5.128)

A first comment that needs to be made is that all VV masters satisfy ordinary
DEs. This represents quite a big simplification with respect to the RR and RV
masters, for which we had to integrate partial DEs. The reason for this lies in the
kinematic of the double-virtual amplitudes, which, given the absence of real emis-
sions, coincides with the Born kinematic. At tree-level the process is governed by
only two dimensional scales, i.e. Q?, m?, because the energy in the center of mass
frame of the b, W* pair s is exactly the needed amount to produce a top in the
final state, so that s = m? holds. This implies that at two loops the dimensionless
ratio z = m? /s is constant and equal to 1 , so that the only variable on which the
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masters can depend is actually y = Q%/m?.

Now, the r.h.s of Eq.(5.128) has a usual structure: it is the sum of a homogeneous
term, proportional to the integral we want to solve, namely M astert‘j }{, and an
inhomogeneous term given by the linear combinations of other integrals of the
basis Eq.(5.126) with an equal or smaller number of propagators with respect to
M astert‘j}{. In this specific case, the structure is particularly simple, since the
inhomogeneous term contains the only integral M asterxfg, which constitutes in-
deed a subtopology of the original integral M asterxg. Now, the standard method
to solve differential equations in one variable, such as Eq.(5.128), is the so-called
variation of constants method, which can be found in any standard text-book of
elementary calculus. A prerequisite for applying such method is the knowledge of
the inhomogeneous term, which implies we have to know the result for M asterxlfg
in order to be able to compute M astert‘f{.

In other words, we have to adopt a bottom-up approach to solve the system of (cou-
pled) differential equations that we obtain for the entire basis. We start by solving
DEs for the masters of the basis with the lowest number number of propagators,
and proceed then solving the masters with an increasing number of propagators,
till we get to solve the biggest integrals appearing in the basis. At each order m
in the number of propagators, masters which have been previously solved (namely
with a number of propagators m’ < m) enter the DEs as part of the inhomoge-
neous terms, which is then totally known. So, assuming we know the result for
Mastert‘:g, we show how Eq.(5.128) is solved order by order in e, taking as an
example the first three non-trivial orders. We start from the observation that,
being at two loops, the most singular behaviour both integrals M astert‘j}{ and
M astert‘i}g can exhibit is of the type 1/e*. From the result for M astert‘i}g we
know that this integral starts at order 1/e2, so that it admits the expansion

mi;g) (%) (1)
62

Masterf] "% (y) = +ml, 2(y) +miLe(y) + my e (y) + O(?), (5.129)

where the coefficients mgz)Q(y) are known. Along the same line, we can write an

ansatz for M asterx ,Vl, in which we have to include a priori also terms of order 1/¢?
and 1/¢*.
mi Py m P m{Pw mP
+ + +
€t €3 €2 €
+m, 1 () +miy) () +miY () + O(). (5.130)

Maste’rtlel (y) =

Let us substitute in Eq.(5.128) both the e-expansions for the inhomogeneous and
homogeneous terms (Eq.(5.129) and Eq.(5.130)) and expand again in € both sides
of Eq.(5.128). We get for the first five coefficient in the expansion of Mastert‘f}{(y)
the following differential equations.
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d (.
d—ymilj)(y) =0

d

d—ymilf){)(y) =0

im(*Q)(y) _ mi;g) (y) - miﬁ)(y)

dy "t ey(1+y)

D () = —6my, 3 (y) +4my, P (y) + 8(1 — y)mi, Y (y) — 4mi 7 ()

ay "W dey(1+y)

A 0 () = —6mi, 3 (y) + 4mi, (y) + 8(1 — y)mi, Y (y) — 4m Py (y) (5.131)
ay " ay(1+y) ’ '

For brevity, we omit the next orders (O(e), O(e?), and so on) in Eq.(5.131) L.
Let us start integrating the first two orders, which are trivial and give simply
constants as a result of the integration

—4 — -3 _
mi V) =Y, mi D) = Y, (5.132)

Such constants, which appear as a result of the fact that we are performing in-
definite integrations on both sides of the DE, have to be fixed by computing the
integral in a fixed kinematic point y = g. The vector of boundary conditions
= (=%, ...,c) can be obtained from the explicit computation of the integral
in the chosen kinematic limit, by applying for instance the strategy of Expansion
by Regions (previously illustrated in the case of the RR and RV integrals). Al-
ternatively one can study the singular behaviour of the differential equation and
check whether there are or not spurious singularities, namely singularities which
do not have any precise physical meaning (we remind the reader that the singular
behaviour of the differential equation reflect that of its solution!). In case a spu-
rious singularity is present say for y = %', one can use it to extract the boundary
conditions by imposing the integral to be finite in 4’. This is indeed the case for the
case study we have chosen. In order to study the behaviour, we let the regulator
€ going to zero in the differential equations, thus getting

d Vv 1 1 Vv 1 1 4%
d—yMastertl,l(y) = <—§ —+ m) Mastery, 1(y) + iy Mastery, 2 (y).
(5.133)

Given the physical boundary y > 0 and given that no physical divergence is
expected at y = 0, this equation exhibits a clear spurious singularity in y = 0.

HThey have a structure similar to the one of the first five orders, reported in Eq.(5.131) and
the strategy to integrate them is the same as the one that we illustrate in the following for the
lowest order.
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Starting from the first non trivial order in € (here ¢=2) and by requiring order by
order in Eq.(5.131) the r.h.s to be finite in y = 0, namely the coefficient of the 1/y
pole to be zero, the boundary conditions ¢ can be extracted'?. Without entering
further in the discussion of boundary conditions, which were not indeed computed
directly by us, let us assume the vector of boundary condition ¢ to be known and
show then how integration order by order works.

The vector ¢ reads up to O(e)

¢= <0,0,3—12,—;—2,9—16(—57—27r2)>, (5.134)
so that the two first order in Eq.(5.131) simply amount to zero contribution. For
the first non trivial order, namely O(e~2) we need to substitute in Eq.(5.131) the
inhomogeneous term mg;)(y) = 1/32 and we immediately observe that given the
structure of the r.h.s, we do not even need to integrate. It is sufficient to impose
the r.h.s. to be finite in the limit ¥y — 0 in order to extract the desired coefficient,
namely mgff)(y) = 1/32. Moving on to O(e~1!), and substituting m,g;;)(y) =5/64
plus the results from the previous orders, we get the DE

d (- 3 5 1 1 (-1)
— = 2 (- — . 5.135

The homogeneous solution reads then

(71),hom(y) _ (1 + y)C[—l]

y (5.136)

with C[—1] being an integration constant. By applying the variation of constant
method, we get as a solution to the full equation

1, . (1+yC-1] 3 5 L+,
mtl?l(y)_T/dy[?)Ty_?)Q(l—l—y)]|: y ] + D
5, A/ 4y) o

32y 16y

= 3—12(5—21n(1+y)) - % (5.137)

At this point we are ready this result for mgl_i)(y) together with the known in-

homogeneous coefficient mgj?Q(y) in the DE for the next order, namely O(¢°) and
solve it in the same way we did at O(e~1). By repeating this procedure order by
order we can obtain the desired integral up to the needed precision in e.

12This method cannot be applied to the first two orders, for which the boundary conditions
have to explicitly computed.
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Our discussion of Double-Virtual contribution to CC-DIS Form Factors ends here.
Further details and complete results for master integrals and 2-loop Form Factors
can be found in the above-cited references.
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Figure 5.23: 2-loop corrections to b+ W* — ¢
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(d)

Figure 5.24: Independent topologies for [b+ W* — t]y.
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14

(a) Master}"; (b) Master}}%

\

~

(c) Mastert,% (d) Mastery,s

0
<

(e) Mastery," (f) Master}."

(g) Master,}if/l (h) Masterxlg

7

Figure 5.25: Set of independent subtopologies for b + W* — ¢ at 2-loop.

Simple thin lines are massless, simple thick lines, double lines and thick dashed
lines are massive and correspond respectively to m? (either internal or external) ,
Q? and s (only external).
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5.2.2 Gluon channel: g-initiated subprocesses at NNLO.
Double Reals [g+W* =t +b+ g]

0—loop

N\ TAVAV, Y — ’\/\/\/—P—’%
A

(00000 1 A
o -~
)
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A
A L
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T é_,__
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)
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Figure 5.26: Tree-level diagrams for g + W* =t +b+g

The Feynman diagrams for the Double Real (RR) contribution (Fig.5.26) to
the gluon channel can be generated from scratch or obtained by applying crossing
symmetry to the Double Real diagrams for the bottom-initiated subprocess b +
W* — t 4+ g+ g. We remind the reader that crossing symmetry is a property
of amplitudes which states that the S-matrix for any process involving a particle
with momentum p in the initial state is equal to the S-matrix for an otherwise
identical process but with an antiparticle of momentum k& = —p in the final state.
In other words, given an amplitude M, it holds

MSD) + o = ) = M (oo = o+ () (5.138)

where ¢ is the antiparticle of ¢ and k = —p (see [102]). In our case, given the
starting amplitudes for b(py) + W*(q) — ¢(p:) + g(k1) + g(k2), we can obtain
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amplitudes for g(ky)+W*(q) — t(p¢)+g(k2)+b(py) by applying crossing symmetry
defined as CS(py — —py, k1 — —ki1). Once crossing symmetry is applied, it is
convenient to rename particle momenta as

(k1) + W™ (q) = t(pe) + glka) + b(po) T g(py) + W (g) — H(pe) + g((iw + k1),

in order to maintain definitions of Mandelstam invariants unchanged. By inspec-
tion of Fig.(5.26), we see that because of the appearance of tree-level diagrams
with a new structure, already at this primary stage we can intuitively expect to
get new topologies and master integrals with respect to those already found in the
bottom channel.

By taking the square modulus of diagrams Fig.5.26 and adding the 3-particle
Phase Space Eq.(5.40), we get at a first inspection 9 independent set of propaga-
tors Eq.(5.140).

tin = {{k1, (k1 + k2)?, (oo — k1)%, k3, (k1 + k2 — pp)?, (k1 + k2 — )* —m7,
(k1 +ka —py — q)> —m7},
(KT, (py — k1)?, k3, (k1 + k2 — py)?, (k1 — @)° = mi, (k1 + k2 — q)® — m7,
(k1 + k2 —po — q)° —m7},
{kT, (oo — k1)%, k3, (k1 + ko — po)?, (k1 — @)® —m7, (=k1 + pp + @)* — m7,
(k1 + k2 —po — q)° —m7},
(KT, (k1 +k2)?, (py — k1)% k3, (k1 + k2 — q)? —mZ, (k1 +py +q)° —m7,
(k1 + k2 —pp — @)% — mi},
(K1, (o — k1)%, k3, (k1 — 9)* —mi, (k1 + k2 — @)* —mi, (=k1 + pp + q)° — m7,
(k1 + k2 —po — q)° —m7},
{kT, (oo — k1)?, k3, (k1 + k2 — po)?, (po — k2)?, (—k1 + pp + )° — m7,
(k1 + k2 —pp — @) —mi},
{k3,k3, (k1 + k2 — pb)?, (06 — k2)?, (k1 — @)® —m7, (k1 +pp + @)* — m7,
(k1 + k2 —po — q)° —m7},
{k3, (py — k1)?, k3, (k1 + k2 — pp)?, (pp — k2)?, (k1 — @) — mZ,
(k1 +ka —py — q)> —m7},
(K2, (py — k1), K3, (py — k2)?, (k1 — @) — md, (=K1 + py + @)* — m3,
(k1 + k2 —po — q)° —m7}}
(5.140)

Only five among the sets of propagators in Eq.(5.140) are topologies. The remain-
ing four sets, listed in Eq.(5.141), contain linearly dependent propagators.

taep = {{K7, (k1 + k2)?, (py — k1)?, k3, (k1 + k2 — pp)?, (k1 + k2 — @)% — m7,
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(k1 + k2 —py — @) — mi},

{k1, (po — k1)?, k3, (k1 + k2 — pu)?, (k1 — @)* —mf, (—k1 + pp + )* — m7,

(k1 + k2 —po — ) —mi},

(K, (py — k1)%, k3, (k1 — @)* —mi, (k1 + k2 — )% —mi, (=k1 +pp + q)* —mf,

(k1 + k2 —py — @) — mi},

{kT, (py — k1)%, k3, (py — k2)?, (k1 — @)* — m, (k1 + pp + @)* — mZ,

(k1 + k2 —py, — q)> = mi}} (5.141)

This implies that we have to perform partial fractioning on those scalar integrals

containing products of such linearly dependent propagators. Let us explain with
an example. For instance, we consider the first set in Eq.(5.141), which contains
the set of linearly dependent propagators Eq.(5.142).

(k1 + k2)?] — [(kr + k2 — pu)°] — (k1 + k2 — @)® — m7] + [(k1 + k2 — po — ¢)° — m] = 0.
(5.142)

Among the scalar integrals described by this set of propagators we also encounter

integrals containing at denominator products of these four dependent propagators.
In order to perform the reduction to masters integrals on this kind of integrals,
we need to correct for this linear dependence and this is achieved by designing
a proper partial fractioning rule. For instance, given the relation Eq.(5.142), we
design the partial fractioning rule Eq.(5.143).

1 1 1 1
(k1 + k2 — po)?][(k1 4 k2 — q)% — m]] T2 (k1 + k2 — q)2 —=m3]  [(k1 + k2 — ps)?]
[(k1 + k2)?]
[(F1 4 k2 — po)?][(k1 + k2 — @)% — mf]
[(po + q — k1 — k2)? — m?]
(k1 + k2 — po)?][(k1 + k2 — q)2 — m7]
(5.143)

_|_

If we apply Eq.(5.143) to the simplest integral we can imagine, namely the one
containing the phase space and a product of the only dependent propagators, we
can rewrite it as the sum of integrals each one containing only a subset of these
propagators, so that the problem of linear dependence is solved.

/ddklddlm !
(k21[k2][(k1 + k2)?][(k1 + ka2 — po)?][(k1 + k2 — a)2 — m2][(k1 + ks — py — )2 — m?]

o [/ddk k !
s+ @ RISk + R2)2[(ky + k2 — 0)% — mE][(ky + k2 — py — @)% — m?]
—/ddklkg !

[K31[k3][(k1 + k2)2][(k1 + k2 — pp)?][(k1 + k2 — pp — @)2 — m7]

_ d d 1
T T R ey T o e e g e
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P 1
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We see that none of the integrals appearing on the right hand side of Eq.(5.144)
contains now a set of linearly dependent propagators, so that we achieved our
goal. In addition, we observe that the term on the r.h.s. coloured in red is zero,
since it happens not to contain anymore the full phase space measure. The last
step we need to take to definitely get rid of the problems of linearly dependent
propagators is to make sure that every scalar integral we get after performing
partial fractioning is actually contained in a topology, or, in other words, that the
propagators contained in each of these scalar integrals actually represent a subset
of a proper topology. We explain using again the same example. Let us write
down the set of topology of which we dispose up to now, given by Eq.(5.145).

tindep =LLkT, (Db — k1)%, k3, (k1 + k2 — pp)?, (k1 — @)? —m7, (k1 + k2 — q)% — m7,
(k1 + k2 —py — q)*> — mi},
(KT, (k1 + k2)?, (pp — k)%, k3, (k1 + k2 — @)* = mi, (=k1 +pp + )% —m,
(k1 + k2 —pp — @)* —m?},
{k3, (pp — k1)?, k3, (k1 + k2 — po)?, (po — k2)?, (k1 +py + q)* — m7,
(k1 + k2 —pp — q)*> — mi},
{k?, k3, (k1 + k2 — )%, (pp — k2)?, (k1 — @)> —m3, (—k1 +pp + q)* — m7,
(k1 + k2 —py — @)* —m?},
{k1, (po — k1)%, k3, (k1 + k2 — pu)?, (po — k2)?, (k1 — @) — m7,
(k1 + k2 — py, — q)° —m{}} (5.145)

Now, if we look at the scalar integrals on the r.h.s. of Eq.(5.144), we see that
the first and third integrals are indeed subtopologies respectively of the second
and the first topologies listed in Eq.(5.145). But the second integral happens to
be a subtopology of none of the topologies in Eq.(5.145). To solve this problem we
simply need to create an ad hoc topology that contains such integral. This can be
done by adjusting the original set of dependent propagators {k%, (k1 + k2)?2, (pp —
k1)2, k%, (kl + ko — pb)Q, (/ﬁ + ko — q)2 — mt2, (/ﬁ + ko —pp — q)2 — mf} (the first
in Eq.(5.141)) in order to get out of it a proper topologies that contain the three
propagators [(ky + k2)?], [(k1 + k2 — pp)?], [(k1 + k2 — pp — q)> — m?]. This is easily
achieved by properly replacing one of the linearly dependent propagators in the
set with a new propagator chosen such that the two above-mentioned requirements
are satisfied. For instance, the first set in Eq.(5.141) can be modified by replacing
[(k1 + k2 — q)? — m?2] with [(k1 —¢)? —m?]. In this way we obtain the new topology

{k3, (ky + k2)?, (po — k1), K3, (k1 + k2 — po)°, (k1 — @)® —mi, (k1 + k2 — po — @)° — mi},
(5.146)
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which actually contains all propagators of the second integrand in Eq.(5.144) as
a subtopology.

For completeness we report in the following all partial fractioning rules we created
and used for the other three topologies containing linearly dependent propagators,
namely the last three sets of propagators in Eq.(5.141). The relation of linear de-
pendence is the same for all these three sets, so that we can design just one partial
fractioning rule (Eq.(5.147)) valid for the three of them.

I [ g k) - md]
(k1 —po)?][(q — k1)? = mi] s+ Q% |[(kr — pv)?][(q — K1)? — m7]
1 1

_ — 5.147
G —p07]  [la— k)7 — ] (5440
By proceeding in this way, namely performing partial fractioning and manipu-
lating topologies where needed, we end up with a certain number of independent
topologies describing our process, but, after running reduction to Mls, it turns out
that the entire set of independent master integrals is actually contained in only

three of such topologies, reported in Eq.(5.148) and drawn in Fig.5.27.

t ={kT, (k1 + )%, k3, (k1 + k2 — pp)?, (k1 — 9)° — mi, (k1 + k2 — q)° — m7,
(k1 + ka2 — pp — @)% — m?}
t§ ={k}, k3, (k1 + ko — pp)?, (—k2 + po), (k1 — @)* — m?, (k1 + py + 9)* — m7,
(k14 k2 —pp — q)2 — mf}
t§ ={kT, (k1 + k2)?, (=k1 + pu)?, k3, (k1 + k2 — )> — m7, (=k1 + po + 9)* — m7,
(k1 + k2 —py — q)% —mi}. (5.148)

The sets of Master Integrals found in each of these topologies are listed in

(a) (b) (c)

Figure 5.27: Independent topologies to g + W* — t + b+ g.

Eq.(5.149), 5.150, 5.151. We underline that not all of these masters are inde-
pendent. Indeed we can find some of these integrals repeated in more than one
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topology, but for a matter of order in the computation we decide to keep the mas-
ters separated according to the topology to which they belong instead of merging
them into one big set. The set of independent MIs describing double real contri-
bution to the gluon channel contains twenty-one integrals.

Master? = G[t9,{1,0,1,0,0,0,1}]
Master§ = G[t9,{1,0,1,0,0,0,2}]
Master§ = G[t9,{1,0,1,1,0,0,1}]
Master§ = G[t9,{1,0,1,0,1,0, 1}]
Master§ = G[t9,{1,0,1,0,1,0,2}]
Master§ = G[t9,{1,0,1,0,2,0,1}]
Master$ = G[t9,{1,0,1,1,1,0,1}]
Master§ = G[t9,{1,0,1,1,1,0,2}]
Master§ = G[t9,{1,0,1,1,0,1,1}]
Master$y = G[t9,{1,0,1,0,1,1,1}]
Master$ = G[t¢,{1,0,1,0,1,1,2}]
Master$ = G[t¢,{1,0,1,1,1,1,1}]
Master = G[t9,{1,1,1,1,1,1,1}] (5.149)

Master$) = G[t$,{1,1,0,0,0,0,1}]
Masterls = G[ ,{1,1,0,0,0,0,2}]
Master$s = G[tS,{1,1,1,0,0,0,1}]
Master$ = G[t§ 7{17 1,0,0,1,0,1}]
Master$ = G[t$,{1,1,0,0,1,0,2}]
Master$y = G[t§,{1,1,0,0,2,0,1}]
Master§) = G[tS,{1,1,1,0,1,0,1}]
Master$, = G[t$,{1,1,1,0,1,0,2}]
Master$y = G[t§,{1,1,1,0,0,1,1}]
MasterSy = G[t§,{1,1,1,0,0,1,2}]
Master§) = G[tS,{1,1,1,0,0,2,1}]
MasterSy = G[tS,{1,1,1,0,1,1,1}]
Master§s = G[t$,{1,1,1,1,0,1,1}] (5.150)

Master$ = G[t§,{1,0,0,1,0,0,1}]
Master§; = G[t$,{1,0,0,1,0,0,2}]
Master$y = G[t§,{1,0,0,1,1,1,1}]
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Master§)y = G[t$,{1,0,0,1,1,1,2}]
Master§, = G[t$, {1,1,1,1,1,1,1}] (5.151)

We also would like to stress that the majority of integrals in Eq.(5.149), (5.150),
(5.151) was already encountered in the reduction of the bottom channel double
real diagrams. But indeed, as expected, nine new master integrals, distributed in
the three topologies Eq.(5.148), are found, corresponding to Master§, Master$,
Master§y, Master$, Master%, Master%, MasteTQGg, Masterg), Mastergcl. These
new masters are drawn in Fig.(5.28).

Once again we turn these basis of masters into canonical ones, given in Eq.(7.12),
(7.13), (7.14) of the Appendix.

From here on the computation, at least in principles, develops as usual, namely
we generate systems of canonical D.E. we integrate them in terms of GPLs and
we match them with appropriate boundary conditions generated in the same way
we already did for the RR masters integrals in the bottom channel (D.E.and b.c.
are systematically reported in Egs. from (7.15) to (7.20) of the Appendix). The
procedure to compute such boundary conditions is the same used for the bottom
channel RR masters, thus for a detailed description we send the reader back to
the part of this section dedicated to the computation of b-initiated subprocesses.
Nonetheless, we would like to stress that all gluon masters in the soft limit z — 1
shrink to linear combination of only two soft masters. These two soft masters
happen to be the same which also describes the soft limit of the Double-Real MIs
for the b-channel (see Eq.(5.55)). It is quite remarkable that we only need two
soft integrals to describe the soft behaviour of double real radiation in both the
bottom and gluon channel!

Unfortunately, we find in topologies t{ and t$ an additional difficulty that
needs to be discussed and sorted out before being able to actually compute inte-
grals belonging to this topologies. We address the discussion of this topic in the
next paragraph.

Master Integrals generating Quadratic Letters.

Let us start by having a look at the type of transformation which give rise to
canonical basis for topologies t{',t5'. By inspecting the correspondent Eq.(7.12),
(7.13) (see Appendix), it can be observed that in general canonical masters are
written as linear combination of the original masters with coefficients which de-
pends rationally on the dimensionless variable z,y. In other words, the majority
of canonical masters is obtained via a rational transformation. But this is not true
in a couple of cases. Indeed, MG and M are obtained by multiplying the original
integrals by algebraic functions of z,y (in this case square roots having as argu-
ment quadratic polynomials in z,y). For this two masters we need to introduce an
algebraic transformation and the source of such transformation simply lies in the
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structure of the D.E. for the original masters.
Given the general structure for such D.E (Eq.(5.152))

8. Master;(z,y,€) = AL (z,y,e)Master;(z,y, €) + Z ALY (z,y,€)Masteri(z,y, €)
i#£]
OyMaster;(z,y,e) = A{;j (z,y,e)Master;(z,y,€) + Z A;’i(z, y, €)Master;(z,y,€),
i#j
(5.152)

the homogeneous terms for M asteri2,M asterss equations read (Eq.(5.153), (5.154))

A12’12(z 6) . 2z¢e —z—2e+1 B %
= 'Y T4y Ay 422 —22+1 z
A;ZIQ(Z’ o) = 22y +1)(2e — 1) €—2
42 +4y+22-22+1 y+1
2e Y€ € 1
- - — + s 5.153
y+1 (y+1)? (y+1)? y+1 (5.153)
dye — 2y +2ze —z+2e—1 2
425,25 _ _ =€
2 (29:€) dy z+22+2z+1 z
22(2¢ — 1) 2 +1
AP = - . 5.154
PR dyz+ 22+ 2241 y+1 ( )

By inspection of such homogeneous terms, we see that the only kind of transfor-
mation which can make terms containing quadratic polynomials 4y? + 4y + 22 —
22+ 1,4yz + 22 + 22 + 1 at denominators linear in e is algebraic. In other words,
the presence of quadratic denominators in the original equations imply the use of
algebraic transformation such as the ones in Eq.(7.12), (7.13) in order to obtain
equations which are linear in € and thus in canonical form.

Indeed, the differential equations for Mo, Mss can directly be written as a total
differential of a logarithmic 1-form as

dM1z =€ (M12(—2dL[1 + y] + dL[4y + 4y* + (—1 + 2)?] — 2dL[2])

+1/2Mi (A(dL[y] + dL[1 + y]) — 7dL[1 — /4y + 492 + (~1 + 2)? — 2]

—dL[1+4y? + 4y + 2y + 1)y/dy + 42 + (~1+ 2)2 — 2] + dL2))

+1/2M10(2(dLy] + dL[1 +y]) — 3AL[1 — \/y + 4% + (=1 +2)%] - z

—dL[1 + 4y + 4y + 2y + 1)\/4y+4y2 + (=14 2)2 — z +dL[2])

+1/2M1 (2(dLy] + dL[1 +y]) — 3AL[1 — \/dy + 4% + (=1 + 2)2 — 2]

—dL[1 + 4y + 4y + 2y + 1)\/4y +4y2 + (=14 2)2 — 2] +dL[2])
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+2Ms(2(dL[y) + dL[1 + y]) — 3dL[1 — /4y + 42 + (~1 + 2)2 — 2]

—dL[1 + 4y + 4y + 2y + 1)\/4y +4y2 + (=14 2)2 — 2] +dL[2])

— 2Ms(dLly] + dL[1 +y) — dL{1 — /4y + 442 + (=14 2)2 — 2]

—dL[L+ 4y + 4y + (2y + 1)1/4y + 442 + (=1 + 2)2 — 2] + dL[z])

— My(dLfy] + dL[1 + y] — dL[1 — \/dy + 442 + (=1 + 2)2 — 2]

—dL[1+4y? + 4y + 2y + 1)y/dy + 42 + (~1 4 2)2 — 2] + dL2))

+ Ma(dL[1 — \/4y + g2 + (-1 4 2)2 — 2]

—dL[1 + 4y + 4y + 2y + 1)\/4y +4y2 + (=14 2)2 — 2] +dL[2])

— 2M5(dL[1 — \/4y +4y2 + (=1 +2)2 — 2]

—dL[1 + 4y + 4y + 2y + 1)\/4y +4y2 + (=14 2)2 — 2] +dL[2])

— 3Mg(teatdL[l — \/4y + 4y + (—1 + 2)% — 2]

—dL[L+ 4y +4y(2y + 1)y/4y + 492 + (~1 + 2)2] - 2] +dL[z])

— 4M>(dLy] + dL[1 +y] — 2dL[~1 + /4y + 442 + (=1 + )2 + 2])

—2M~7(dL[y] + dL[1 4+ y] — 2dL[-1 + \/4y +4y?2 + (—1+2)%2 + z])) (5.155)

dMas =€ (Mas(—2dL[1 + y] — 2dL[2] + dL[1 + 2z + 4yz + 22])
+ M3y (dL[y] 4+ dL[1 + y] — 2dL[1 + 2y + 2 + /1 + 2z + 4yz + 22])
— 8Mi16(dL[y] + dL[1 + y] — 2dL[1 + 2y + z + /1 + 2z + 4yz + 22))
+ 4Mo; (AL[y] 4+ dL[1 4+ y] — 2dL[1 + 2y + z + /1 4 2z + 4yz + 22])
— 2Ma3(dL[y] + dL[1 + y] + 3dL[z] + dL[1 + 2y + z + /1 + 2z + dyz + 22]
—3dL[1 + z 4 2yz + /1 + 2z + 4yz + 22))
— 6M15(dL[y] + dL[1 + y] + dL[z] — dL[1 + 2y + z + \/1 + 2z + 4yz + 22|
—dL[1 + 2z + 2yz + /1 + 22 + dyz + 22))
— 2M17(dL[y] + dL[1 + y] + dL[z] — dL[1 + 2y + 2 + /1 + 2z + 4yz + 22|
—dL[1 + 2 + 2yz + /1 + 22 + 4dyz + 22])
+ 2M14(dL[2] + dL[1 4 2y + z + /1 + 22 + dyz + 22] — dL[1 + 2 + 2yz + /1 + 2z + dyz + 22])
+2Mis(dL[z] + dL[1 + 2y 4+ 2z + /1 + 2z + dyz + 22] — dL[1 + 2z + 2yz + /1 + 22 + dyz + 22])
— AMao(dL[z] + dL[1 + 2y + z + /1 + 22 + dyz + 22] — dL[1 + 2z + 2yz + /1 + 2z + dyz + 22))
+ Mg (dL[y] + dL[1 + y] — dL[z] — 3dL[1 + 2y 4 z + /1 + 2z + dyz + 22]

HAL[L+ 2+ 292 + V14 22 +4yz +27))) (5.156)
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It was observed in Section 4.4 that, given the definition of Multiple Polylog-
arithm (MPL) Eq.(4.76) and the definition of Iterated Integrals Eq.(4.148), if a
canonical system of D.E. can be written as the total differential of a logarithmic
1-form with all the arguments of the d-Logs being linear function of the dimension-
less variables describing the problem, then the system can be integrated in terms
of MPLs.

It was also observed that this automatically happens when a canonical basis is
reached via rational transformations.

On the other hand, if a canonical basis is reached via an algebraic transformation,
normally an algebraic dependence on the dimensionless variables is introduced in
the arguments of the d-Logs. This is exactly what happens in our case, as it can
be clearly seen from Eq.(5.155), (5.156).

Given the presence of such algebraic dependence in the d-Logs arguments, we can-
not integrate the system as it is in terms of MPLs. We need first to find a suitable
remapping to eliminate the presence of square roots in the arguments and eventu-
ally to confine the quadratic dependence to only one variable at choice between z
and y.

As explained in [44], it is indeed possible to integrate in terms of MPLs whenever
the system exhibits quadratic dependence of the letters on just one variable, pro-
vided that integration over the quadratic variable is postponed until the very end
of the calculation. We will explain more in detail how this works in the following.
For the moment we start providing the necessary remappings for t§,t§ and de-
scribing what their exact purpose is.

1. We start from the original alphabets for t$,tS which contain square roots
and quadratic dependence on both z and y.

Ati}:{17Z,Z,y+2,y,y+1,y+2+1,2y+2+1,7\/4y2+4y+(2’*1)272+1,

(2y+1)(\/4y2+4y+(271)2+2)+4y272+1,

VAP T4y + (- 12 42— 14" + 4y + (2 — 1)2} (5.157)

.Até;:{1fz,z,erz,y,er1,y+z+1,2y+z+1,\/4yz+22+22+1+2 y+z+1,

\/4yz+22+22+1+2yz+z+1,4yz+22+2z+1} (5.158)

2. We observe in general that pure loop-integrals, namely integrals for which
we can write down a Feynman parameters representation, transforms in a
not only well-defined but indeed even way under sign-change of the square
roots possibly appearing in the alphabet describing the related canonical ba-
sis. Indeed, every loop-integral is a purely rational object, since integrations
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over Feynman parameters do not contain any square root and, as such, it is
always even under a change in the choice of any square root branch. On the
other hand, integrals belonging to the canonical basis can be obtained by
multiplying the original loop-integrals either by rational functions, either by
algebraic functions which are nothing but the square roots that we recover
then in the alphabet. Consequently, we understand that canonical masters
M; do conserve the property of transforming in a well-defined way under
sign-change of this square root function, but they have the freedom to trans-
form either evenly or oddly. In order to make manifest this property of the
integrals, it is then desirable to write down the solutions to the canonical
basis in terms of functions which are even or odd under sign change of the
square root functions. This corresponds to having coefficients of the canon-
ical D.E., namely entries of the d-Log matrices, with the same property,
namely that of transforming in a manifestly either even or odd way under
sign-change of the square root. In case coeflicients do not automatically sat-
isfy this property, the goal can be achieved by manipulating these coefficients
in order to (anti-)symmetrize them with respect to the above-mentioned sign
transformation.

Now, in the present situation, the scenario is a bit different, since the orig-
inal basis are not made up of pure loop-integrals but of cut integrals. We
cannot write down a Feynman parameters representation for cut integrals
and, as a consequence these kind of integrals and the related canonical ones
do not satisfy a priori any property of well-defined transformation under sign
change of possible square root functions.

Still, it is useful to write the solution to these integrals as linear combinations
of functions being either even or odd under such transformation, so that if
one of the integrals is even or odd, this becomes immediately manifest.

So, before proceeding with remappings, we anti-symmetrize those d-Logs en-
tries that do not transform in a well-defined way when we change the sign
of square root functions appearing in alphabets for canonical basis of ¢, t§
(Eq.(5.159), (5.161)). The (anti-)symmetrized alphabets are then reported
in Eq.(5.160), (5.162).

t?:

{dL (1 Ayt a2+ (—1+2)2 — z) - % (dL (4y(1 + v))

+dL<1\/4y+4y2+(1+2)22>>’

L+ Ay +4y> + (14 2)2 -z

1
dL (1 F 4 Ay + 2y + D)V/Ay + 4% + (—1+ 2)2 — z) — 5 (dL (4y(1+)
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1+4y% +4 2y 4 1)\/4y + 4y + (—1 2
(LW A QA DV AR (LR 2 0
T+4y2 +4y— 2y + DAy +4y2 + (-1 +2)2 — 2

1
dL (71 +Vay+ 4y + (—1+2)7 +2) = 5 (LML +y))

14+ Ay + 4%+ (-1 + 2)°
+dL VA (1) e , (5.159)
—“1—V4y+4y2 + (-1 +2)2 + 2

AngM:{1fz,z,y+z,y,y+1,y+z+1,2y+2+1,
1— Ay +4y2+ (-1+2)2 -2
1+ Ay +42 + (-1 +2)2 -2
L4+4y° +4y+ 2y + )/Ay + 442 + (-1 +2)2 — 2
1+4y2+4y—(2y—|—1)\/4y—|—4y2+(—1+z)2—z
14+ Ay +4y2 + (-1 +2)2+ =z
1\/4y+4y2+(1+z)2+z}'

I

(5.160)

S

1
{dL (1—|—2y+z—|—\/1+22—|—4yz+z2) - §(dL(4y(1+y))
L 142y+ 2+ /14 22+ 4yz + 22
142y +2z— /14 22+ 4yz + 22 ’
dL (1+z+2yz+\/1+2z+4yz+22) —>%(dL(4y(1—|—y))—|—2dL(z)

1 2 Vv1+2 4 2
IR0 O (e e VA el , (5.161)
14+ 242yz— /1 +2z+4+4yz+ 22

Afg}/MM:{1_szvy+zvyvy+17y+2+172y+2+17

142y+ 2+ 1422+ 4yz + 22
1+2y+zf\/1+22+4y2+227

1 2 142 4 2

tart2yzt V1422 Fdya 2 | (5.162)
14+ 242yz — /14 2z +4yz + 22

3. On both topologies we perform a first remapping which has the unique pur-
pose of eliminate square roots.

t?:
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{Z_>a:+:f(i;:x)7y_>%((ijz))2} (5.163)
tg;:
2o zyy—» SE
{ — ’y%z(l—x)Q} (5.164)

4. By applying remappings Eq.(5.163), (5.164) to the alphabets Eq.(5.160),
(5.162), we see that square roots are indeed eliminated, but still the letters
conserve quadratic dependence on both the newly introduced dimensionless
variables. In order to reduce such quadratic dependence to just one of the
two variables, we introduce other remappings. These consist actually of just
one transformation for t§ and two transformations in a row for t{, as listed
in the following.

t§

1 b —1+4+d

a a
{x%—l—&-a’Z%ia—b} (5.166)

5. By applying in a row Eq.(5.163), (5.164) and Eq.(5.165), (5.166) to the initial
alphabets, we obtain in output the new alphabets Eq.(5.167), (5.168).

ARy MMremarped — {0 _9d 14+ ¢ —d,1+d,~1+d,c+ (—2+d)d, 1+ c — 2d,
1
c—d,d,~1+cd,c—2d+cd,—c+d,c+ecd—2d"} (5.167)

AngM’Temapmd = {—Qa +b,—a+b,a,a+ (1+ (JL)627 14 a,b,1+0b,
2

a(-14+b)+b1+b+ab1+2(1+a)ba—b,1+2a}
(5.168)
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We clearly see that our goal is achieved! We have got rid of all square
roots and we have managed to confine the quadratic dependence to only one
dimensionless variable! We can finally write down the following list of rules
for the d-Log entries

G .
t§

{dL(1 - 2) = dL(c—2d) — dL (1 + ¢ — d)

dL (2) = —dL (1 4+ c—d) + dL (1 +d) ,

dL(y+2) - —dL(14+c¢—d) —dL(-1+d) +dL(c+ (-2 +d)d),
L(y) >dL(1+c¢—2d)—dL(1+c—d)—dL(-1+4+4d),

dL(1+y) = dL(c—d) —dL(1+c—d) —dL(—-1+d) +dL(d),
dL(14y+2) = —dL (1 +c—d) — dL(=1 4 d) + dL (=1 + cd) ,
dL (14 2y +2) = —dL (1 4+ c¢—d) — dL (=1 + d) + dL (c — 2d + ¢d) ,

o~ o~ o~ o~ o~ —~

L (4y(1 4 y)) = dL (1 + ¢ — 2d) + dL (¢ — d) — 2dL (1 + ¢ — d) — 2dL (=1 + d) + dL (d)

1— /2y +492 + (—1+2)2 —
dL Vayt42 + (142 —2) e 9a) L (d) £ dL (et d)
1+ Ay +4y2 +(-1+2)2 -2

144y> +4 2y + 1)\/4y + 4y2 + (-1 2

a (LA Ay Gy DAy Ay + (14 2)7 - 5 dL(1 4 ¢ —2d) + dL (c — d)
1+4y? +4y — 2y + D)\V/dy +4y2 + (=1 +2)2 — 2

—2dL (=1+d) — dL(d) +2dL (1 4+ d),

dL<1+\/4y+4y2+(1+z)2+z

“1—Vay+42+(—-1+2)2+=2

dL (4y +4y® + (=1 + 2)?) —» —2dL (1 + ¢ — d) — 2dL (~1 + d) + 2dL (c + cd — 2d%) }
(5.169)

>adL(1+c2d)dL(d)erL(chd),

G .
t§

{dL(1—-2) > dL(—2a+b) —dL(—a+1b),

dL()HdL()*dL(*(l‘Fb)

y+2z)— dL(—a+b)+dL(a+(l+a)b2)

y) = dL (1 +a) + 2dL (b) — dL (—a + b) ,

14y) = dL(1+b) — dL(—a +b) + dL (a(—1 + b) +b) ,

1+y+2) —dL(b) —dL(—a+b) + dL (1 + b+ ab) ,

142y +2) = dL (b) — dL (—a + b) +dL (1 + 2(1 + a)b),

4y(1+y)) = dL (1 + a) + 2dL (b) + dL (1 4+ b) — 2dL (—a + b) +dL (a(=1 +b) + b) ,

142 Ji+2:+4
an (L et VA2 by H 22 ) AL (14 b) — dL (a(—1 4 b) + 1),
142y +2— /1422 +4dyz + 22

dL
dL
dL
dL
dL
dL

1 2 V142 4
an (LEzt2uEt Ve Ay £ 2% ) oy ) b dL (4 a) — dL (1 4+ b)
142+ 2yz — /1 + 22 +4yz + 22
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+dL (a(=1+b) +b),
dL (1 + 2z +4yz + 2%) — 2dL (1 + 2a) + 2dL (b) — 2 dL (—a +b) } (5.170)

Eventually, we use these list of rules to remap our systems of canonical D.E.
into new ones ( reported in Eq.(7.15), (7.16) of the Appendix).

6. We finally explain with an example why it is possible to integrate a canoni-
cal system of D.E. whose alphabet exhibits quadratic dependence on just
one of the variables, following reference [35], [44]. We consider for in-
stance the alphabet for t§ in equation 5.167, whose only quadratic letter
reads c(1 + d) — 2d? and we imagine to integrate first in c. When we per-
form integration in ¢, we get from this quadratic letter MPLs of the form
G ({2d*/(1+4d),...},c). Following the integration procedure explained in
Section 3.4, this solution is then used to derive the differential equations for
the functions of the left-over variable d and we know that at this stage all
functions depending on ¢ should disappear (this is actually one of the main
consistency check one has to do when integrating such systems of differential
equations!).

Since there are no letters in the alphabet which are quadratic in d and are
independent of ¢, we conclude that only letters that are linear in d will ap-
pear in this final step of the integration.

This concludes our discussion about how to deal with Master Integrals gen-
erating quadratic letters.

The discussion about the Double-Real master integrals for the gluon channel
ends here. All intermediate and final results for the independent masters can be
found in the Appendix.
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(a) Mastere (b) Masterio (¢) Masteri1
| | |
| | |
I } |
| |
| | |
| | |
(d) Masteri2 (e) Masteris (f) Masteras
| | |
| | |
| | |
| | |
| | |
(g) Masterag (h) Masterso (i) Masters:

Figure 5.28: Set of new MIs appearing in g + W* — t + b+ g.

Simple thin lines are massless, simple thick lines, double lines and thick dashed
lines are massive and correspond respectively to m? (either internal or external)
Q? and s (only external).
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Real-Virtuals [g+ W* — ¢ + b] 1—loop

The Feynman diagrams for the Real-Virtual (RV) contribution to the gluon channel
are obtained by applying crossing symmetry to the Real-Virtual diagrams for the
bottom-initiated subprocess [b+ W* —t+g|; ;,,,. Given the identification of
particles momenta b(py) + W*(q) — t(pt) + g(k), the crossing transformation is
identified by the rules (py — —pp, k — —k). The resulting diagrams are reported
in Fig.(5.29). As we did for RR diagrams, in order to maintain the same definition
of Mandelstam invariants in terms of particle momenta we used up to now, after
performing crossing symmetry we rename particles momenta as (—k — py, —pp —

k).

By contracting amplitudes for diagrams in Fig.(5.29) with the one for the corre-
sponding tree-level process g + W* — t + b, adding the 2-particle phase space
measure Eq.(5.61), we find ten sets of propagators, among which four are not
topologies, since they contain linearly dependent propagators. This means we
need again to perform partial fractioning as we did for the Double Real matrix
elements.

By doing so and by modifying such dependent sets of propagators in order to
build topologies out of them as previously described in the case of the RR matrix
elements reduction, we find that gluon RV matrix elements can be described by
an ensemble of 7 independent topologies. Reduction to master integrals then tells
us that independent master integrals are distributed in just 5 of these topologies
(listed in Eq.(5.171) and drawn in Fig.(5.30)), which are then the ones that we
really need to describe our process.

7 ={k%, 13 —m?, (k+pp)%, (L — )% (k+ 11 —po — @)%, (=11 +pp + @), —m7 + (—k +pp +0)*}
t§ ={k% 13 —mi, (k+pp)* (L — @)% (k+ 1l —py — )%, (=l +pp + @)%, —mf + (—k +pp + 0)*}
t§ ={k%, (k= 1)1, (k 4+ po)*, (—k + L+ )%, —mi + (L — @)*, —m} + (—k + py + 9)°}
t§ ={k* 08 —mi, —mi + (k- 9)*, (L —@)*, (k+ 11 —pp — @), (=l +pp + )%,

—mi+ (—k+py +9)°}
t§ ={k, (k —1)*, 1§, —m{ + (k — 9)*, —m] + (L — @)%, —m{ + (=k +pp + @)%,

—m?2 4+ (=1 + pb+q)?} (5.171)

We report in Eq.(5.172), (5.173), (5.174), (5.175), (5.176) the basis of masters
we find for each topology. We stress that, as for the Double Real set of MIs, some
integrals appear in more than one topology, but for practical reasons, we prefer
to keep the masters separated according to the topology they belong to. The
independent MIs are in total 25, out of which 12 are actually new with respect

to the ones already encountered in the bottom channel. These new masters are
drawn in Fig.(5.31), (5.32).
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Master§ — G[t§,{1,1,0,0,0,0,1}]

tG
tG

Master§ — G[t§,{1,1,0,1,0,0,1}]
Master§ — G[t$,{1,1,0,0,0,1,1}]
Master§ — G[t¥,{1,0,0,1,1,0,1}]
Master§ — G[t§,{1,1,0,1,1,0,1}]
Master§ — G[t§,{1,1,0,1,1,0,2}]
Master$ — G[t$,{1,1,0,1,2,0,1}] (5.172)

Master§ — G[tS,{1,0,0,0,1,1,0}]
Master§ — G[tS,{1,0,0,0,0,1,1}]
Master$ — G[t§,{1,0,1,0,1,1,0}]
Master$, — G[t§,{1,1,0,0,1,2,0}]
Master$, — G[t$,{1,1,0,0,2,1,0}]
Master$; — G[t§,{1,1,0,0,1,1,0}]
Master$) — G[t§,{1,0,1,0,0,1,1}]
Master% — G[t§,{1,1,1,0,1,1,0}]
Master$y — G[t§,{1,0,1,0,1,1,1}]
Master$s — G[t§,{1,1,0,0,1,1,1}]
Master$ — G[t§,{1,1,0,0,1,1,2}]
Master$ — G[tS,{1,1,1,1,1,1,1}] (5.173)

MasterS) — G[t§,{1,0,0,0,0,1,1}]
Master$, — G[t§,{1,0,1,0,1,0,1}]
Master$y — G[t§,{1,0,1,0,0,1,1}]
Master$, — G[t§,{1,1,0,0,0,1,2}]
Master$) — G[t§,{1,1,0,0,0,2,1}]
MasterSy — G[t§,{1,1,0,0,0,1,1}]
MasterS, — G[t§,{1,0,1,0,1,1,2}]
Master$, — G[t§,{1,0,1,0,1,2,1}]
MasterS, — G[t§,{1,0,1,0,1,1,1}]
MasterSy — G[t§,{1,1,1,0,0,1,1}]
Master$y — G[t§,{1,1,1,0,1,1,1}] (5.174)

Master§, — G[t§,{1,1,0,0,0,0,1}]
Master$, — G[t§,{1,1,1,0,0,0,1}]
Master$y — G[t§,{1,0,0,1,1,0,1}]
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Master$) — G[t$,{1,1,0,0,0,1,1}]
Master$y — G[t§,{1,1,0,1,0,0,1}]
Master$y — G[t$,{1,1,1,1,0,0,1}]
Master$y — G[t$,{1,1,1,0,0,1,1}]
Master$y — G[t$,{1,0,1,1,1,0,1}]
Master$y — G[t$,{1,1,0,1,1,0,1}]
Master$ — G[t$,{1,1,0,1,1,0,2}]
Master$, — G[t$,{1,1,0,1,2,0,1}]
Master% — G[t$,{1,1,1,1,1,0,1}]
Master$, — G[t$,{1,1,1,1,1,1,1}] (5.175)

Master$), — G[tS,{1,0,0,0,1,1,0}]
Master% — G[t§,{1,0,0,0,0,1,1}]
Master$, — G[t§,{1,0,0,1,1,1,0}]
Master% — G[t$,{1,1,0,0,1,2,0}]
Master$y — G[tS,{1,1,0,0,2,1,0}]
Master$ — G[t§,{1,1,0,0,1,1,0}]
Master$y — G[t§,{1,0,1,0,1,1,0}]
Master$, — G[t$,{1,0,0,1,0,1,1}]
Master$, — G[tS,{1,0,1,0,0,1,1}]
Master$y — G[t§,{1,0,1,1,1,1,0}]
Master$) — G[t§,{1,1,1,0,1,1,0}]
MasterSs — G[t§,{1,0,1,1,0,1,1}]
MasterS$s — G[tS,{1,1,0,0,1,1,1}]
MasterSy — G[t§,{1,1,0,0,1,1,2}]
MasterSy — G[t§,{1,0,1,0,1,1,1}]
MasterSy — G[t$,{1,0,1,1,1,1,1}] (5.176)
As usual, we transform then each of these original integral basis into canonical
ones (reported in Eq.(7.21), (7.22), (7.23), (7.24), (7.25) of the Appendix). We
report the corresponding system of canonical D.E. in Eq.(7.26), (7.27), (7.28),
(7.29), (7.30) of the Appendix.
We point out that in topology t, we encountered the same quadratic denominator
found in the RR topology t5'. The alphabets for these topologies present then the
same quadratic letters, which implies we need to perform remapping Eq.(5.164),
(5.166) on the canonical D.E. for the RV topology t§. The system of canonical
D.E., rewritten in terms of the new dimensionless variables (a,b), is free of letters

containing square roots and has quadratic dependence on just one variable, mean-
ing that this system is now integrable in terms of MPLs.
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Boundary conditions for the g-channel RV masters.

For a complete explanation of how boundary conditions are computed in gen-
eral for Real-Virtual master integrals, we send the reader back to the subsection
dedicated to the bottom channel, since the same technique applies also to gluon
channel RV masters.

Following this technique, we observe that the ensemble of pure 1-loop integrals that
we obtain when we cut the gluon RV original basis of masters (Eq.(5.172), (5.173),
(5.174), (5.175), (5.176)) in correspondence of the Phase Space, contains mostly
1-loop integrals that we already encountered in the bottom channel. We obtain
only five new 1-loop integrals to compute in the double limit {z — 1,y — 0},
which we draw in Fig.. In the rest of this subsection we address the computation
of these 1-loop integrals.

e TRIANGLES

1. Triangle with 1 internal mass m? and external masses {Q?2, s}

1
4G d’l

/dm/ dxg/ dzsT(1 + e)x

X 8(1 —x1 —x2 — x3) (21 + T2 + T3) ™

14-2¢

X (mf(xg +z3) (@1l + 22 + x3) + 21(Q%x2 — S.Tg))7176
(5.177)

Triangle ¢ corresponds to Fig.5.33a. In this integral, m? appears only
as internal invariant, and Q2,s as external ones. We can then expect
the F polynomial to be, with no ambiguity, positive-definite in the re-
gion {m? > 0,Q% > 0,s < 0}, and, by inspection of the F polynomial
in Eq.(5.177), we can easily conclude that this is indeed the case.
Consequently, the integration over Feynman parameters in Eq.(5.177),
will be carried out in the ‘over-threshold’ region identified by the con-
dition z = 1 —m?/s < 0, where the integral is real, and then the result
will be continued back to physical values 0 < Z < 1 as explained in the
paragraph ‘Analytical continuation’ (see from Eq.(5.86) to Eq.(5.88)).
Two regions are revealed by Asy2.m in the limit {z — 1,y — 0}, iden-
tified by the scalings of Feynman parameters respectively by {0,0,0}
and {0,2,1}.
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HARD REGION {0,0,0}

1 1 1
t?(57y75)0,0,o =F(1—|—e)/ dm/ dxg/ dx3x
0 0 0

x 8(1 —z1 — z2 — x3) (71 + T2 + T3)

(s(z2 + z3) (21 + 22 + 23) + (—sz123))
—F1+€/d$1/ dxg/ d$361—x1—x2—x3)
(21 + 22+ 23) " T2(s) T (zaw2 + (22 + 33) )

=D(1+4¢)(s)" " /00 dxl/ dao(r + 1) P2 (gm0 +1)717¢
=— s T T()(W(—2e4 1) —p(—e + 1)) (5.178)

—142¢

1—e

—€

REGION {0,2,1}
By making the necessary rescalings of parameters Eq.(5.179)

{m? = (1+ai)s,Q* = ays,xy — a*xe, 03 — a'a3}, T=—-2>0
(5.179)

inside Eq.(5.177), setting 1 = 1 and keeping the first term in the

expansion around a — 0, we get the integral in Eq.(5.180) to compute.

—1—e¢

(2,9, 8)(0.21) = a172587176/ z2 / z3T(1 + €) (v2 + T + 23)
0 0

(5.180)

We carry out the integration first over x5 and then over x3. Then, by

applying the prescription for analytic continuation on Z, T — Ze ',
and setting a = 1, we get as final result

t7(2,9,8) (0,213 = €T T EF T D(1 — )I(—1 + 2¢). (5.181)
The two regions just computed can be finally summed up to give

t9(z =1,y —=0,8)=—s " T(e)(W(—2¢ + 1) — Y(—e+ 1))
+ XTI TP (1 — )T (—1 + 2€) (5.182)
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2. Triangle with 1 internal mass m? and external masses {p?Z,u}

1 1 1
tQG(m?7 U7p?) :F(l + 6)/ d.Tl / daﬁ'Q/ d.Tg
0 0 0

—1+42e

d(x1 + w2 + x3)(v1 + @2 + T3)

(m7 (w2 + z3)(z1 + 22 + 23) + (—u)z122 + (—pt) *T173) :
(5.183)

—1—¢

Triangle t§' corresponds to Fig.5.33b. By inspection of Eq.(5.183), we
see that, as expected, the F polynomial is positive-definite for negative
values of the external invariants Q2 > 0,p? < 0 (we remind that Q2 =
—q?!) and positive values of the internal ones m? > 0. We observe that
we can safely set p? = m? without spoiling the sign of the F polynomial,
thus obtaining

1 1 1
S (m3,u) :F(l—l—e)/ dxl/ dxg/ dxs
0 0 0

0(x1 + x2 + x3)(x1 + 22 + 373)71Jr26

(mf(xlxg + (w2 + x3)%) + (7’&){171{172)_1_6 . (5.184)
By looking at Eq.(5.184), it is quite clear that the F polynomial does
not develop problematic behaviour, namely does not goes to zero, when
we take s — m? and Q2 ~ 0. In this limit, u is also O(0), so that the
F polynomial simply reduces to (s(z122 + (22 + 23)?)). The smooth
behaviour of the integral in this limit is confirmed by the presence of the
only hard region, according to the output of Asy2.m. Since the compu-
tation of such region is straightforward for both integrals belonging to
this subtopology (Fig.??, 5.33c), we directly quote results.

t5(z—= 1,y = 0,8) = —s " T(e)(¥(—2e+ 1) — Y(—e + 1)) (5.185)
t5(z = 1,y = 0,8) = —s " T(e) (1 + e+ e(o(1 — €) — tho(—2¢))) (5.186)

¢ BOX
Box with 1 internal mass m? and external masses {Q2?,p2,t,s}.

1 1 1 1
Bom?(mf,QQ,pf,t,s) :/ dxl/ dmg/ d{L’3/ dxsd(1 — 21 — 22 — 23 — T4) X
0 0 0 0

X T(24 €)(x1 + 2 + 3 + 4)> X (5.187)

2 2
X (Q°z122 — pir1T3 — tw2xs — ST124+
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+ mfml(ml + 9 + 23 + m4))7275 (5.188)

Box{ corresponds to Fig.5.33d. The F polynomial follows the general rule
and is positive-definite for positive internal invariants and negative external
ones. Once again, we can safely set p? = m? without altering the sign of
the polynomial. On the other side, it is clear that the integrals requires
analytical continuation, since it is real for s < 0. Analytical continuation is
performed once again on the variable Z, as already mentioned above for the
triangle t§' (Eq.(5.177)).

Asy2.m individuates the presence of 3 regions, identified respectively by

{Oa 07 Oa 0}7 {Oa _]-a _]-a _1}a {Oa 07 _17 _1}

REGION {0,0,0,0}

es 27 T(e)

201 + o)(1 + 2¢) (5.189)

BOUC?(Z%S){O,O,O,O} = -
REGION {0,-1,-1,—1}
After having expanded at integrand level with the Feynman parameters

scaling dictated by this region, we end up with the integrand contained in
Eq.(5.190)

boxf(QQ, s, t, mf){o,l,l,l} :/ dxgdxgdms*%eF(Q +e)(z1z2 + 923:23:3)7275
0
(z2 4 3 4 24)%, (5.190)

where we already used the Cheng-Wu theorem to set 7 = 1 and extending
the integration over the other parameters to co. For simplicity of notation,
we have introduced the variable # = 1 — A, so that the ¢ invariant results to
be parametrized by ¢ = —s(1 + y)z60. The integrand in Eq.(5.190) depends
on the two dimensionless variables z, 0. The final result for this region will
be then a function of these two parameters.

We observe that the F-polynomial is positive-definite in the physical region
{0 < 8 < 1,0 < z < 1}, so that we do not need to perform any kind of
analytical continuation in this region. The integrations over s, x3, x4 are
carried without any difficulty, thus giving as a result

w8 27(02) ¢ cse(em)T(—1 — ¢€) .

=20 (5.191)

bO(E?(Q2, s, 1, m?){oflflfl} = -

REGION {0,0,—1,—1}
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We are now left with the last region to compute, identified by the scalings
{0,0,—1,—1} of the Feynman parameters. After expanding at integrand
level, we end up with

bom?(QQ, s,t,mf){oo,l,l} :/ dmgdmgdms*%él“@ +e)(xs + 31:4)26
0
(1 + 2o+ 0Zx0x3 — be4)7276. (5.192)

As for the previous region, we see that also in this case the integrand depends

on z,0, implying that the result for this region will be again a function
of these variables. But, with respect to the previous region, we have to
deal in this case with analytical continuation. In fact, the F polynomial
1+ x9 + 0Zxox3 — zpx4 is clearly positive-definite for {—1 < z < 0,—-1 <
6 < 0}. So, the procedure we adopt is the usual one which allows to get the
correct complex phases in this cases, namely

— we define two new variables
T=—% 6=-6, (5.193)

— we perform integrations in Eq.(5.192) in the unphysical region 0 < Z <
1,0< 6 <1,

— we work out the analytical continuation prescriptions for the dimen-
sionless variables Z, # starting from the ones from the invariants,

— we apply such prescriptions to get our final result in the physical region.

Let us go through this procedure step by step. We start substituting Eq.(5.193)
into Eq.(5.192), thus getting

box§ (Q?, s,t, m?)(0,0,-1,-1} :/ dradrsdras > T(2 + €) (3 + 24)*
0
(1 + x2 + éfl‘g]ﬁg -+ xbm4)7275. (5194)

We carry out integration in xo, which hands

oo —2—51—\ 2e 1 = —1—€
box?(QQ, s.t, m?){0,0,—l,—l} _ / dradzs €s (€)(x3 + 9{4) (1+ Zza) .
0 1+ 0zpzs

(5.195)
In order to be able to integrate in x3, x4, we first rescale both these param-

eters by Z, namely by doing the replacements x; — x;/Z, i = 3,4. After this
manipulation, we get
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(14 €)1+ za) " (x5 +24)* .

(o] —2—€e—2—2¢

r

boxG 2757t7m2 —1,— :/ dxsdx 5 id —
I(Q t){0,0, 1,—-1} o 34d4 1+9x3

(5.196)

At this point we can integrate Eq.(5.196) over x3,z4. The result obtained
in closed form in € is Eq.(5.197).

ms 27T 272 cse(em)T(1 4 2€)
0

+OHypergeometric, ;- Regularized (1, 1,2 + ¢, 797))

— s 2T T T2 ese(2em)T(1 + €)

o (— 21+2¢23/2(_0)2€9<(1 + 6)° csc(2er)
P(1/2—-e)I'(1+e€)

+Hypergeometrich1 (1, 1+¢€2(1+¢), f%) )

(=01 +0)T(~e)

bOﬂU?(Q27 s, 1, mf){ooflfl} =

0+ 2¢0
(5.197)

Result in Eq.(5.197) is valid in the region {0 < 7 < 1,0 < § < 1}. We
need then to perform analytical continuation on such result in order to go
back to the physical region {—1 < # < 0, —1 < # < 0}, which corresponds to
{0 <2< 1,0 <6 < 1}. We already have the prescription for z (Eq.(5.88)).
We then need to work out the rule for §. We start from the representation
for the t invariant t = —s(1 + y)z6. For physical values of s,y,z,0 (s >
0,y >0,1>2z>0,1>6>0),tis negative, and indeed, as already pointed
out at the beginning of our calculation, the physical region is identified by
t < 0. Now, what happens is that we have re-parametrized z with z, so
that for ¢ we get now ¢t = s(1 + y)xpf and if we compute for x;, > 0, then
it means that we are computing for ¢ > 0. But the original F polynomial
Q%17 — twaxs — sv1w4 + miw1 (71 + 22 + 24) (Eq.(?7?))is positive-definite
for negative t and the same happens after we expand it in the region we are
considering, as it can be seen from Eq.(5.192) (the term coming from ¢ is 0%).
From this consideration we draw the conclusion that if we compute above
threshold (=1 < z < 0), and we want to keep t < 0, we need to flip the sign
of the only independent variable on which ¢ depends, which is the angular

variable . This explains why we introduced § = —6 and also why in this
framework a change in the sign of 8 directly corresponds to a change in the
sign of t.

We are now ready to work out the rule. We start from the rule for ¢, which
is nothing but the usual Feynman prescription external invariants ¢ — ¢+ 0.
This give then

—t=—t—i0=t(—1—1i0) = te” '™, (5.198)
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We can work out the rule for 8 as follows.

= t s —t s ; ;
0=—-0= = = fe'" 5.199
s+Q%s—m? s—i—QQs—mfe ¢ ( )

We can finally substitute the prescription Eq.(5.88),(5.199) into Eq.(5.197),
thus obtaining our final result '3

w8 2T T 2221 ce(em) (1 4 2¢)
7 (
—OHypergeometric, -; Regularized (1, 1,2 + ¢, 0))
w820 T2 7272 s (2em) (1 4 €)
o <_ QlH2eo—imend/2(9)¢(1 — )€ csc(2er)

P(1/2—-¢e)I'(1+e€)
et H)T (1_g)eglter(—e)r(2(1+e))

I'(—1—e+2(1+€))
—0 — 2¢0

O (e)I"(2(14-€))Hypergeometrico p1(1,2—2(1+€),1—¢,0) )

(0)" (1= 0)T(=¢)

bOﬂU?(Q27 s, 1, mf){ooflfl} =

+

T+ T (—172(149)
—0 — 2¢0

(5.201)

The final result for boz{ is the sum of the three regions

13We remark that before performing the analytical continuation on 8, Z, which gives as a result
Eq.(5.201), we perform a manipulation on the function

Hypergeometric2F1 (1, 1+4+¢2(1+e€), —%) appearing in the previous equation (Eq.(5.197)), by

means of the formula

T(e)T'(b — )
Hypergeometricy gy (a,b, ¢, 2) = M(*zr“HypergeometriQm a,1—c+a,1—b+a,-
L®)T(c—a) -
I'(e)T(a—b 1
+ %(*d*bHypergeometrichl (b, l—c+bl—a+b, ;) ]

(5.200)

Eq.(5.200) applied to Hypergeometric2F1 (1, 14¢€2(14¢), —%) allows us to rewrite it in terms

1
0

Hypergeometric2F1 (1, 1+4+¢2(1+e€), 7%) from the region where the argument is %é < —1to

of Hypergeometricyry of argument 8, instead of +. In other words, first we analytically continue

the region where it is (=1 < —@ < 0). And only after that we analytically continue to the
region where the argument is 0 < # < 1 (and in this case we do not even really need analytical
continuation, since the Hypergeometric, 5 is already convergent in the circle where its argument
zis |z] < 1).

It is necessary to adopt such order in the analytical continuation, otherwise if we
use rule Eq.(5.199) directly on Hypergeometric2F1 (1, 14¢2(1+¢), 7%)7 we would get

Hypergeometric2F1 (1,1 + €,2(1 +¢), %), which expanded in € would give logarithms of the type
In(1 — 1/60). These logs are clearly well defined for # > 1, but not for 0 < 6 < 1. In this latter
case, such logs develop an imaginary part, whose sign would not be properly defined.
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es 27 T(e)
2(1 4 €)(1 + 2¢)
B w5 27¢(02) " esc(em)T(—1 — €)
I'(—2¢)
s 2T E 27262 o (em)T(1 + 2¢) (
0
—6Hypergeometric, -, Regularized (1,1, 2 + €, 6))

ms 2T T2 222 ese(2em) T (1 + €)
o (- Q1+ 2eemimen3/2(9)¢ (1 — )€ csc(2er)
(1/2—-e)I'(1+¢€)
04T (1 _gyeplter(—o)r(2(1+e))
T'(—1—e+2(14¢€))

—0 — 2¢0
OI'(e)I'(2(14-€))Hypergeometricg pq1 (1,2—2(14€),1—¢,0)
T(I+e)D(—1+2(1+e))

—0 — 2¢0

box?(zb -0,y = 0,s,0) = —

0) (1 =0)T(=¢)

Jr

(5.202)

Box with 1 internal mass m? and external masses {Q?,p2, u,s}.

1
(k= D[ = q)* =mi][(l — p» — q)* — m{]

1
= / dm1dm2dl‘3dl‘45($1 + 22+ x3 + T4 — I)F(Q =+ 6)(1‘1 ~+ x2 + x3 + 1‘4)
0

Box?(mf,QQ,s,u) = /ddl
2e
—2—¢

(—uz1zs + 22(Q°x3 — swa) + mt® (v123 + (23 + 24) (22 + T3 + 74)))
(5.203)

Boz§ corresponds to Fig.5.33e. The initial F-polynomial is positive-definite for
positive internal invariants and negative external ones. As for all previous cases in
which the F-polynomial depends on p?, also for Boxz§ we can safely set p? =m?
without spoiling the sign of the polynomial. By doing so, we end up with the
representation Eq.(5.203). The integral is real in the euclidean region s < 0. In
order to obtain its value in the region s > 0, we thus need to perform analytical
continuation. By running Asy2.m on the Feynman representation of this integral,

we get two regions identified by the Feynman parameters scalings respectively as
{O’ 07 O’ 0}7 {O’ 07 2’ 1}'

HARD REGION {0,0,0,0}

The hard region {0,0,0,0} requires to perform the integral in Eq.(5.204), where
we already used the Cheng-Wu theorem to get rid of the integration over z; by
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restricting the §(x1 + 22 + x3 + x4 — 1) to §(x1 + 22 — 1) and extending then the
integration over x3, x4 to [0, o0].

1 o [es}
box$ (Q°, s,u, mi) iR :/ dzo / dzs / dras > T2+ ) (1 + 3 4+ 24)>°
0 0 0

((1 — 1'2)1'3 + xox3 + (1‘3 + 1'4)2)727E (5204)
Integral in Eq.(5.204) is easily solved via the change of variable
w3 =n—-8& za=¢—(n-¢¢ {0<{<00,1<n< o0}, (5.205)

and the obtained expression for this region is then

s 2 csc(em)T(—e)
I'(—2¢)

box§ (Q°, s,u, m; ) ur = (5.206)

REGION {0,0,2,1}

We now turn to region {0,0,2,1}, which amounts to compute, after having ex-
panded at integrand level, the integral reported in Eq.(5.207),

1
bomg(QQ, s, u, mf){o,og,l} :372751“(2 + e)/ dridxodrsdrsd(zi + x2 + 3 + x4 — 1) (21 + 31:2)26
0
(123 + T2x3 — ZT2T4 + xi)%*e. (5.207)

with Zz being as usual the threshold variable defined as z = stmg € [0,1]. We
observe that the only term spoiling the sign of the U-polynomial is —Zxox4. Once
more it the convenient to perform analytical continuation on z. Following the usual
procedure, we introduce then the variable £ = —Z and compute the integral ‘above
threshold’, namely for 0 < Z < 1. By performing the integrations in Eq.(5.207),
we get

box?(QQ, s,u, m?){o’o,g’l} :5_2_692'_1_2€F(—6)F(26). (5.208)

The analytical continuation prescription Eq.(5.88) applied to the previous result
yields

box§ (Q%,s,u,m7)(0,021) =5~ “exp(2ime)z D (—e)T'(2e), (5.209)
so that our final result for this box in the desired limit reads
s 2 ¢ csc(em)T(—e)

I'(—2e¢)
T2 exp(2ime)zT T (—€)T(2e). (5.210)

bOJCQG(Q2 —0,s,u,m? — s) =

+s
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(8) (h) (i)

R

) (k) M (m)

Figure 5.29: 1-loop corrections to g + W* — ¢ 4+ b
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(d) ()

Figure 5.30: Independent topologies to [g + W* — ¢ + b]1—i00p-
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(a) Masteris (b) Masteries (c) Masteri7
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Figure 5.31: Set of new MIs appearing in g + W* — t + b at 1-loop (Master from
15 to 37).

Simple thin lines are massless, simple thick lines, double lines and thick dashed
lines are massive and correspond respectively to m? (either internal or external) ,
Q? and s (only external).
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(a) Masterss (b) Masteras

(c) Masteras (d) Mastersg

Figure 5.32: Set of new MIs appearing in g + W* — t + b at 1-loop (Master from
38 to 59).

Simple thin lines are massless, simple thick lines, double lines and thick dashed
lines are massive and correspond respectively to m? (either internal or external) ,
Q? and s (only external).
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Py
q
Pb
py+4q— k q— k
(c) t§
ptq—k Db
k q
(e) Boz§

Figure 5.33: Independent 1-loop boundary conditions for the gluon RV Master

Integrals (new with respect to the ones encountered in the bottom channel).
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Chapter 6

Conclusion and Outlook

In this thesis, we presented partial results achieved in the analytical computation
of the QCD corrections at O(a?) (NNLO) to the inclusive cross-section for Single
Top in t-channel. In particular we presented the determination and computation
of the complete set of Master Integrals which describes the NNLO QCD correc-
tions to massive Form Factors for CC-DIS. This set of Master Integrals is a crucial
ingredient in the computation of NNLO QCD corrections to inclusive Single Top
in t-channel.

We started by reviewing (chapter 2) the importance of the Single Top produc-
tion mechanism and the need for accurate predictions of its cross-section for SM
and BSM searches, in the more general context of Top physics at the LHC.

After a brief recap of the basics of QCD, we described the computation of QCD
corrections to Single Top in t-channel in the framework of a DIS-like approach
(chapter 3). The original hadron-initiated process p +p — t + ¢ + X is ‘cut’
into the two weak currents p — W* + ¢ + X; and p + W* — t + X, which
constitute the building blocks of Single Top in t-channel. In other words, we
neglect all the non-factorizable corrections, namely all gluon-exchanges between
these currents. As a result, all the information about higher-order QCD correc-
tions is encoded in the two Form Factors, namely the cross-sections for the two
subprocesses p — W* +¢' + X1 and p+ W* — t + Xo. This DIS-like picture holds
exactly for this process at LO and NLO in QCD. At NNLO instead it becomes an
approximation because at this perturbative order the non-factorizable corrections
begin to give non-zero contribution. Some qualitative arguments for the reliability
of such approximation are provided at the end of the chapter.

In order to construct the cross-section for [p+p —t+¢ + X]O(a%), the knowl-

edge of Form Factors up O(a?) is required. Form Factors can be obtained through
the ‘master formula’ of perturbative QCD as convolutions between the appropriate

231
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Parton Distribution Functions and the cross-sections for the underlying partonic
processes. In the process under consideration, what we need are thus the cross-
sections for the partonic weak currents ¢ — W* +¢' + X1 and b+ W* — t+ X5 up
to O(a?). These can be computed fully analytically order by order in perturba-
tion theory. The first of these subprocesses only involves massless quarks and its
cross-section is already available in literature in analytical form up to NNLO QCD.
Instead, the partonic current containing the top quark is yet unknown. It depends
on one additional scale because it contains a heavy quark in the final state, whose
mass my cannot be neglected. The computation of o(b+ W* — ¢ + X5) therefore
ends up depending on three dimensional scales (energy in the c.o.m. frame s, top
mass my, and virtuality of the W-boson Q?) and its computation beyond leading
order turns out to be quite involved. In the literature results already exist for
this cross-section up to NLO in QCD, but no analytical result is available up to
NNLO. Thus, the only piece we need to complete our picture is the analytical
result for o(b+W* — t + X)o(a2). The rest of this thesis, namely Chapter 3 and
4, are thus dedicated to the analytical computation of QCD corrections at O(a?)
to o(b+ W* — t+ X)), which constitutes then the bulk of our original work.
Chapter 4 is dedicated to explaining in detail the technique of Master Integrals,
which we adopt in order to carry out analytically all the needed integrations over
momenta of both real and virtual particles.

Finally, in chapter 5, we explain in detail all the steps which lead to our original re-
sult, which consists in the determination and explicit computation of the complete
set of Master Integrals for b+W™* — ¢, or more generally for Charged-Current DIS
Form Factors.

Results for all the independent Master Integrals are then reported systematically
in the Appendix, together with some other useful intermediate results.

We would like to conclude this dissertation with an outlook on the possible fu-
ture developments of the results obtained up to now.

The first, natural development will be the completion of the computation of
massive CC-DIS Form Factors, describing the b + W* — ¢ 4+ X current up to
NNLO-QCD. At this stage, all partonic matrix elements written in terms of Master
Integrals are ready and all Master Integrals have been explicitly computed. Thus,
what needs to be done is the following (in order).

e Plug the results for the masters into the partonic matrix elements. The
expressions we get are at this stage full of every possible type of divergences
and needs to be further manipulated.

e Check that all final state IR divergences and all soft-IR initial state diver-
gences cancel when we sum up the expressions corresponding to the different
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pieces that build up our final result, namely Double-Real, Real-Virtual and
Double-Virtual diagrams.

e Perform UV renormalization, which amounts in this case to renormalize the
coupling constant, the bottom and top wave-functions and the top mass.

e Accomplish mass factorization, in order to reabsorb into the PDFs the initial-
state collinear divergences which are still left in our expressions.

At this point we will end up with a finite expression for the NNLO partonic cross-
section o(b+ W* — t + X), and by convolving it with the appropriate PDFs, we
will finally get the desired CC-DIS massive Form Factors.

Since this result is obtained in the above-mentioned DIS-like approximation, a
quantitative estimate of the error introduced by this approximation must be pro-
vided. This may be accomplished by means of an analysis like the one carried out
in [7].

Now, our formal result for CC-DIS massive Form Factors can be used for some
major phenomenological applications.

In the first place, we would obviously like to use it to construct the desired predic-
tion for Single Top in t-channel at NNLO-QCD. This can be achieved by imple-
menting our analytical results for partonic Form Factors into an already available
Fortran code, which will then perform numerically the convolution with PDFs
and the integration over the remaining variables which describes the global 2 — 2
process, as explained in Chapter 2. This will provide a cross-check to the fully
numerical NNLO computation carried out in [?] and also a fast and efficient way
to evaluate the inclusive cross-section for the process of interest. In fact, an ana-
lytical result has two main advantages. On one hand it is more stable and faster
under numerical evaluation. On the other hand it is ‘safer’ for what concerns the
cancellation of singularities, which happens exactly, thus providing a stringent test
of the correctness of the computation.

A more ambitious program would involve the construction of a theoretical precision
benchmark for Single Top in t-channel. This could be achieved by combining all
kinds of available corrections to this process. On top of the previously discussed
QCD corrections up to NNLO, which would constitute the bulk of the precision
benchmark, the following corrections, available in the literature, may be taken into
consideration.

o EW corrections : The other type of quantum corrections that one can con-
sider are electro-weak corrections (SM). Such corrections have been com-
puted for the Single Top in ¢-channel inclusive cross-section at NLO-EW
() both in SM and MSSM scenarios (see [?]). The overall SM one-loop
effect is however pretty small, again of the size of a few percent with respect
to the tree-level cross-section, due to a compensation of weak and QED con-
tributions, which are of opposite sign.
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o Soft resummation : The effect of resummation of soft-gluon contributions
to all orders are computed at NNLL in [?]. These results need to be care-
fully matched with the NNLO-QCD computation, in order to avoid double-
counting of those logarithms which are already included in the fixed-order
computation.

e my, corrections : As discussed at the end of Chapter 2, our computation of the
analytical NNLO-QCD contribution to #-channel Single top is carried out in
a five-flavour (5F) scheme, where the b-quark is considered massless and the
only massive quark happens to be the top quark. Given the physical value
of 4.5GeV of the bottom mass, this can be considered a realistic description
only up to a certain extent. It is thus natural to wonder what happens if
we perform our computation in a four-flavour (4F) scheme, namely if we
let the bottom be massive. In this case the level of complexity of the com-
putation, already at NLO, significantly increases, since the final result will
depend upon a new additional dimensional scale my. Since the full NNLO
computation in 4F is then beyond our possibilities, the exact contribution
due to m; cannot be achieved in exact form. Nonetheless, we can think of
estimating such contribution in an approximated manner, by means of the
procedure explained at the end of Chapter 3. Once our NNLO analytical
result in 5F will be available, such procedure could be used to evaluate the
impact of my corrections at O(a2). The estimate thus obtained could be
then added, together with the other corrections above-mentioned, to the 5F
NNLO inclusive cross-section, and it will represent a corrective factor which
takes into account, though only in an approximate way, the presence of ms.

Beside this theoretical precision benchmark for Single Top, massive CC-DIS

Form Factors can find other phenomenological application in the extraction of
PDF's from global parton fits and in the computation of other processes where this
kind of Form Factors enter as building blocks.
On a more formal level instead, the performed computation itself exhibits some in-
teresting features. In the first place the newly computed Master Integrals increase
the general knowledge we have of such basis of integrals at 2-loop. Secondly, our
masters were computed by following the idea ([?]) of finding a canonical form for
the differential equations which describe them, thus confirming once more the suc-
cess of this recent approach. Last but not least, suitable remappings were found
in order to linearise systems of differential equations whose coefficients contained
non-rational functions of the kinematic invariants. The existence of such remap-
pings is not guaranteed a priori, but once more they have been successfully found,
as it happened for some other even more complicated processes in the very recent
literature.

To conclude, we have achieved our objective, namely the computation of the set of
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Masters describing the partonic process [b+ W™ — t + X]o(42). Starting from this
achieved milestone, analytical results for massive CC-DIS Form Factors and inclu-
sive Single Top in t-channel will become available, hopefully in the next future,
as tools to further increase our knowledge of this tricky, puzzling and fascinating
world which is Particle Physics.
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Chapter 7

Appendix A: Canonical
Basis and PDEs

Canonical Differential Equations and Boundary Conditions for b+ W* -t + g+ g.

We now report systematically for the 3 topologies the system of differen-
tial equations in canonical form, and the expansion in terms of soft masters
Master3, Master;, which determines the boundary conditions. The alphabet in-
volved in the DE for the subprocess b+ W* — t+ g+ g is

AgR:{Z,l—Z,y,l—y,y+Z}. (71)
Systems of differential equations in canonical form:

ety

dM;y =e(—6MadL(z) + Mi (—4dL(1 — 2) + 2dL(z)))
dMs =e(—3MadL(z) + My (—dL(1 — z) + dL(2)))
dMs =e(2M2dL(y) + Ms(2dL(y) — dL(1 + y) — 3dL(y + 2)) + M1(dL(1 — 2) — dL(y + 2)))
dM4 =e(M4(4dL(y) — dL(z) — 4dL(y + 2z)) + Mg (2dL(y) — dL(1 — 2z) — 2dL(y + 2))
+ M7(=3dL(y) + dL(1 + y) + 2dL(y + 2)) + M3 (—3dL(y) + 3dL(y + 2)))
dMs =e(—2MsdL(1 + y) + M7 (2dL(2) — 2dL(y + 2)) + M1(—dL(1 — 2) + dL(y + 2))
4+ Mg(—2dL(1 — 2) + 2dL(y + 2)) + Ma(—4dL(z) + 4dL(y + 2)))
dMe =e(M4(4dL(1 + y) + 2dL(z) — 4dL(y + 2)) + Me(2dL(1 + y) — 4dL(1 — z) — 2dL(y + 2))
4+ M7(—2dL(1 + y) + 2dL(y + 2)) + Ms(—3dL(1 + y) + 3dL(y + 2)))
dM7 =e(—3MadL(y) + Ma(4dL(y) + 4dL(1 + y) — 4dL(y + 2))
+ Me(2dL(y) — 4dL(1 — 2) — 2dL(y + 2)) + M1 (—dL(1 — z) + dL(y + 2))
+ M7 (—3dL(y) — dL(2) + 2dL(y + 2)) + Ms(—6dL(y) + 6dL(y + 2))) (7.2)

e ito

dMs =e(—6MgdL(2) + Ms(—4dL(1 — 2) + 2dL(2)))

237
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dMo =e(—3ModL(z) + Mg(—dL(1 — z) + dL(2)))
dMyo =e(Mo(4dL(1 — z) — 4dL(z)) + Myo(—2dL(1 — z) — dL(2)) + Ms(—dL(1 — z) + dL(z)))
dMy1 =e(—2My1dL(1 — 2) + Mo (2dL(1 — 2z) — 2dL(z))

+ Ms(—dL(1 — z) + dL(z)) + M1o(—dL(1 — z) + dL(=2))) (7.3)
e i3
dMys =e(—6M13dL(2) + Mi2(—4dL(1 — z) + 2dL(z)))
dMis =e(—3M13dL(z) + Mi2(—dL(1 — z) + dL(2)))
dMia =€(2M13dL(y) + M14(2dL(y) — dL(1 +y) — 3dL(y + 2))
+ Mi2(dL(1 — z) — dL(y + 2)))
dMys =e(2M13dL(y) + Mie(2dL(y) — dL(z)) + M15(2dL(1 + y) — dL(2))
+ Mi4(2dL(y) + dL(z)) + M17(2dL(y) + 2dL(2)))
dMys =e(Mis(—2dL(1 + y) + 2dL(1 — 2))
4 Mi7(2dL(y) — 4dL(1 + y) + 4dL(L — 2) — 2dL(2))
+ Mig(2dL(y) — 4dL(y + 2))
+ Mis(—dL(1 4+ y) + 4dL(1 — 2) — 3dL(y + 2)) + M12(dL(1 — 2) — dL(y + 2)))
dMi7 =e¢(=3M13dL(y) + M15(—dL(1 +y) — 2dL(1 — 2))
+ Mi7(—dL(y) — 4dL(1 — z) — dL(2))
+ Mig(—dL(y) — dL(1 + y) + dL(y + 2)) + Mi2(—dL(1 — 2) + dL(y + 2))
+ Mya(—3dL(y) + dL(1 + y) — 4dL(1 — 2) + 3dL(y + 2))) (7.4)
Soft limit :
e i

Mastery — 2(4745)(7(1/4)(622 + s)Mastery)

Masters — 23749 Masters,

Masters — 237 (—=(((=3 + 4e) Mastery) /(=1 + 26)(Q% + 5))))

Mastery, — 2(1_4€)Maste7’z

Masters — 20749 (=1 + 4¢)(2(3 — 10e + 8e?)Mastery + €2s(Q + s)Master))/(3¢*s(Q + s)°)
Masterg — 24749 (4(-3 + 4e)Mastery + (=1 4 3€)s(Q + s)Mastery)/(2(—1 + 2¢)s)

Master? — 2(2_46)(7(MasteT;/(Q2 +5)) + ((1 — 3e)sMastery)/(—6 + 8¢)). (7.5)

e to

Masterg — 2(3745)Master§

Masterg — 2(4745)(—(1/4)(622 + s)Masters)

Masterip — 21729 (=3 + 4e)Mastery)/((—1 + 2¢€)s)

Mastery; — 2071749 (=1 + 2€) (=3 + 4e)(—1 + 4e)Masters)/ (2 s(Q? + 5)?) (7.6)

Master1z — 2874 Master]

Masters — 2°749 (=1 + e)sMaster)/(—10 + 8¢)



239

Master1s — 227 (—(((=3 4 4e) Mastery)/((—1 + 26)(Q* + 5))))

Masteris — 2(1745)Masterz
Masteris — 2°749 (MasterS /(Q% + s) + ((—1 + 3¢)sMaster)/(—6 + 8¢))
Masteri7 — 2(2_46)((6 — 8¢)Master; — (—1+ 3¢)s(Q* + s)Mastery)/(2(—1+ 2¢)s) (7.7)

Canonical Differential Equations and Boundary Conditions for b + W* — t + b + b.

The canonical basis is defined as

My = (1 —2)* (2% G(ts,{2,0,1,0,0,0,2}) + G(ts, {2,0,2,0,0,0,1}))

M2 = G(t4,{2,0,1,0,0,0,2})

Ms =2%ex (1+y)*G(ts,{1,0,2,1,0,0,1})

Ms=2x(zx(1+y+2)*G(ts, {1,0,1,0,0,2,2})
+2%ex (14 y+ 2) * (G(ts, {1,0,1,0,0,1,2}) — G(t4,{1,0,2,0,0,1,1}))
+3xex(14+y+2)*G(ta,{1,0,2,0,0,1,1}))

Ms = 2% ex (1+y)*G(ts,{1,0,2,0,0,1,1})

Mg = € % (1 +y) * (G(ta, {1,0,1,0,0,1,2}) — G(ts4,{1,0,2,0,0,1,1}))

M7z =2xexyx*(1+y)*G(ts,{1,0,1,1,0,1,2})

Mg =2x (exy=*(1+vy)=*G(ts,{1,0,1,1,0,2,1})
+ (e % (1 +y) * (G(ta,{1,0,1,0,0,1,2}) — G(t4,{1,0,2,0,0,1,1})))/2
+ex (1+y)*G(ts,{1,0,2,0,0,1,1}) + 2« e (1 +y) * G(ts,{1,0,2,1,0,0,1})
+((1 = 2) % (G(t4,{2,0,1,0,0,0,2}) + G(t4,{2,0,2,0,0,0,1})))/4)

Mgy = 2% €% (14 y) % G(ta,{1,1,1,0,0,1,1})

Mo = 2% € % (14 1) = G(ts,{1,1,1,0,1,1,1}). (7.8)

Differential equations read in this basis (in the form of total differential)

dM; =e(—6M3dL(z) + My (—4dL(1 — z) + 2dL(z)))
dMs =e(—3M3dL(z) + My (—dL(1 — 2) + dL(2)))
dMs3 =e(2M2dL(y) + M3(2dL(y) — dL(1 + y) — 3dL(y + z)) + M1 (dL(1 — 2) — dL(y + 2)))
dMy =e(Ma(—6dL(1 + y) + 6dL(z) — 6dL(y + z)) + Ma(—2dL(1 + y) 4+ dL(z) — 2dL(y + z))
+ M, (2dL(1 + y) — 2dL(2) + dL(y + 2)) + M5 (3dL(1 + y) — 3dL(z) + 3dL(y + z))
+ Mg(6dL(1 + y) — 6dL(2) + 4dL(y + 2)))
dMs =e(Ms(2dL(y) — 4dL(1 4 y) — 3dL(2)) + M1 (dL(y) — 2dL(z))
+ Mg(2dL(y) — 4dL(1 + y) — 2dL(z))
+ Ms(—4dL(y) + 6dL(2)) + Ma(—dL(y) + dL(z) + dL(1 + y + 2)))
dMgs =€(3M5dL(1 + y) + M1dL(z) — 3M2dL(z)
+ Mg (4dL(1 + y) — 2dL(2)) — MadL(1 + y + 2))
dM7 =e(Mg(—2dL(1 + y) + 4dL(1 — 2) + 2dL(2) — 4dL(y + 2)) + Ms(2dL(1 + y) — 2dL(y + 2))
+ M7(2dL(y) — 2dL(1 — 2) — 2dL(y + 2)) + M5(—2dL(1 + y) + 4dL(1 — z) — 2dL(y + 2))
+ My (—dL(1 4 y) + 2dL(1 — 2) — dL(y + 2)) + Ma(—2dL(1 — 2) + 2dL(y + 2))
+ M3(—4dL(1 + y) + 2dL(1 — 2) + 2dL(y + 2)) + M2(—6dL(1 — 2) + 6dL(y + 2)))
dMs =e(M7(2dL(1 + y) — 2dL(y + 2)) + Ms(—dL(1 +y) + dL(y + 2))
+ M3(—2dL(1 + y) + 2dL(y + 2)) + Ma(—dL(y) + dL(1 + y + 2))
+ Mg(2dL(y) — 2dL(y + z) — 2dL(1 4 2y + 2)))
dMy =e(—M1dL(y) + 4M>dL(y) + M4dL(y) + Me¢(—2dL(y) — 2dL(1 — 2))
+ Mo (2dL(1 + y) — 2dL(1 — 2) — 2dL(y + 2)) + M5(—2dL(y) — 2dL(1 — 2) + dL(y + 2)))
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dMio =e(—2M10dL(1 + y) + M5(—2dL(1 — z) + 6dL(z) — 4dL(y + z))
+ Me(—2dL(1 — 2) + 6dL(z) — 4dL(y + 2)) + M1(—dL(1 — 2) + 2dL(z) — dL(y + 2))
+ Mo (—2dL(1 — 2) + 2dL(y + 2)) + M4(—2dL(2) + 2dL(y + z)) + M2(—6dL(z) + 6dL(y J(r z);)
7.9

Canonical Differential Equations and Boundary Conditions for b+ W* -t + g
at 1-loop.

The canonical basis is defined as

My, = Mastery (1 + y)e

My = Mastera (1 + y)e

_ 1

T (=14 2)z
+Masters (1 — 5e + 6€2) + Mastera(—(1 +y)e + 2(—1+ (5 + y)E)))]

M3 {Mastem(—l + 3¢ — 2¢%) + z(Master, (1 + y)ze

Masters (1 — z)(1 — 3¢ + 2¢2)
(=14 2)2z
Ms = Masters(1 + y)e>
_ y(=1+2¢)(Mastery — Masterse + Mastergz(—1 + 2¢))

My =

M,
’ (1422 +2)
My = Masters (1 — 5e + 6€2)
2(—1 + 2)
1
Mg = (1-=2)

S 2(=1+2)%2(y + 2)2(1 + y2)(1 + 2¢)
x [zMastmu + ) (1 — 3¢ +26%) (—y(—1 + 2)z + 2> (=1 + (=3 + 2)e) + ¥° (2 — € + 3z¢))
+ 2(1 4 2¢)(Masters(3y°z + y22 (8 + 2) + 22 (1 + 22) + y? (=1 + 62 + 42%))(1 — 5¢ + 6¢2)
+2(1 + y)(—2Mastergy(1 + y)z(1 — 2¢)?
+ (=14 2)%(y + 2)(Masters(1 + y)z(y + 2)(1 + 3¢)
—2e(Mastergz(—y> + z) + Masterio(y + 2z + yz)e))))]

1
T 1=+ )
+(+ 2)(2(1 + y)(—1+ z)e(Mastergz + Masterige) + Mastery(1 — 5e + 662)))]

My [Mastem(y — 2)(1 — 3e 4 2€2) + z(—2Mastergy(l — 2¢)>

Mo = 2Masterio(1 + y)e2

My, = Masteri1 (1 + y)%e?

(1 — 2)(—=((Masteri2(1 + 2)(1 — 26)2) /(=1 + 2)3) + (Masters (1 + z)(1 — 3¢ + 2¢?)
(=14 2)32(1 + 2)

Masteria(—1 — 2y + z) n Master1s(y — yz) n Master1z(1 — 36)} .

y—z yz — 22 z

M2 =

M13:(1+y)[

Masteri13(1 —3¢)  Masterisy(—1+ 2)(z + € + ye — 2z¢)

M14=(1+y)(1+y—z>e[

z+yz (1 +9y)2(y — 2)ze
Master14(z + € + 2ye — 3ze)  Mastery(—1 + 3¢ — 2€2)
ye + y2e — ze — yze (14+y)2(—1+ 2)ze

Masteriz3(1 4 z)(—1 4 3¢)  Masters (1 — 3e + 2€2)
(1+y)z (1+y)2ze
Master1sy(—1 4 2)(22(1 — 2¢) + (1 + y)e + 2(—2 + 5e + y(—1 + 3¢)))
+ 2
(1 +y)?(y — 2)ze

Mqis = (1+y)6|:
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+MasteT14(y(1 4+ 2)(—1+4e) — (=14 2)(e + 2(—1 + 3¢)))
(I +y)(y = 2)e
Mg = 2Masteri6(1 + y)e2
Mi7 = Master17(1+ y)(y + 2)e
Masterig(—1 + 2¢)
(I +y)(=1+ 2)e
2Master1sy?(—1 + z)z
I+ +e —22(0+6) —y?(=1+e+22(1+6) +yz(2(=1+€) + 23 +¢)))
n Master17(y® —yz +y22 — 22) (W2 (1 + )+ 2z(1 +€) —y(=2+ e+ 2(2 4 €)))
I+y)(=1+2)e(@®(1+e) —22(1+6) —y>(—1+e+22(1+€) +yz(2(-1+€) +2(3+¢)))
_ Mastersy(l —2¢)?(y2(1+€) +z(1+€) —y(—1+ e+ 2(3+¢))
A+ (14221 +e) —22(1+¢) —y>(-1+e+22(1+¢) +yz(2(-1+ ) + 23+ ¢)))
+ Mastery (1 — 3¢ + 2€%) x (
(=322(14€) +y*(B+€) 4+ 2yz(—4+3e+ 23+ €)) + y2(1 + 42(—2+ €) — 3e + 22(3 + ¢))
214+ y)3 (=14 2)ze2(y3(1+€) —22(1+€) —y?2(—14+ e+ 22(1 4+ €)) + yz(2(—1 4+ €) + 2(3 + €)))
N —2y°(3(—1 4 €) + z(4+ ¢))) )
2(1 4+ 9)3(—1+4+2)ze2(y3(1+€) — 22(L+€) —y2(—14+e+22(1 +€) + yz(2(—1 4+ €) + 2(3 + €)))
+ Masterig (

Mig = 2(1 4 y)(1 — 2)€? {

+

y4e(1 +e)+ 226(1 +€) — 2y36(71 + z+ €+ ze)
A+y)(-1+2)e(@®(Q+e) —22(1+e€) —y?(—1+e+22(1+€) +yz2(2(—1+€) + 2(3 +¢)))
N —2yze(—1+ z+ e+ ze) + y% (=1 4 €)(e + 4ze + 22 (4 + ¢)))
A+y)(—1+2)e(*(1+e) —22(1+e) —y?(—1+e+22(1+6)) +yz(2(—1+¢€) +2(3+¢)))
_ Masteriz(—1 + 3e)
21+ y)2(—1+2)ze2(y3(1+€) —22(1+¢€) —y2(—1+e+22(1 +€)) +yz(2(—1+€) + 2(3 +¢€)))
X {ys’e(l +€)+22(2432)e(1 +€) — yze(z + 4(—1 + €) + Bze + 222 (3 + €))

+2(2(—1+ e)e+ 422 (1 4+ €) + ze(3 4 €) — 2°e(3 + ¢))
—yle(de + 2(7+3¢)) + P (=5 + €)e + 2ze(—1 + 3¢) + 22(4 + 9 + 362))]
_ Masterisy
20+ y)3(y — 2)2e2(¥3 (1 +€) = 22(1+ €) —y? (=1 + e+ 22(1 +€)) + y2(2(=1+ €) + 2(3 + ¢)))
X {yee(l +€) — 22(1 4 €)(2(8 — 19¢) — 2¢ + 22(—3 + 6¢€)) + 4° (€ — 3¢® + (5 — 12¢ — 13¢2))

+y2(2(=1 + €)e + 22 (=17 + 5de — 23€%) + 2% (22 — 47 — 15€) + 2* (=3 + 5e + 2€2) + z(4 — 5¢ + 5¢2))
4+ yz(—4(—=1+ )e + 2(—12 + 37 — 27¢%) + 22° (=3 + 5e + 2¢7) + 27 (15 — 38¢ + 11€%))

+ 43 (e(=T 4 3€) + 22(13 — 226 — 15¢%) + z(19 — 44e + 21€%) + 2% (=26 + Tle + 23€?))

Tyt (—e(5 + 3¢) — 32(—6 + 13¢ + 3¢2) + 22(—11 + 28¢ + 2562))]

Masteryga
* 21+ y)%(y — 2)(—14+ 2)2(y3 (1 +€) —22(1 +¢) —y? (-1 + e+ 22(1 +¢€)) + y2(2(—1 + €) + 2(3 + ¢)))
x [—Qy"e(l +O) + (=14 2)22 (1 + €)(2e + 2(—3 + 9¢)) + y° (=3 + 2¢ + 13€> + 2(—5 + 20¢ + 17€2))

+ 3 (=1 +12¢ — 7€ + 2(—9 + 14e — 17€%) + 2% (11 — 64c + €2) + 2°(—9 + 34c + 19¢7))
—yz(—4(—1 4 €)e 4+ 2(—11 + 22 + €2) + 22° (=3 + 8¢ + 3¢) + 22 (9 — 24¢ + 23¢2))

—y*(2(3 — 12e + €%) 4 2(9 — 32¢ + 19€2) + 22(—7 + 44e + 31€?)) + y*(—2(—1 + €)e

+2%(3 — 8¢ — 3¢%) + 2% (=13 + 50€ + 11€2) + 2(3 — 22¢ + 15€2) + 22(7 — 32¢ + 3362))” + Mz
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Mg = Masterig(1l — 2¢)e
Masterag (1 — 5e 4 6€2)
2(—1+ 2)

M1 = 2Masteray (1 + y)e2
Mao = Masteras(1+ y)(y + 2)e

Mo =

Mas = 2(1 4 1)(1 ) 5 | Masters; Masteri2(1 — 26)2 Mastergy(1 — 26)2 Masterasz
= Y e 1—=z Q+y)(—1+2)3e2 (A4+y)(—1+2)2(y+ 2)e2 € — ze

Masters (1 — 3¢ + 2€2) n Masterao (1 — 5e + 6€2)
(=14 2)3(y + 2)¢? I+ ) (=1 +2)%€
May = Masteras (1 + )% (1 — 2)€? (7.10)

The canonical DE system reads then

dM; =(edL(y) — 2edL(1 + y) — 2edL(z)) M1 + (2edL(y) — 2edL(1 + y) — edL(z)) M2
+ (—edL(y) + edL(1 +y — z) + edL(2)) M3 + edL(2) M4
dMs = — etextdL(y) M1 + (—2edL(y) + 2edL(1 + y) — 3edL(z)) M2 + (edL(y) — edL(1 4+ y — 2z) + edL(z)) M3
dMs =(—edL(y) + edL(1 — z)) M7 + (—2edL(y) 4 3edL(1 4+ y) + 2edL(1 — z) — 3edL(z)) M2
+ (edL(y) — 2edL(1 + y) — 2edL(1 — 2) + edL(z)) M3 + (—edL(1 + y) + edL(z)) M4
dMy =(—2edL(1 — z) — edL(z)) My
dMs =(edL(y) + edL(1 — z) — edL(y + 2)) M1 + (2edL(y) — edL(y + 2)) M2 — edL(y)Ms
+ (2edL(1 4+ y) — 2edL(1 — 2z) — 2edL(y + 2)) M5 + edL(y) Ms
dMg =(edL(z) — edL(y + 2z)) M4 + (edL(y) — 2edL(1 — z) — 2edL(y + 2))Ms
dM7 =(—edL(1 + y) — 3edL(1 — z)) M7
dMg =(2edL(1 + y) — 2edL(1 — 2z) + edL(z)) M4 + (—2edL(y) + 4edL(1 + y) — 4edL(1 — 2) + 2edL(z)) Mg
+ (—3edL(1 + y) 4 3edL(1 — z) — 2edL(z)) M7 — 4edL(1 — z) Mg
+ (2edL(1 + y) + edL(z) — 2edL(y + z)) Mg — edL(z) Mo
dMgy =(edL(y) — edL(z)) M4 + (—edL(y) + edL(2)) M7 + (—edL(y) + 2edL(1 + y) — 2edL(1 — 2) + edL(z))Ms
+ (2edL(y) — 4edL(y + 2)) Mg + (edL(y) — edL(z))M1o
dMio =(—edL(y) 4+ edL(z)) M4 + (—2edL(y) + 2edL(z))Me + (edL(y) — edL(z)) M7 + (edL(y) + edL(z))Msg
+ (—2edL(y) + edL(z)) Mo 4+ (—edL(y) + 2edL(1 + y) — 2edL(z))Mio
dMy1 =(2edL(1 — 2z) — 3edL(z) + edL(y + 2)) M7 + (2edL(1 — z) — 3edL(z) + edL(y + 2)) M2
4 (—2edL(1 — 2) + 2edL(z)) M3 + (—edL(1 — 2) + edL(y + 2)) M4 + (—2edL(1 — z) + 2edL(y + 2)) M5
+ (—2edL(z) + 2edL(y + z)) Mg + (—3edL(1 — z) 4+ 3edL(z)) M7 + (—edL(1 — z) 4+ edL(z)) Mg
+ (—edL(z) + edL(y + 2)) Mo — 2edL(1 4 y) M1
dMi2 =(edL(1 — z) — edL(z)) M4 — 4edL(1 — z) M2
dMi3 =(—2edL(y) + 2edL(1 + y) — 3edL(z))M13 + (edL(y) — edL(1 + y — 2z) 4+ edL(2))M14 — edL(y) M5
dMy4 =(—edL(1 4+ y) + edL(z)) M4 + (—2edL(y) + 3edL(1 + y) + 2edL(1 — z) — 3edL(z))Mi3
+ (edL(y) — 2edL(1 + y) — 2edL(1 — 2) + edL(z))M14 + (—edL(y) + etextdL(1 — z)) M5
dMis =edL(z) M4 + (2edL(y) — 2edL(1 4+ y) — edL(2))Mi3 + (—edL(y) + edL(1 + y — 2z) 4+ edL(z)) Mi4
+ (edL(y) — 2edL(1 4 y) — 2edL(z))Mis
dM16 =(edL(y) + 2edL(1 — z) — edL(2))M13 + (3edL(y) — edL(z))Mi5
+ (—edL(y) + 2edL(1 + y) — 2edL(1 — z) — edL(z))M16 + (edL(y)
— edL(z)) M7 + edL(y)M1s — 2edL(y)Mig
dMi7 = — edL(2)My — 2edL(y) Ms + (—4edL(y) + 2edL(1 + y) — 2edL(1 — z) + 4edL(2)) M3
+ (2€dL(y) — 2edL(z))M14 + (—2edL(y) + 4edL(1 + y) — 4edL(1 — 2) + 2edL(2)) M5
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+ (2edL(1 + y) — 2edL(1 — 2) — 2edL(y + 2))Mi7
dMig = — 2edL(z) My + (—2edL(y) + 2edL(z)) Mg + 2edL(z) M12
+ (—4edL(y) + 2edL(1 + y) — 2edL(1 — 2z) + 4edL(z)) M3
+ (2edL(y) — 4edL(z)) M4 + (—2edL(y) + 4edL(1 + y)
— 4edL(1 — 2z) 4 2edL(z))Mi5 4+ (—2edL(1 — z) — edL(z))Mis
dMyg =edL(2)Mi2 + (—2edL(1 — z) — edL(z))Mig
dMazy =(edL(1 + y) + edL(1 — 2) — edL(z) — edL(y + z)) M4 + (2edL(z) — 2edL(y + z))Ms
+ (—2edL(1 — 2) + 2edL(z))M12 + (—edL(1 + y) + edL(z)) M13 + (2edL(1 + y) — 2edL(z))M14
+ (edL(1 4+ y) — edL(2))M15 + (—edL(1 — 2) + edL(y + 2))M1i7 + (edL(1 — 2)
— edL(z)) Mg — 2edL(1 — 2) Moy
dMzo =(—edL(1 + y) — 3edL(1 — z)) M2o
dMs>1 =edL(y) My — 2edL(z) Mg + (—2edL(y) — 2edL(z))Mi2 + (4dedL(y) + 2edL(z)) M2o
+ (—edL(y) + 2edL(1 + y) — 2edL(z)) M21 + (2edL(y) — edL(z))Maz + (edL(y) + edL(z))Ma3
dMz2 =(edL(y) + 2edL(1 — 2) — 2edL(y + 2)) M4 + (4edL(1 + y) + 2edL(2) — 4edL(y + 2)) Ms
+ (—2edL(y) + 4edL(1 + y) — 4edL(1 — 2z) 4+ 2edL(z))Mi2
+ (4edL(y) — 6edL(1 + y) + 6edL(1 — 2z) — 4edL(z)) M2o
+ (—edL(y) + edL(2))M21 + (2edL(y) — 4edL(y + z)) M2
+ (edL(y) — 2edL(1 4 y) + 2edL(1 — z) — edL(z))Mas

dMas = — 2edL(z)Mao — edL(z)M21 + (—2edL(1 4+ y) — edL(z) + 2edL(y + z)) Moo — 4edL(1 — z) Mas.
(7.11)

Canonical Differential Equations and Boundary Conditions for g+W* —
t+b+g.

We report in the following, for the all three topologies t{,t$ 1S, the systems
of differential equations in canonical form after remappings, and the expansions in
terms of soft masters, which determines the boundary conditions.

ME =(1-2)(2 G(t§,{2,0,1,0,0,0,2}) + G(t%, {2,0,2,0,0,0,1}))

M =G(t¢,{2,0,1,0,0,0,2})

ME =2 (y+ 1)eG(tF,{1,0,2,1,0,0,1})

ME =2(2¢(y + z + 1) (G(tT,{1,0,1,0,1,0,2}) — G(t§,{1,0,2,0,1,0,1}))
+3e(y+2z+1) G(tlc, {1,0,2,0,1,0,1}) + z(y + =z + l)G(t?, {1,0,1,0,2,0,2}))

ME =2(y+ 1)e G(¢t%,{1,0,2,0,1,0,1})

ME =(y + 1)e (G(t9,{1,0,1,0,1,0,2}) — G(¢%, {1,0,2,0,1,0,1}))

ME =2y(y + 1)e G(t%,{1,0,1,1,1,0,2})

1
M =2 (y(y +De Gt {1,0,1,1,2,0,1}) + S (y + e
(G(t§,{1,0,1,0,1,0,2}) — G(t§,{1,0,2,0,1,0,1})) + (y + 1)e
1
G(t%,{1,0,2,0,1,0,1}) + 2(y + 1)e G(t%,{1,0,2,1,0,0,1}) + 70-2)

(G, {2,0,1,0,0,0,2}) + G(¢7, {2,0,2,0,0,0,1})))
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ME =2(y+ 1)(1 — 2 )eG(tF,{1,0,1,1,0,1,1})

M$ =4(y + 1)é® G(t€,{1,0,1,0,1,1,1})

MSE =4(y + 1)2eG(t§,{1,0,1,0,2,1,1})

MG =—2 (y+1)eVAy? 4y + 22 — 22+ 1 G(tY,,{1,0,1,1,1,1,1})

MG =(y+ 1% @y +2+1) G, {1,1,1,1,1,1,1}) (7.12)

MS =(1 - 2)(2 G(t§,{2,1,0,0,0,0,2}) + G(t5,{2,2,0,0,0,0,1}))
MS =G(t5,{2,1,0,0,0,0,2})
MS =2 (y+ 1)eG(t5,{1,2,1,0,0,0,1})
MS =2(2¢(y 4+ z 4+ 1) (G(t5,{1,1,0,0,1,0,2}) — G(t5,{1,2,0,0,1,0,1}))
+3e(y+ 2z +1) G(t5,{1,2,0,0,1,0,1}) + z(y + z + 1G(t5,{1,1,0,0,2,0,2}))
MS =2(y + 1)e G(t5,{1,2,0,0,1,0,1})
MS =(y + 1)e (G(tS,{1,1,0,0,1,0,2}) — G(t5,{1,2,0,0,1,0,1}))
MS =2y(y + 1)e G(tS,{1,1,1,0,1,0,2})

1
ME =2 (y(y + 1)e G(t5,{1,1,1,0,2,0,1}) + 7w+ e (G(t§,{1,1,0,0,1,0,2})

— G(t5,{1,2,0,0,1,0,1})) + (y + e G(¢, {1,2,0,0,1,0,1}) + 2(y + 1)e
1

G(t§7 {1,2,1,0,0,0,1}) + Z(l —z)(2 G(tQG, {2,1,0,0,0,0,2}) + G(t§7 {2,2,0,0,0,0, 1})))
MS, =2(y + 1)e® G(t5,{1,1,1,0,0,1,1})
MS, =2(y + 1)zeG(tS,{1,1,1,0,0,2,1})
MSE =2(y +1) 2eG(t5,{1,1,1,0,0,1,2})
ME Ay + 1)e? /4y z + 22 + 2z + 1G(t§,{1,1,1,0,1,1,1})

25 —

1—=z2
Mg =2(y + 1) G(t5,{1,1,1,1,0,1,1}) (7.13)

MS =(1 — 2)(2 G(t§,{2,0,0,1,0,0,2}) + G(t5,{2,0,0,2,0,0,1}))

MS =a(t§,{2,0,0,1,0,0,2})

MS§, =4 (y + 1G5, {1,0,0,1,1,1,1})

MS =2(y + 1)ze G(t5,{1,0,0,1,1,2,1})

MS =2(y + 1)2(1 — 2)2G(§, {1,1,1,1,1,1,1}) (7.14)

Systems of differential equations in canonical form:

ot?

dM, =e (2M; (—2dL(c — 2d) + dL(c — d + 1) + dL(d + 1)) + 6 M (dL(c — d + 1) — dL(d + 1)))
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dMs =€ (M7 (dL(d + 1) — dL(c — 2d)) + 3M2(dL(c — d + 1) — dL(d + 1)))
dMs =e (M1 (dL(c — 2d) — dL(c + (d — 2)d) + dL(d — 1))
+2Mo(dL(c — 2d + 1) —dL(c — d + 1) — dL(d — 1))
—Ms(—2dL(c — 2d + 1) + dL(c — d) — 2dL(c — d + 1) + 3dL(c + (d — 2)d) — 2dL(d — 1) + dL(d)))
dMy =€ (M;(2dL(c — d) — dL(c — d + 1) + dL(c + (d — 2)d) — 3dL(d — 1) + 2dL(d) — 2dL(d + 1))
— 6Mz(dL(c — d) — dL(c — d + 1) + dL(c + (d — 2)d) — 2dL(d — 1) 4+ dL(d) — dL(d + 1))
+ M4 (—2dL(c — d) + 3dL(c — d + 1) — 2dL(c + (d — 2)d) + 4dL(d — 1) — 2dL(d) + dL(d + 1))
+ 3Mj5(dL(c — d) — dL(c — d + 1) + dL(c + (d — 2)d) — 2dL(d — 1) 4+ dL(d) — dL(d + 1))
+2Mg(3dL(c — d) — 2dL(c — d + 1) + 2dL(c + (d — 2)d) — 5dL(d — 1) + 3dL(d) — 3dL(d + 1)))
dMs =e (M (dL(c — 2d + 1) + dL(c — d 4+ 1) — dL(d — 1) — 2dL(d + 1))
— 2M5(2dL(c — 2d + 1) + dL(c — d 4+ 1) — 2dL(d — 1) — 3dL(d + 1))
+ My(—dL(c — 2d + 1) — dL(c — d + 1) + dL(ed — 1) + dL(d + 1))
+ M5(2dL(c — 2d 4+ 1) — 4dL(c — d) + 5dL(c — d 4+ 1) 4+ 2dL(d — 1) — 4dL(d) — 3dL(d + 1))
+2Mg(dL(c — 2d + 1) — 2dL(c — d) 4+ 2dL(c — d + 1) + dL(d — 1) — 2dL(d) — dL(d + 1)))
dMg =€ (M1 (dL(d + 1) — dL(c — d + 1)) + 3M2(dL(c — d + 1) — dL(d + 1))
+ My(dL(c —d + 1) — dL(ed — 1) + dL(d — 1))
+ 3Ms5(dL(c — d) — dL(c — d + 1) — dL(d — 1) + dL(d))
+2Mg(2dL(c — d) — dL(c — d + 1) — 2dL(d — 1) + 2dL(d) — dL(d + 1)))
dMy =€ (—M; (—2dL(c — 2d) 4+ dL(c — d) + dL(c + (d — 2)d) — 2dL(d — 1) + dL(d))
— 6M3(dL(c — 2d) — dL(c + (d — 2)d) + dL(d — 1))
+ 2M3(dL(c — 2d) — 2dL(c — d) 4+ dL(c + (d — 2)d) 4 dL(d — 1) — 2dL(d))
— 2My(dL(c — 2d) — dL(c + (d — 2)d) + dL(d — 1))
— 2M5(—2dL(c — 2d) 4+ dL(c — d) + dL(c + (d — 2)d) — 2dL(d — 1) + dL(d))
— 2Meg(—2dL(c — 2d) + dL(c — d) + 2dL(c + (d — 2)d) — 3dL(d — 1) + dL(d) — dL(d + 1))
+ 2M7(—dL(c — 2d) + dL(c — 2d + 1) + dL(c — d + 1) — dL(c + (d — 2)d))
+2Mjz(dL(c — d) — dL(c + (d — 2)d) + dL(d)))
dMg =e (—2M3(dL(c — d) — dL(c + (d — 2)d) + dL(d))
+ My (dL(ed — 1) — dL(c — 2d + 1)) — M5(dL(c — d) — dL(c + (d — 2)d) 4 dL(d))
+ 2M7(dL(c — d) — dL(c + (d — 2)d) + dL(d))
+2Mg(dL(c — 2d + 1) + dL(c — d + 1) — dL(ed 4 ¢ — 2d) — dL(c + (d — 2)d) + dL(d — 1)))
dMgy =€ (M;(—dL(c — d) + dL(d — 1) — dL(d) + dL(d + 1))
— 2M5(dL(c — 2d + 1) — 2dL(c — d) + dL(d — 1) — 2dL(d) + dL(d + 1))
+2M3(—dL(c — 2d + 1) + dL(d — 1) + dL(d + 1))
— My (dL(c — d) — 2dL(c — d 4 1) — dL(d — 1) + dL(d) + dL(d + 1)))
dMyo =e (M;(—dL(c — 2d 4+ 1) + dL(d — 1) 4+ dL(d + 1))
— Mio(dL(c — 2d + 1) — 2dL(c — d + 1) — dL(d — 1) + dL(d + 1))
+ M1 (—dL(c — 2d + 1) + dL(d — 1) + dL(d + 1))
+4Ms(dL(c — 2d + 1) — dL(d — 1) — dL(d + 1))
+ 2M5(dL(c — d) — dL(d — 1) + dL(d) — dL(d + 1))
—2Me(dL(c — 2d + 1) — 2dL(c — d) + dL(d — 1) — 2dL(d) 4+ dL(d + 1)))
dMy1 =€ (4M;(dL(c — 2d 4 1) — dL(c + (d — 2)d))
+ 2Mi1o(dL(c — 2d + 1) — dL(c + (d — 2)d))
+2Mi1(dL(c — 2d + 1) 4+ dL(c — d 4+ 1) — dL(c + (d — 2)d) — dL(d + 1))
+16M2(dL(c + (d — 2)d) — dL(c — 2d + 1)) + 2My(dL(cd — 1) — dL(c — 2d + 1))
+ 2M;5(2dL(c — 2d + 1) — 3dL(c — d) + dL(c + (d — 2)d) — 3dL(d))
+8Mg(dL(c — 2d 4 1) — dL(c — d) — dL(d)))
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dMys =¢ (72M12 (7dL (cd te— 2d2) +dL(c — d) — dL(c — d + 1) + dL(d) + dL(d + 1))
+ iMl(GdL(C —2d+1) — dL(c — d) — 7dL(d — ¢) + 2dL(d — 1) + 8dL(d) — 2dL(d + 1))
+ iMlo(zdL(c —2d+1) — dL(c — d) — 3dL(d — ¢) + 2dL(d — 1) + 4dL(d) — 2dL(d + 1))

+ iMll(QdL(c —2d+1) — dL(c — d) — 3dL(d — ¢) + 2dL(d — 1) + 4dL(d) — 2dL(d + 1))

— AMa(dL(c — 2d 4 1) — dL(d — ¢) + dL(d))
+ Ms(2dL(c — 2d + 1) — dL(c — d) — 3dL(d — ¢) + 2dL(d — 1) 4 4dL(d) — 2dL(d + 1))
- %M4(2dL(c —2d+1) +dL(c — d) — dL(d — ¢) — 2dL(d — 1) + 2dL(d + 1))
+ M5 (2dL(c — 2d + 1) + dL(c — d) — dL(d — ¢) — 2dL(d — 1) + 2dL(d + 1))
+ gMG(QdL(c —2d+ 1) +dL(c — d) — dL(d — ¢) — 2dL(d — 1) + 2dL(d + 1))
— 2M7(dL(c — 2d 4 1) — dL(d — ¢) + dL(d))
+ Mg(dL(c — d) + dL(d — ¢) — 2dL(d — 1) — 2dL(d) + 2dL(d + 1))
+%M9(dL(c —d) +dL(d — ¢) — 2dL(d — 1) — 2dL(d) + 2dL(d + 1)))
dMys =€ (2M (dL(c — d) — dL(c + (d — 2)d) + dL(d))
+ Mio(dL(c — d) — dL(c + (d — 2)d) + dL(d))
+ My (dL(c — d) — dL(c + (d — 2)d) + dL(d))
+ Mi2(dL(c — d) + dL(d — ¢) — 2dL(d — 1) — 2dL(d) + 2dL(d + 1))
+ 2M;5(dL(c — d+ 1) — dL(cd + ¢ — 2d) + dL(d — 1))
— 8M(dL(c — d) — dL(c + (d — 2)d) + dL(d))
+ 2Ms(dL(c — d) — dL(c + (d — 2)d) + dL(d))
— 2M7(dL(c — d) — dL(c + (d — 2)d) + dL(d))
—2Mg(—dL(c + (d — 2)d) + dL(d — 1) + dL(d + 1))) (7.15)

otg

dMis =€ (2M14(—2dL(b — 2a) + dL(b — a) + dL(a)) — 6Mi5(dL(a) — dL(b — a)))
dMy5 =€ (M14(dL(a) - dL(b - 20.)) - 3M15(dL(a) - dL(b - a)))

dMyg =e (M14 (dL(b —2a)—dL ((a L%+ a))
~ M (3dL ((a L% 4 a) — 2dL(b — a) + dL(a(b — 1) + b) — 2dL(a + 1) — 4dL(b) + dL(b + 1))
+2M;5(—dL(b — a) + dL(a + 1) + 2dL(b)))
dMy7 =e (7M14 (7dL ((a T8 4 a) +dL(b — a) — 2dL(a(b — 1) + b) + 2dL(a) — 2dL(b + 1))
— 6Mis (dL ((a b 4 a) — dL(b — a) + dL(a(b — 1) + b) — dL(a) + dL(b + 1))
+ Mz (—QdL ((a +1)6% + a) + 3dL(b — a) — 2dL(a(b — 1) + b) + dL(a) — 2dL(b + 1))
4+ 3Mis (dL ((a +1)62 + a) —dL(b — a) + dL(a(b — 1) + b) — dL(a) + dL(b + 1))
—2Mig (—QdL ((a + 6%+ a) + 2dL(b — a) — 3dL(a(b — 1) + b) + 3dL(a) — 3dL(b + 1)))
dMys =e (My4(dL(b — a) — 2dL(a) + dL(a + 1) + 2dL(b))
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+ 2M;5(—dL(b — a) + 3dL(a) — 2dL(a + 1) — 4dL(b))

+ My7(—dL(b — a) 4+ dL(ab+ b+ 1) + dL(a) — dL(a + 1) — dL(b))

— Mys(—5dL(b — a) + 4dL(a(b — 1) + b) + 3dL(a) — 2dL(a + 1) — 4dL(b) + 4dL(b + 1))

+2M16(2(dL(b — a) — dL(a(b — 1) + b) + dL(b) — dL(b + 1)) — dL(a) + dL(a + 1)))
dMye =e (M14(dL(a) — dL(b — a)) — 3My5(dL(a) — dL(b — a))

— My7(—dL(b — a) + dL(ab + b+ 1) + dL(b))

+ 3Mis(—dL(b — a) + dL(a(b — 1) + b) + dL(b + 1))

—2My(dL(b — a) — 2dL(a(b — 1) + b) + dL(a) — 2dL(b + 1)))

dMzo =¢ (—Mua (dL ((a+ 1)b” +a) = 2dL(b — 2a) + dL(a(b — 1) + b) + dL(b + 1))
— 6Mis (dL(b —2a) —dL ((a + 6%+ a))

(dL ((a +1)62 + a) 4 dL(b — 2a) — 2dL(a(b — 1) + b) — 2dL(b + 1))

— 2My (dL(b —2a) —dL ((a 1% 4 a))

—2Mis (dL ((a 1% 4 a) — 2dL(b — 2a) + dL(a(b — 1) + b) + dL(b + 1))

+2Mie (72dL ((a + 16 + a) +2dL(b — 2a) — dL(a(b — 1) + b) + dL(a) — dL(b + 1))
(7dL ((a +1)0% 4 a) — dL(b — 2a) + dL(b — a) + dL(a + 1) + 2dL(b))
+2Ma1 (—dL ((a+1)6* +a) + dL(a(b — 1) + b) +dL(b + 1)) )

dMa;y =¢ (—zM16 (—dL ((a +1)6% + a) +dL(a(b— 1) +b) + dL(b + 1))
— Mis (—dL ((a +1)0% + a) +dL(a(b — 1) + b) + dL(b + 1))
+ 2Mao (—dL ((a +1)b% + a) + dL(a(b — 1) 4+ b) + dL(b + 1))
4+ 2Ma (—dL ((a +1)6% + a) 4+ dL(b — a) — dL(2(a + 1)b 4+ 1) + dL(a + 1) + dL(b))

—Mi7(—dL(ab + b+ 1) + dL(a + 1) 4 dL(b)))

dMas =¢ (M15(—dL(b — a) + dL(a + 1) + 2dL(b))
+ 2M16(—dL(b — a) + dL(a + 1) + 2dL(b))
— 2Mya(—dL(a(b — 1) + b) + dL(a + 1) + 2dL(b) — dL(b + 1))
+ Ma3(—2dL(b — a) 4+ dL(a) + dL(a + 1) 4 2dL(b))
+M24(dL(b — a) + dL(a) — 2dL(a + 1) — 4dL(b)))

M3y = (M (dL ((a+ )6 + @) — dL(b — 2a))
— Mg (—dL ((a + 1)b” + a) + dL(b — 2a) — dL(b - a) + dL(a + 1) + 2dL(b) )
+ 2Mas (—dL ((a +1)b% + a) — 2dL(b — 2a) + 2dL(b — a) + dL(a + 1) + 2dL(b))
+2May (7dL ((a + 16 + a) — dL(b — a) + dL(a(b — 1) + b) + dL(a + 1) + 2dL(b) + dL(b + 1))

— 3My5(—dL(b — a) + dL(a + 1) + 2dL(b))
— Ma3(4dL(b — 2a) — 6dL(b — a) + dL(a) + dL(a + 1) + 2dL(b)))

dMas =€ (—zM16 (—dL ((a +1)0% + a) + dL(b — 2a) — dL(b — a) + dL(a + 1) + 2dL(b))
4 2Mas (—QdL ((a + 162 + a) — dL(b — 2a) + dL(b — a) + 2dL(a + 1) + 4dL(b))
— Moy (4dL ((a + 6%+ a) — dL(b — a) + dL(a) — 4dL(a + 1) — de(b))
—2Ma3(dL(b — 2a) — dL(b — a) — dL(a(b — 1) + b) + dL(a + 1) + 2dL(b) — dL(b + 1)))
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dMas =¢ (2M14(—dL(a(b — 1) + b) + dL(a) + dL(b + 1))
+ 8Mis(—dL(a(b — 1) +b) + dL(a + 1) + dL(b + 1))
+2Mis(—dL(a(b — 1) + b) + dL(a) + dL(b + 1))

3

— 4Mo(—

dL(a(b — 1) 4 b) + dL(a) 4 dL(b 4 1))

— M2 (~dL(a(b — 1) +b) + dL(a + 1) + dL(b + 1))

— 4M22(7

2dL(a(b — 1) + b) 4+ dL(a) + dL(a 4 1) + 2dL(b + 1))

+ 2M23(2dL(a(b — 1) + b) — 3dL(a) + dL(a + 1) — 2dL(b + 1))

— 4May(—dL(a(b — 1) 4+ b) + dL(a + 1) + dL(b + 1))

+ 2Mo5(dL(b — a) — dL(a(b — 1) 4+ b) — dL(a) + dL(2a + 1) + dL(b) — dL(b + 1))
—6M;15(dL(a) — dL(a + 1)) — 2M17(dL(a) — dL(a + 1)))

dMag =€ (M14 (dL ((a 1%+ a) —dL(b — 2a))

— 2Mye (dL(b — 2a) — dL ((a + 162 + a))

— 2M24 dL(a)

(

— 2Mas (dL(b —24) —dL ((a + 162 + a))
( —dL((a+1)b +a))
d

+2Ma3(dL(a) — dL(b — 2a)) — 2Mag(—dL(b — a) 4+ dL(a(b — 1) + b) 4+ dL(b + 1)))

dMa7 =¢ (M27(2dL(z) — 4dL(1 — 2)) — 6MasdL(2))
dMQS =€ (M27(dL(Z)
dMag =€ (Ma7dL(z) — 4MasdL(z) —

dMso =€ (Ma7(dL(z) — 2dL(1 — 2z)) + Ma2g(8dL(1 — z) — 3dL(z))
—Mso9dL(1 — 2z) + M3o(—2dL(1 — z) — 2dL(2)))
dMs1 =€ (Ma7(3dL(z) — 3dL(1 — z)) + Ma2s(8dL(1 — z) — 8dL(z))

(7.16)
— dL(1 — 2)) — 3M2sdL(z))
MzgdL(Z) -+ 2M30dL(Z))
+Mag(dL(2) — dL(1 — 2)) + M30(2dL(2) — 2dL(1 — 2)) — 2M31dL(1 — 2))  (7.17)

Soft limit:
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Master5 — Z

Masterg — 2~
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Master? — Z

4 Master

1c Master] (4e — 3)
s

i (7

Mastery (4e — 3) )
(2= 1) (Q% +5)
1€ Masters

_4c Master] (4e — 3)

S

4e
MasteT1

de (7 Mastery (4e — 3))
(2¢ = 1) (Q* + )
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(2¢ = 1) (Q2 + s)
Masterﬁ) — 227 Master]
_o_4c Master] (4e — 3)

Masterlc1 — z
S

92— 4e Mastery (4e — 3))
> (e ST e
Sl Mastery (2¢ — 1)(4e — 3)

G
Masterq,

MasterlG3 —

€2 (Q2 + 5)2

G . _3—4
Mastery, —Master;z> *P

Masters (4e — 3)z2 4¢P
S
Masters (4e — 3)z2 4¢P
O (2e—1)(Q2+59)

G ,_3-4
Mastery; — — Master;z° P

Masters (4e — 3)z2~4°p
S

s _3—4e
Master% %Masterfz‘s °p

Masters (4e — 3)z2 4¢P
@c—1)(Q% +9)
2Mastery (4e — 3)zl—4er
5(Q? + )

1—4ep

G
Master y —

G
Master g —

Masterf’; —

G
Mastery, —

Masterzc1 —

Master;;2 %Masterz z

5 (4e — 1)z~ 4eP (Masters (7862 + 10e — 3) + Master; se? (Q2 +s))

G
Masterys 35262 (QF 4 5)

el
Mastery,

. (4e — 1)z27%P (Master; (8¢ — 10e + 3) + 2Masterjse” (Q* + s))

3s2€2 (Q2 + s)

s-1—4
Master;;5 - — Masteriz °p

e}
Masteryg

5 (4e — 1)z~ 4eP (2Masters (862 —10e + 3) + Master; se? (Q2 +5))

3s€3 (Q2 + 5)2

G s _3-4
Masterg, —Master;z°~ *°P

Master; (4e — 3)z27 4P
s
Master; (4e — 3)z%~4eP
s(2¢ — 1)
Masters (2¢ — 1)(4e — 3)z' 4¢P

s2e

Maste7"2G8 —

G
Masteryg — —

G
Mastergy, — —
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(7.18)

(7.19)
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Master§ (2¢ — 1) (3262 — 32¢ 4 6) 24P~ 1
5%€3 (Q? + s)

Master:?l — (7.20)

Canonical Differential Equations and Boundary Conditions for g+W* —
t+b at 1-loop.

10 _ (1= 20(e= DG({1,1,0,0,0,0,1})

L (1—-2)z

¢ _y(1l—2¢G({1,2,0,1,0,0,1})
My =

1—=z
_ (d—3)G(1,{1,1,0,0,0,1,1})  (d—2)G(1,{1,1,0,0,0,0,1})

o (1-2¢) ( mt2 —s 2mt2 (mt2 —s) )

M3y =

1—z
Mf =2(2¢(y + z + 1)(G({1,0,1,0,1,0,2}) — G({1,0,2,0,1,0,1})) + 3e(y + z + 1)G({1,0,2,0,1,0,1})
+z(y + 2+ 1)G({1,0,1,0,2,0,2}))
1
=2(z —1)22(2¢e +1)(y + 2)2(yz + 1

x [(1 —2) (Q(y +1) (252 ~3e+ 1) (y2(3ze tr—e)—y(z— 1)z + 22((z — 3)e — 1)) G(1,{1,1,0,0,0,0,1})

MG

5

)><

+22e+ 1) (2 + 1) (= D*(y+2) (v + V2B + Dy + 2)G(1, {1,1,0,1,2,0,1})
—2¢ (z (z . y2) G(1,{1,2,0,1,1,0,1}) + e(yz + y + 22)G(1, {1,1,0,1, 1,0, 1})))
~2y(y +1)=(1 - 20°G(1,{1,1,0,1,0,0,1}))

T (662 ~Be+t 1) (3y32 + 42 (422 16z — 1) T y22(z+8) + 22(22 + 1)) G(1,{1,0,0,1,1,0, 1})))}

G _ 1
¢ (z-Dzly+2)
+2((y +2) 2y + D(z — e(2G(1,{1,2,0,1,1,0,1}) + G(1,{1,1,0,1,1,0,1}))

+ (652 ~5e+ 1) G(1,{1,0,0,1,1,0, 1}))

x [(262 —3e+ 1) (y — 2)G(1,{1,1,0,0,0,0,1})

Mf =2(y +1)e’G(1,{1,1,0,1,1,0,1}) (7.21)

o _ (1 —2€¢)(e —1)G(2,{1,0,0,0,1,1,0})
Mg =
(1—-2)z
¢ _ (1 —2€)(e —1)G(2,{1,0,0,0,0,1,1})
M§ =
(1—-2)z
e _y(1—-20G(2,{1,0,1,0,2,1,0})
My, = 1
—z
1
ME =——
-1z x

X [z((z((y +5)e—1) — (y + 1)e)G(2,{1,1,0,0,2,1,0}) + (y + 1)zeG(2,{1,2,0,0,1,1,0})
+ (652 — e+ 1) G(2,{1,1,0,0,1,1, o}))

+ (—262 +3e— 1) G(2,{1,0,0,0,1,1, 0})]
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MS =(y + 1)eG(2,{1,2,0,0,1,1,0})
MS =(y + 1)eG(2,{1,1,0,0,2,1,0})
ME —(1— 2¢) ((1 - ze)G(Z(,l{i, (2))21 0,0,1,1}) (1 — e)G(z,(ioz,)g, 0,1, 1,0}))
MG =2(y + 1)G(2,{1,1,1,0,1,1,0})
_(y+ 11 —26)eG(2,{1,0,1,0,1,1,1})
1—=z
MSE, =4(y + 1)zeG(2,{1,1,0,0,1,2,1})
MG, =4(y + 1)’ G(2, {1,1,0,0,1,1,1})
MG =2(y + 1)(1 — 2)2G(2,{1,1,1,1,1,1,1}) (7.22)

G
Mg

¢ _(1—-26)(e-1)G(3,{1,0,0,0,0,1,1})
My, =
(1—-2)z
o _(1—36)(1—2¢)G(3,{1,0,1,0,1,0,1})
My =
z—1
o y(l—26)G(3,{1,0,1,0,0,2,1})
My, = 1
—z
1
G
Mys

“Ge-n:”
X [z ((z((y 4+ 5)e — 1) — (y + 1)e)G(3,{1,1,0,0,0,2,1}) + (y + 1)2¢G(3,{1,2,0,0,0,1,1})
+ (662 ~Be+t 1) G(3,{1,1,0,0,0,1, 1}))
+ (—262 4+ 3e— 1) G(3,{1,0,0,0,0,1, 1})]

MS, =(y + 1)eG(3,{1,1,0,0,0,2,1})

ME =(y + 1)eG(3,{1,2,0,0,0,1,1})

el 1

Mas = e =12+ Dy + 22 gz + 1)
x [(1 —2) (z(y 1) (262 ~3e 4 1) (y2(3ze bz —ylz—1)z+22((z — 3)e — 1)) G(3,{1,0,0,0,0,1,1})
T 2(2e+1) (2(y +1) ((z ~ 12y + 2) (g + D)z(3e + )(y + 2)G(3,{1,1,0,1,2,0,1})
—2¢ (z (z - y2) G(3,{1,2,0,1,1,0,1}) + e(yz + y + 22)G(3,{1,1,0,1, 1,0, 1})))
—2y(y + Dz(1 — 2¢)2G(3, {1,0,1,0,0, 1, 1}))
+ (652 ~5e+ 1) (3y3z 147 (4z2 4+ 62— 1) Ly (2 +8) + 22(22 + 1)) G(3,{1,0,1,0,1,0, 1})))]

G 1
M27

TG-Day+2)
x [(262 —3e+ 1) (y — 2)G(3,{1,0,0,0,0,1,1})
T2 ((y+2) 2+ 1) (= — De(2G(3,{1,2,0,1,1,0,1}) + €G(3,{1,1,0,1,1,0,1}))
+ (662 — Be+ 1) G(3,{1,0,1,0,1,0, 1}))
—2y(1 72@%(3,{1,0,1,0,0,1,1}))]

Mg, =2(y + 1)€°G(3,{1,1,0,1,1,0,1})
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Mgy =(y +1)€’G(3,{1,1,1,0,0,1,1})
Mgy =2(y + 1)?*G(3,{1,1,1,0,1,1,1}) (7.23)

c ((@1—-2¢)(e—1)G(4,{1,1,0,0,0,0,1})
Mgz =
(1—-2)z
¢ _(W+1)(QA —e€eG(4,{1,1,1,0,0,0,1})
Mg = .
o (1 —-3e)(1-2¢)G(4,{1,0,0,1,1,0,1})
Mgz =
z—1
e _(1—20G(4,{1,2,0,0,0,1,1})
Mgy = 1
—z
¢ _y(1—2¢)G(4,{1,2,0,1,0,0,1})
Mgz = 1_2

MS; =y(y +1)eG(4,{1,2,1,1,0,0,1})
M$ =(y + 1)eG(4,{1,2,1,0,0,1,1})

MS, =(y + 1)(1 — 2€)eG(4,{1,0,1,1,1,0,1})
1

G _

Mag T2(z—1)22(2¢ + 1) (y + 2)2(yz + 1) x
x [(1 —2) (z(y +1) (252 ~3e+ 1) (y2(3ze tr—e)—y(z— 1)z + 22((z — 3)e — 1)) G(4,{1,1,0,0,0,0,1})
+2(2¢+1) (20 + 1) (= = D’ +2) (0 + D=(Be + Dy + )G(1,{1,1,0,1,2,0,1})
— 2 (z (z - yz) G(1,{1,2,0,1,1,0,1}) + e(yz + y + 22)G(1, {1,1,0,1, 1,0, 1})))
—2y(y + Dz(1 — 2)°G(4, {1,1,1,0,0,0, 1}))
T (652 ~Be 4t 1) (3y3z +42 (4z2 +62— 1) Ly2(z+8) +22(22 + 1)) G(4,1{1,1,0,0,0,1, 1})))]

e 1
M40

TGyt
x [(262 —3e+ 1) (y — 2)G(4,{1,1,0,0,0,0,1})
+2((y+2) 2y + 1)(z — De(2G(1,{1,2,0,1,1,0,1}) + eG(1,{1,1,0,1,1,0,1}))
+ (652 ~5e+ 1) G(4,{1,1,0,0,0,1, 1}))
—2y(1 — 2¢)2G(4, {1,1,1,0,0, 0,1}))]
M§ =2(y 4+ 1)e°G(1,{1,1,0,1,1,0,1})
MS, =(y + 1)*Vayz + 22 + 2z + 1G(4, {1,1,1,1,1,0,1})

Mg =2(y +1)°(1 - 2)*G(4,{1,1,1,1,1,1,1}) (7.24)

¢ _(1—2¢)(e=1)G(5,{1,0,0,0,1,1,0})
My, =
(1—-2)z
ME =(1 —2¢)(e — 1)(?(? {)1,0, 0,0,0,1,1})

¢ _(y+1)(1 —€eG(5{1,0,0,1,1,1,0})
Mys =

z
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o 1

T (z—-1)z x
X [z((z((y +5)e—1) — (y + 1)e)G(5,{1,1,0,0,2,1,0}) + (y + 1)zeG(5,{1,2,0,0,1,1,0})
+ (662 — e+ 1) G(5,{1,1,0,0, 1, 1,0}))

G
My

+ (—262 4+ 3e— 1) G(5,{1,0,0,0, 1, 1,0})]
Mg, =(y + 1)eG(5,{1,2,0,0,1,1,0})
Mg =(y + 1)eG(5,{1,1,0,0,2,1,0})

e _y(—2¢G(5{1,0,1,0,2,1,0})
Mg, =
1—=z
ME = (y+1)(1 —€)eG(5,{1,0,0,1,0,1,1})
51 —
z
¢ (1-20G(5,{1,0,1,0,0,1,2})
Mg, =

1—=z

M, =y(y + 1)eG(5,{1,0,1,1,1,1,0})
ME =2(y + 1)2G(5,{1,1,1,0,1,1,0})
ME =(y + 1)eG(5,{1,0,1,1,0,1,2})
ME, =4(y + 1)zeG(5,{1,1,0,0,1,2,1})

5

MS, =4(y + 1)°G(5,{1,1,0,0,1,1,1})

6 W+ DA —2)eG(5,{1,0,1,0,1,1,1})
58 — 1— 2
M =2(y + 1)?€G(5,{1,0,1,1,1,1,1}) (7.25)

dMy =M;(—2edL(1 — z) — edL(z))
dMs =M (edL(y + z) — edL(2)) + M2 (—2edL(y + z) 4+ edL(y) — 2edL(1 — 2))
dMsz =M (edL(z) — edL(1 — z)) — 4M3zedL(1 — 2)
dMy =My (—edL(y + 1) — 3edL(1 — 2))
dMs =M; (—2edL(y + 1) + 2edL(1 — 2z) — edL(z)) + M2(—2edL(y) + 4edL(y + 1) — 4edL(1 — 2) + 2edL(z))
+ M4 (3edL(y + 1) — 3edL(1 — 2) + 2edL(z)) — 4M5edL(1 — 2)
+ Mg (2edL(y + z) — 2edL(y + 1) — edL(z)) + MredL(z)
dMg =M (edL(y) — edL(z)) + M4 (edL(z) — edL(y))
+ M5 (edL(y) — 2edL(y + 1) + 2edL(1 — 2) — edL(2))
+ Mg (2edL(y) — 4edL(y + z)) + M7 (edL(y) — edL(z))
dM7 =M; (edL(z) — edL(y)) + M2(2edL(y) — 2edL(z)) + M4(edL(y) — edL(z))
+ Ms(—edL(y) — edL(z)) + Mg(edL(z) — 2edL(y)) + M7(—edL(y) + 2edL(y + 1) — 2edL(2))
(7.26)

dMg =Mg(—2edL(1 — z) — edL(z))
dMg =My(—2edL(1 — z) — edL(z2))
dMio =Mio(—2edL(y + z) + edL(y) — 2edL(1 — 2z)) + Mg (edL(y + z) — edL(z))
dMy1 =M1 (edL(y) — 2edL(y + 1) — 2edL(1 — z) + edL(z))
+ Mz (edL(1 — z) — edL(y)) + M13(—2edL(y) 4 3edL(y + 1) + 2edL(1 — z) — 3edL(z))
+ Mg (edL(z) — edL(y + 1))
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dMy2 =M11(edL(y — z + 1) — edL(y) + edL(z)) + Mi2(edL(y) — 2edL(y + 1) — 2edL(z))
+ Mi3(2edL(y) — 2edL(y + 1) — edL(z)) + MgedL(z)
dMy3 =M11(—edL(y — z + 1) 4+ edL(y) + edL(z)) — Mi2edL(y) + M13(—2edL(y) + 2edL(y + 1) — 3edL(z))
dMys = — AMy4edL(1 — z) — MgedL(1 — z)
dMis = — 2M0edL(y) — 2M11edL(y) + M1i2(—2edL(y + z) + 2edL(y) + 2edL(1 — 2))
+ Mi3(4edL(y) — 2edL(y + 2)) + M15(—2edL(y + z) + 2edL(y + 1) — 2edL(1 — 2))
dMyg =Mio(edL(y) — edL(z)) + MisedL(z) + Mi(—2edL(1 — z) — edL(z)) + MgedL(z)
dMi7 =4Mi1edL(y — = + 1) + Mia(4edL(1 — 2) — 4edL(y + 1)) — 8M1zedL(y + 1)
+ My7(—2edL(1 — 2) — 2edL(z)) — 2M1gedL(1 — z) + 2MgedL(z)
dM g = — 2My2edL(z) + M13(4edL(y + 1) — 2edL(z)) + Mi7edL(z) — MigedL(z)
dMi9 =Mio(4edL(y + z) — 4edL(z)) + M11(4edL(y + 1) — 4edL(z))
+ Mi2(—2edL(y + z) + 2edL(y + 1) — 4edL(1 — 2) 4 4edL(z))
+ Mi3(—2edL(y + z) — 2edL(y + 1) + 4edL(z)) + M14(4edL(z) — 4edL(1 — 2))
+ Mi5(2edL(1 — z) — 2edL(y + 2)) + Mi6(4edL(1 — 2z) — 4edL(z))
+ Mi7(edL(1 — z) — edL(z)) + Mig(edL(1 — 2z) — edL(z)) — 2M9edL(1 — 2)
+ Mg(—2edL(y + z) + 2edL(y + 1) — 2edL(1 — z) + 2edL(z)) (7.27)

dMazo =Mzo(—2edL(1 — z) — edL(z))
dMszy =May (—edL(y + 1) — 3edL(1 — 2))
dMay =Moo (edL(y 4 2) — edL(2)) + Maa(—2edL(y + z) + edL(y) — 2edL(1 — z2))
dMa3 =Moo (edL(z) — edL(y + 1)) + Ma3(edL(y) — 2edL(y + 1) — 2edL(1 — z) + edL(z))
+ Maa(—2edL(y) + 3edL(y + 1) + 2edL(1 — z) — 3edL(2)) + Mas(edL(1 — z) — edL(y))
dMay =Ma3(—edL(y — z + 1) 4+ edL(y) + edL(z)) + Mas(—2edL(y) + 2edL(y + 1) — 3edL(z)) — MasedL(y)
dMas =MspedL(z) + Mag(edL(y — 2 + 1) — edL(y) + edL(z)) + M24(2edL(y) — 2edL(y + 1) — edL(z))
+ Mss(edL(y) — 2edL(y + 1) — 2edL(z))
dMag =Mao(—4edL(y + 1) + 4edL(1 — 2z) — 2edL(z)) + M21(3edL(y + 1) — 3edL(1 — 2) + 2edL(z))
+ Mao(—4edL(y) + 8edL(y + 1) — 8edL(1 — 2) + 4edL(z)) — 4MasedL(1 — z)
+ Ma7(2edL(y + z) — 2edL(y + 1) — edL(z)) + MagedL(z)
dMa7 =Mao(2edL(y) — 2edL(z)) + Ma21(edL(z) — edL(y))
+ M3g(edL(y) — 2edL(y + 1) 4 2edL(1 — z) — edL(z))
+ Ms7(2edL(y) — 4edL(y + 2)) + Mag(edL(y) — edL(z))
dMag =Moo (2edL(z) — 2edL(y)) + Ma21(edL(y) — edL(z))
+ Moo (4edL(y) — 4edL(z)) + Mag(—edL(y) — edL(z))
+ Ma7(edL(z) — 2edL(y)) + Mag(—edL(y) + 2edL(y + 1) — 2edL(z))
dMag = — MagedL(y) — MagzedL(y) + Ma4(2edL(y) — edL(y + z)) + Mas(—edL(y + 2) + edL(y) + edL(1 — 2))
+ Mag(—2edL(y + 2) + 2edL(y + 1) — 2edL(1 — 2))
dMs3o =Mao(2edL(y + z) — 2edL(1 — 2)) + Ma1(3edL(z) — 3edL(1 — 2))
+ Mo (4edL(z) — 4edL(y + 2)) + Magz(4edL(z) — 4edL(1 — 2))
+ M4 (2edL(y + z) + 4edL(1 — z) — 6edL(z)) + Ma5(2edL(y + z) + 4edL(1 — z) — 6edL(2))
+ Mg (edL(1 — z) — edL(z)) + Ma7(edL(y + z) — edL(z))
+ Mg (4edL(y 4 z) — 4edL(1 — z)) — 2M3pedL(y + 1) (7.28)

dMs; = — Mse(—3dL(a — b) + 2dL(2a — b) + dL(a))
dMsy =Msye(dL(a — b) — dL(a)) — 2Msz¢(dL(a) — dL(a — b))
dMss =Msge(4dL(a — b) — 3dL(2a — b) — dL(a(b — 1) + b) — dL(b + 1))
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dMs4 =Ms1e(dL(a) — dL(2a — b)) + 4Mz4e(dL(a — b) — dL(2a — b))
dM3s =Maze (dL ((a+ )b +a) - dL(a))

+ Mage (=2 (dL ((a + 1)b” + a) + dL(2a — b) = dL(b) ) + 3dL(a = b) + dL(a + 1))
dMzs =Msze (dL(a) —dL ((a +1)0% + a))

4 Mage (2 (—dL ((a +1)6% + a) +dL(a — b) + dL(b)) — dL(a) + dL(a + 1))
+ Msse(dL(a) — dL(a — b))
dMs7 =Msze(dL(2a — b) — dL(a)) + Msse(dL(a) — dL(a — b)) — Msre(—3dL(a — b) + 2dL(2a — b) + dL(a))
dMss =Msze(dL(a — b) — dL(a)) — Mase(—2dL(a — b) 4+ dL(a(b — 1) + b) + dL(a) + dL(b + 1))
dMse = — Maoe (2 (—dL ((a + 162 + a) 4+ dL(a(b— 1) +b) + dL(b + 1)) —dL(a —b) + dL(a))
— 2Mse(—dL(a — b) + 2(—dL(2a — b) + dL(a(b — 1) + b) + dL(b + 1)) + dL(a))
+ Mssze(—2dL(a — b) + 3(—dL(2a — b) + dL(a(b — 1) + b) + dL(b + 1)) + 2dL(a))
+ 4Ms5e(—2(dL(2a — b) — dL(a(b — 1) + b) + dL(b) — dL(b + 1)) + dL(a) — dL(a + 1))
4 4Msge(dL(a — b) — dL(2a — b)) + Mare(dL(a) — dL(a — b))
dMao =2Mipe (—zdL ((a +1)0% + a) +dL(a — b) + dL(a + 1) + 2dL(b))
+ 2M31e(—dL(a) + dL(a + 1) + 2dL(b)) + Maze(dL(a) — dL(a + 1) — 2dL(b))
— Msge(—2(dL(2a — b) — dL(a(b — 1) + b) + dL(b) — dL(b + 1)) + dL(a) — dL(a + 1))
4 Mire(—dL(a) + dL(a + 1) + 2dL(b))
dMy; =2Ms3;e(dL(a) — dL(a + 1) — 2dL(b)) + Maze(—dL(a) + dL(a + 1) + 2dL(b))
4 4Msse(—dL(a) + dL(a + 1) + 2dL(b)) — Msoe(—2dL(a — b) + dL(a) + dL(a + 1)
+ 2dL(b)) + Maoe(dL(a — b) + dL(a) — 2dL(a + 1) — 4dL(b))
— Myie(—dL(a — b) — 2dL(a(b — 1) + b) + 2dL(a) + dL(a + 1) + 2dL(b) — 2dL(b + 1))

dMys = — %Mgle(—QdL(a(b —1) 4+ b) + dL(a) + dL(a + 1) + 2dL(b + 1) + dL(4))
+ Msae(—dL(a(b — 1) + b) + dL(a) + dL(b + 1))
+ 3M336(72dL(a(b — 1) +b) + dL(a) + dL(a + 1) + 2dL(b + 1) + dL(4))

+ Msse(—2dL(a(b — 1) + b) + dL(a) + dL(a + 1) + 2dL(b + 1)
+ dL(4)) + Mage(—2dL(a(b — 1) + b) + dL(a) + dL(a + 1) + 2dL(b + 1) + dL(4))
— Msse(—dL(a(b — 1) + b) + dL(a) + dL(b + 1))

- ngge(QdL(a(b —1) 4+ b) — 3dL(a) + dL(a + 1) — 2dL(b + 1) + dL(4))

- %M;;oe(de(a(b —1) +b) + dL(a + 1) 4+ dL(b 4 1) + dL(4))

+ 2Muyze(dL(a — b) — dL(a(b — 1) + b) — dL(a) + dL(2a + 1) + dL(b) — dL(b + 1))
1

= ;Maue(=dL(a) +dL(a + 1) + dL(4))

dL ((a T8 4 a) + dL(a(b — 1) + b) + dL(b + 1))
) — dL(2a — b) + dL(a(b — 1) + b) + dL(a) + dL(b + 1))
)
)

dL a+1b +a

(
(-

+2M326( dL(a+1b ta
( — dL(2a — b) + dL(a(b — 1) + b) + dL(a) + dL(b + 1))
(-

(¢
(¢

~ Muge (— ((a +1)6% + a) +dL(a(b— 1) +b) + dL(b + 1)) 4 3Ms3e(dL(a) — dL(2a — b))

dL + dL(a b71)+b)+dL(b+1))
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+ 4Msse(dL(a) — dL(2a — b)) + 4Msre(dL(2a — b) — dL(a))
+ Msge(dL(a) — dL(2a — b)) — 4Myze(—dL(a(b — 1) + b) 4+ dL(a) + dL(b + 1))
+ 2Myse(dL(a — b) — dL(2a — b)) (7.29)

dMyg =Mya(—2edL(1 — 2) — edL(2))
dMys =Mys5(—2edL(1 — z) — edL(z))
dMys = — MygedL(z) — 2MygedL(z)
dMy7 =Myq(edL(z) — edL(y + 1)) + Ma7(edL(y) — 2edL(y + 1) — 2edL(1 — z) + edL(z))
+ Mysg(edL(1 — z) — edL(y))
+ Mag(—2edL(y) + 3edL(y + 1) + 2edL(1 — z) — 3edL(z))
dMag =MasedL(z) + Ma7(edL(y — 2 + 1) — edL(y) + edL(2))
+ Mys(edL(y) — 2edL(y + 1) — 2edL(z))
+ My9(2edL(y) — 2edL(y + 1) — edL(z))
dMag9 =Ma7(—edL(y — z + 1) 4+ edL(y) + edL(z)) — MagedL(y) + Mag(—2edL(y) + 2edL(y + 1) — 3edL(z))
dMso =Mys(edL(y 4 2) — edL(2)) + Mso(—2edL(y + z) + edL(y) — 2edL(1 — z2))
dMs1 = — MygedLi(2) — 2Ms51edL(z)
dMsa =Myq(edL(z) — edL(1 — 2)) — 4Ms2edL(1 — 2)
dMs3 =Mye(edL(z) — edL(y + z)) + MsoedL(z) + Ms3(—2edL(y + 2z) + edL(y) — edL(z))
dMss = — 2My7edL(y) + Mag(—2edL(y + z) + 2edL(y) 4 2edL(1 — 2))
+ Mg (4edL(y) — 2edL(y + 2)) — 2Ms50edL(y)
+ Ms4(—2edL(y + z) + 2edL(y + 1) — 2edL(1 — 2))
dMss =Ms1 (edL(1 — z) — edL(2)) + Ms2edL(z) + Ms5(—2edL(1 — 2) — edL(z))
dMsg =2MyqedL(z) + 4My7edL(y — z + 1) + Mas(dedL(1 — 2)
— 4edL(y + 1)) — 8 MygedL(y + 1) + Mss(—2edL(1 — z) — 2edL(z))
— 2Ms7edL(1 — 2)
dMs7 = — 2MygedL(z) + Mag(4edL(y + 1) — 2edL(2)) + MseedL(z) — Ms7edL(z)
dMsg =Mso(edL(y) — edL(z)) — Ms2edL(z) + Mss(—2edL(1 — z) — edL(z))

dMs9 = — MugedL(z) + Ms1edL(z) + Ms3(2edL(y) — 2edL(z)) — 2Ms5edL(z) + 2MsgedL(z) — 2Ms9edL(2)
(7.30)



Chapter 8

Appendix B: Master
Integrals at NNLO

We report in the following the expressions for the entire set of Master Integrals
describing CC-DIS massive Form Factors. We indicate with M; the dimensionless
master integrals Master;. In other words Master; = Mis‘l*%’N"*Nd’, with N,
being the number of inverse propagator at numerator and Ny being the number
of inverse propagator at denominator.

8.0.3 Bottom channel
Master Integrals for b+ W* >t +g+g.

i1 = (= 30+ D260),2) - 5+ DG = 02 +3) +2))
+e (—%(y +D2((= = )2 + 18)G({0}, ) + 3 (v + D(=((= — 6)= +3) +2)G({1},2)
T %(y 1 1)2G({0, 0}, 2) + 2(y + 1)2G({0, 1}, 2)
+i(y +1) (z ((74 —132)z + 872 — 35) - 26))
+ ¢ (2—14(y +1)z ((70 —132)z +2n° — 76) a{0}, 2)
%(y T 1)(z — 1)(2(132 — 61) — 26)G({1}, 2) + %(y +1)2((z — 6)z + 18)G({0, 0}, 2)
T 3@+ DAz~ )2 +19G({0,1},2) + £y + DE((= — 0z +3) +2G({1,0},2)

+

- g(y + 1) (z((z — 6)z+3) + 2)G({1,1}, 2) — %(y +1)2G({0,0, 0}, z)
- 2('9 + 1)ZG({07 0, 1}7 Z) + (y + 1)ZG({07 1, 0}7 Z) - 8(?/ + 1)ZG({07 1, 1}7 z)

+ﬁ(y +1) (5762((3) —15(z — 1)(2(232 — 103) — 46) + 272 (32(3(z — 6)z + 29) + 10)))
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10 (&) (s.1)

N = (ZG({O},Z) + % (1- z2)>
+e (2 (22 - 1) G({1},2) — %(z — 6)2G({0}, z) — 2G({0, 0}, 2) — 42G({0, 1}, 2)

% (—3922 —8r’z 4 39))

NP (13 (22 - 1) G({1},2) + (22 - 1) G({1,0},2) — 8 (22 - 1) G({1,1}, 2)

- % (39z +on? 72) 2G({0}, 2) + %(z —6)2G({0,0}, 2) + 2(z — 6)2G({0, 1}, 2)
1 2G({0,0,0}, 2) + 42G({0, 0,1}, 2) — 22G({0, 1,0}, 2) + 162G({0, 1,1}, 2)

,%5 (2 =1) —82¢3) + %71—2(3,2(32' —_8)— 5)>

+0 (63) (8.2)

+

s = <_(y+Z)G({*1}7y) 4 w260y 260} 2) (y+Z)G({*y}7Z)>

y y y y
te (_ 5zG(20}7 z) n 5(y + Z)(Z({—yh z) n (v + Z)G({—1}7y)y(3G({—y}7Z) -5
_ (w+2)G({0},y)BG({—y},2) —5) " (y+2)GH{-1,-1},y) (y+2)G({-1,0},y)

Yy Yy y

n (y+2)G({0,-1},y)  (y+2)G({0,0},9) n 2G({0,0}, 2) n 42G({0, 1}, =)

y Yy Yy Yy
+2(y+ z)G({-y,0},2) 4y +2)G({-y 1},2) 3y +2)G({-y —v} 2) n (2 — y)

y Yy Yy 3y
Lo (7P 2114)2GU0L ) | Sy +2)CGH-L-1}y) Sy +2)GH=1,0}y)

6y Yy y

4 My +2)GHO, —1hy) 5y +2)GH0, 01 y)

Yy y

(y+2)

+ TG({*yL z) (-18G({-1, -1}, y) + 18G({—1,0},9)

—18G ({0, —1}, %) + 18G({0, 0}, ) — Tn> + 114)
n 52G({0,0}, 2) n 202G ({0,1}, 2) n 10(y +2)G({-y,0},2)  20(y +2)G({—y,1}, 2)

Y Y Y Y
n (y+2)GH{-1},y) (90G({*y}’2)6; 54G({~y, —y},z) + 7n® — 114)
_ (y+2)G({0},9) (30G({~y},z) — 18G({~y, —y},2) + «* — 38)
_ 5y +2)G({—y,—y} 2) (nyZ)G({*L*L*l}’y) 4 Wt»GE-1, 1,0} y)
_ (y+Z)G({*yL0, -1}y n (y+2)G({fl/,0,0},y) _ (y+Z)G({0’*1y’*1}’y)
Y Y Y

+ (y + Z)G({Or -1, 0}: y) _ (y + Z)G({Or 0, 71}: y) + (y + Z)G({Or 0, 0}: y)
Y Y Y
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_ zG ({0, 0,0}, 2) _ 42G({0,0,1}, 2) n 22G ({0, 1,0}, z) _ 162G ({0,1,1}, 2)

y y y y
2y +2)G{9.0.0},2)  8(y+2C({~3.0,1},2) 2y +2)G({~y.1,0},2)

y y y
L B+ 2)GE-y L1} 2) 6yt )Gy, —w,0h2) | 120y + 2)GH -y, —y, 1} 2)

y y y
LW DGU—y —y —yh ) | 6CB)(y = 32) + 57 (y — 2)

Yy 3y

+0 (53) (8.3)

Vi — (7 (2G({0, —1},y) — 2G({0,0}, ) + =*) G({0}, 2)
2(y +1)
_ G({0},y) (=6G({0, —y}, z) + 6G({0,1},2) + w2)
6(y +1)
+ G({_1}7 y)(G({O/ 1}7 Z) - G({07 _y}7 Z))
y+1
_ G({Ov 1, _y}vz) + G({Ov_yv —y},z) _ G({07 -1, _1}79) + G({Ov_lvo}vy)
y+1 y+1 y+1 y+1
+2G({010171}ry) _ 2G({07 07 0}77!) + C(‘S) >
y+1 y+1 y+1

.+ 0 (epz) (8.4)

N 1
M= sam+e
1 (_ 2G({0}, z) N 4G({1}.2)  2G({-y},2) n 2G({-1},y) 2G({0},y)>
€2 3(y+1)2 3(y +1)2 3(y +1)2 3(y +1)2 3(y+1)2
n 1 <_ 4G({0},y)G({0},2)  G({0},y)(G({1},2) — 5G({—y}, %))
€ 3(y+1)2 3(y+1)2
n G({-1},y)(=5G({—y},2) +4G({0}, 2) + G({1},2)) |, 2G({0,0}, 2)
3(y+1)2 3(y+1)2
8G({0,1}, 2) _ 4G({0, —y}, 2) 2G({1,0}, 2)
3(y+1)2 3(y+1)2 3(y+1)2
_ 16G({171}7Z) _ G({lv_y}vz) _ 4G({—y,0},2>
3(y+1)2 3(y+1)2 3(y+1)2
+ 8G({—y,1},z) + 5G({_y7 —y},z) _ 4G({_17 _1}731)
3(y+1)2 3(y+1)2 3(y+1)2
4G({7170}7y) _ SG({val}vy) SG({Ov 0}77!) 7\'2
3(y+1)2 3y +1)2 3y +1)2 (y +1)2
+ 7G({1}7 Z) (_G({_17 _1}7 y) + G({_11 0}1 y) + G({07 _1}7 y) - G({07 0}7 y) + 271'2)
3(y+1)2
+ QG({O}/ Z)(_4G({_17 —1}7?/) + 4G({_170}7y) + G({07 _1}731) - G({07 0}731))
3(y+1)2
n G({-y},2) (7G({-1,-1},y) — 7G({-1,0},y) — G({0, —1},y) + G({0,0},y) + 27?%)
3(y+1)2
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G{0},y)
3(y +1)?

+4G({1,1},2) + GHL, —y}, 2) — 2G({—y, 0}, 2) — 2G({~y, 1}, 2) — LG({~y, —y}, 2) + 27

_G({-1}y)
3(y+1)2

+4G({17 1}7 Z) + G({lr 79}7 Z) - QG({fy,O}, Z) - ZG({797 1}: Z) - llG({797 774}: Z) + 67T2)
8G({—1,-1,—1},y) B 8G({-1,-1,0},y) 10G({-1,0,—-1},y)

(4G({0,0}, z) — 2G({0, 1}, z) + 10G ({0, —y}, z) — 2G({1, 0}, 2)

(4G({0,0}, 2) — 2G({0, 1}, z) + 10G({0, —y}, z) — 2G({1,0}, 2)

+

3(y +1)2 3(y+1)2 3(y+1)2
10G({—1,0,0},y) 7G({0,—-1,—1},y) 7G({0,—1,0},%)
Byt 1)? 3y+12 By +1)?
_ G({0,0,—1},y)  G({0,0,0},y)  2G({0,0,0},2)
3(y+1)2 3(y+1)2 3(y+1)2
8G({0,0,1},2z) 4G({0,0,—y},z) 4G({0,1,0},2)
C o B(y+1)? 3(y + 1)2 3(y + 1)2
32G({0,1,1}, 2) 2G({0,1, -y}, 2) 8G({0,—y,0}, z)
C B+ B+ 3y+1)?
16G ({0, —y, 1}, 2) 10G({0, —y, —y}, 2) 2G({1,0,0}, 2)
3(y+1)2 3(y +1)2 DR
8G({1,0,1},2z) 2G({1,0,—y},z) 8G({1,1,0},z2)
B+ By+n? 3y +1)2
64G({1,1,1}, 2) n 4G({1,1, —y}, 2) _ 2G({1, —y, 0}, z)
3(y+1)2 3(y+1)2 3(y+1)2
n 4G({1, -y, 1},2) | G({1,—-y,—y},2)  4G({-y,0,0},2)
3(y+1)2 3(y+1)2 3y +1)2
16G({-y,0,1},2) 2G({-y,0,—y},2)  4G({-y,1,0}, %)
3(y+1)2 3(y+1)2 3(y+1)2
~32G({-y,1,1},2)  2G({-y,1,—y},2) | 10G({-y,—y,0},2)
3(y +1)2 3(y +1)2 3(y +1)2
_20G({-y,—y,1},2) 11G({-y,—y,—y},2) 59¢(3) )
3(y +1)2 3(y+1)2 9(y +1)2
+ O (epg) (8.5)

~ 1
Me =5+
x (=6 (y*(2+5) +3yz +y — 22) G0, ~1},9) + 6 (y°(2 + 5) + 3yz +y — 22) G({0,0}, )
+6G({~1},9) (—(y — 3)y(z — DG({1}, 2) + y(y — 22 — G0, 1}, 2)
+y(—y+ 22+ DGO, —y}, 2) + (y + D(y(z +2) — 2)G({0}, 2)
~@y = Dy +2)G{ -y}, 2) + 257 + 2yz + 2y + 22)
+6(y — 3)y(z — DG{L, —y}, ) — 6y(y — 22 — VG0, -1, —1},1)
+6y(y — 22 — 1)G({0, —1,0},y) + 12y(y — 2z — 1)G({0,0, =1}, y)
—12y(y — 22 — 1)G({0, 0,0}, y) — 6y(y — 22 — 1)G({0, 1, —y}, 2)
+6y(y — 22 — 1)G({0, —y, —y},2) — 12(y + 1)(y + 2)G({—y}, 2)
+6(y + 1)(y(z +2) — 2)G({~1, ~1},9) — 6(y + ) (y(= +2) — 2)G({~1,0}, 1)
+3G({0}, 2) (2y(y — 2z — 1)(G({0,0}, ) — G({0, ~1},1))
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(o5 ve ) (- (1) 052 -)

—6(y + 1) (y(z +2) — 2)G({0, —y}, 2)

+ G({0},y) (=6(y + 1)(y(z + 2) — 2)G({0}, 2) + 6(y — 3)y(z — 1)G({1}, 2)

+6(By — 1y +2)G{—v} 2) + y(y — 2z — 1)(G({0, —y}, 2) — G({0, 1}, 2)))

+y (7r2(7y +2z41)—12(y+ 2z + 1)) - 122)

+6(3y — Dy + 2)G({—y, —y}, 2) + 477y 2 + 129%2 + 6y°C(3) — 77y” — 12°

—12y2¢(3) — 97r2yz + 12yz — 6y¢(3) + 117r2y — 12y — 7r2z>

+ O(e) (8.6)

!

OES
X (=6(y + Dy(z + 1)G({~1,-1},y) + 6(y + )y(z + 1)G({-1,0},y)
+6y(y(z +3) + 32 + 1)G({0, —1},y) — 6y(y(z + 3) + 3z + 1)G({0,0}, »)
+6(y + Dy(2 + 1)G({0, —y}, 2) + 6y(y(—2) + vy + 2 — 1)G({1, —y}, 2)
—12y(y + 2)G({~y, —y}, 2) + 6y(y — 2)G({0, =1, =1}, y) + 6y(z — y)G({0, 1,0}, y)
+12y(z — y)G({0,0, -1}, y) + 12y(y — 2)G({0,0,0}, y) + 6y(y — 2)G({0, 1, —y}, 2)
+6y(z —y)G({0, —y, —y},2) + 6(y + 1)(y + 2)G({—v},2)
+3(y - 2) (20G({0, ~1},9) - 2G({0,0},9) + (2+ =) y + 2) G({0}, 2)
+6G({-1}, v)(—y(y + 1)(2 + 1)G({0}, 2) + (y — D)y(z — 1)G({1}, 2)
+y(2(y +2)G({~y},2) — (v — 2)(G({0,1}, 2) — G({0, —y}, 2))) — (y + L) (y + 2))
+ G({0},y) (6y(y + 1)(2 + 1)G({0}, 2) — 6(y — Dy(z — 1)G({1}, 2)

+6y((y — 2)(G({0,1}, 2) — G{0, —y},2) = 2(y + )G({—y},2) + (6 — (=* —6) y) =

+y ((6+47*)y+6))

—4r?y?s — 6y’z — 6y2C(3) +2n%y? +6y° + 6y2¢(3) + 21lyz — 6yz — Am’y + Gy)
+ O(e) (8.7)

Mo :% (66({0,0}, 2) = 6G({1,0}, 2) + =°)

%e (—5#(;({0}, 2) 4+ 272G({1}, 2) + 12G({0, 0}, =) — 12G({1,0}, 2)

—12G({0,0, 0}, 2) — 24G({0,0, 1}, 2) + 6G ({0, 1,0}, 2) — 6G({1,0,0}, 2)
+24G({1,0,1}, 2) + 12G({1,1,0}, 2) — 6¢(3) + 27\'2)

+0(e%) (8.8)

1
Ayt 12— 1)
i QG({O},Z) _4G({1}7Z)
e ( W+ 12(z—1) )
1 —48G({0,1}, 2) — 24G({1,0}, 2) + 96G({1, 1}, z) — 112
te 6(y + 1)2(z — 1)
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1
ORI
+96G({0, 1,1}, 2) + 6G({1,0,0}, ) + 48G({1,0, 1}, 2)
+30G({1,1,0}, z) — 192G({1, 1, 1}, z) — 74¢(3)) (8.9)

(76#@({0}, 2) + 1772 G ({1}, 2) — 6G({0,0, 0}, 2) — 6G({0, 1,0}, z)

Master Integrals for b+ W* =t +b + b.

My

M- =
T2 (y+ Dy 21

:m (=7’yz = 3(y + DG({0}, 2)z + 3yG({~1, -1}, 9)= - 3yG({-1,0}, )2
+3yG({0, 1}, y)z — 3yG ({0, 0}, y)= + 3yG ({0, 0}, 2)z + 3yG({0, —y}, 2)=
—3yG({-y - 1,0}, 2)z = 3yG({-y — 1, —y}, 2)z
=3G({-1}L ) ((y+ Dy + 2) + y2(G({0},2) - G{—-y — 1}, 2)))
+3G({0}, ) ((y + Dy + 2) + yz(G({0}, 2) — G({-y — 1}, 2))) + 3(y + D)(y + 2)G({ v}, 2))

3y(y +1) x
X (—Trzyz +3(y+ 2+ 1)GH{0,-1},y)y — 3(y + 2+ 1)G({0,0}, y)y + 22G({—y — 1}, 2)

(-3G({-1,-1},4) +3G({~1,0},y) — 3G({0, =1}, ) +3G({0,0},4) + 27°) y

+3(y -2+ 1)G{-y— 1,0}, 2)y+3(y —z+ HG{—y — 1, -y}, 2)y

- 6ZG({07 -1, 71}7 y)y + 6ZG({07 -1, 0}7 y)y - QZG({()’O’O}’ Z)y

—122G({0,0, 1}, z)y — 62G({0,0, —y}, 2)y + 92G({0, —y — 1,0}, 2)y

+92G({0, —y — 1, —y}, 2)y + 32G({0, —y, 0}, 2)y — 122G({0, —y, 1}, 2)y

- 6ZG({07 -Y, 7'9}7 Z)y + 12zG({7y - 17 07 1}7 Z)y - 3ZG({77J -1, 07 774}1 Z)y
=32G({—y—1,-y,0}, 2)y + 122G({~y — 1, —y, 1}, 2)y + 62G({—y — 1, —y, —y}, 2)y
—626(3)y — 'y + 7z + 15(y + 1) (y + 2)G({~y}, 2)

+3 (y2 +3zy +y+ 2z) G{-1,-1},y) -3 (y2 +3zy+y+ 22) G({-1,0},y)
—2G({0},2) B(G({-1,-1},y) — G({-1,0},y) + G({0, —1},9y) — G({0,0}, 9))y

+ (15 + wz) v+ 15)

+3(3y +2)2G({0, 0}, 2) + 12(y + 1)2G({0, 1}, z) — 32G({0, —y}, 2)

+ G0} w) (15yy+ 1) + (15— (—15+77) y) =

—32G({0},2) + 3y(y — 2+ 1)G({—y — 1}, 2) = 3(2(y + 1) (y + 2)G({—y}, 2) + y2(2G({0, 0}, 2)
73G({01 -y - 1}1 Z) + QG({O, 7'9}7 Z) + G({fy -1, 0}1 Z) - 2G({7y - 17 774}1 Z))))
+G({~1} ) (1597 + 202y — 152y = 3(y — 2 + DG{~y — 1}, 2)y

+ GZG({01 0}1 2)y — QZG({Ov -y - 1}7 2)y + GZG({07 _y}a 2)y + 3ZG({_y -1, 0}1 2)y
—62G({—y — 1, —y}, 2)y — 15y — 152+ 32G({0}, 2) + 6(y + 1) (v + 2)G({—y}, 2))
+3(y+ Dy +2)G{—y,0},2) — 12(y + )(y + 2)G({—y, 1}, 2)

—6(y + D)(y +2)G({~y, —y}, 2))

+0(?) (8.10)

1

)><

X (32y4 — 3y4 — 2772223/3 + 6223/3 — 471'223/3 — 6y3 — 2772233/2 + 323y2 — 6772223/2
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+ 6z2y2 — 47r22y2 - 6zy2 +6z(z+2)(y+ 2+ 1)G({-1, 71},y)y2

—62(2 +2)(y + z + DG({ 1,0}, )y° + 62(z + 2)(y + 2 + 1)G({0, =1}, 9)y°
—62(2 + 2)(y + 2 + 1)G({0,0}, )y* + 62(2 + 2)(y + 2 + 1)G({0,0}, 2)y”

+62(z 4+ 2)(y + 2 + DG{0, —y}, 2)y” — 62(2 + 2)(y + 2 + DG({—y — 1,0}, 2)y°
—62(z+2)(y + 2z + DG({~y — 1, —y}, 2)y° — 3y° + 32°y — 32y

—3(y+ 1)z (3zy2 + (32(z4+2) + 2y + 2% + z) G ({0}, 2)

+3G({0},y) (20°2(2 + 2)(y + 2 + DGO}, 2) = G({~y — 1}, 2))
~W+D+2) (v° — (6245 + Dy - 2(: + 1))

+3G({-1},v) (2202 + 2)(y + 2 + DG~y — 1},2) - G({0}, )y’

Hy+ D+ 2) (v° = (232 +5) + Dy - 22+ 1))

—3(y+ Dy +2) (v - G245+ Dy —2(:+ 1)) G-}, 2))

+ X
24y2(y+ Dy +2+1)
X (27r2y5 —2m%zy® + 392y* + 272y — 39yt + 782%y° — 2072 2y° — 2422((3)7;3

—482¢(3)y® — 2n%y® — 78y + an? 23y + 392397 + 127222y + 782797 — 14nPzy® — 782y

+6 (=° +5(y + V2" + 3y + Dy +3)2 — (v — Dy + 1*) G{0, ~1}, )y’

+6 (—=* =5y + 12> = 3(y+ Dy +3)z + (v - Dy + 1) G({0,0}, y)y”

+82(2+2)(y + 2 + NG({—y — 1}, 2) (-3G({—1, -1}, 9) + 3G({—1,0},y)

~3G({0, -1}, y) +3G({0,0},y) + 277 ) v

—6(y+2+1) (v +2" —1) G{—y — 1,0}, 2)5°

—6y+2+1 (v +2* —1) G-y — L, —y}, 2)y”

—242(2 + 2)(y + 2 + DG({0, -1, =1}, 9)y° + 242(z + 2)(y + = + 1)G({0, 1,0}, )y”
—362(2 +2)(y + 2 + 1)G({0,0,0}, 2)y° — 482(2 + 2)(y + 2 + 1)G({0,0, 1}, 2)y°

—242(z + 2)(y + z + DG({0,0, =y}, 2)y” + 362(z + 2)(y + 2 + DG({0, —y — 1,0}, 2)y°
+362(2+ 2)(y + 2+ DG{0, —y — 1, —y}, 2)y° +122(2 + 2)(y + 2 + 1)G({0, -y, 0}, 2)y°
—482(z + 2)(y + 2 + DG({0, —y, 1}, 2)y” — 242(2 + 2)(y + 2 + 1)G({0, —y, -y}, 2)y°
+482(2+ 2)(y+ 2+ DG{—y — 1,0,1}, 2)y” —122(z + 2)(y + 2 + DG({—y — 1,0, =y}, 2)y°
—122(2+2)(y + 2+ DG({~y — 1, —y,0}, 2)y” + 482(z + 2)(y + z + 1)G({—y — 1, —y, 1}, 2)y°
+242(z + 2)(y + 2 + G{—y — 1, —y, —y}, 2)y° — 242°C(3)y” — 722°¢(3)y°

— 48z((3)y2 — 271'23/2 — 39y2 + 871'2233/ + 39233/ + 147rzzzy + 47r22y — 39zy

—24(y + 1)(z — D(y + 2)(y + z + DG({1}, 2)y + 2n22> + 2w222

=3y + Dy +2) (=9@y + D2° = (y(6y +47) +9)z + y(y + D9y — 11)) G{ -y}, 2)

+ (6(y(7y +8) +2)2° + 6(y + 1) (y(Ty + 12) + 2)2* = 6y(y + D((y — 9y — 4)2

—6(y — Dy’ (v + 1?) G{~1,~1},9)

+ (=6(y(7y +8) +2)z° — 6(y + 1) (y(Ty + 12) + 2)2> + 6y(y + D ((y — 9y — 4)2
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+6(y — Dy’ (v + 1*) G({~1,0},9)

+2G({0},2) (12(z + 2)(y + 2 + 1)(=G({—1, —1},y) + G({—1,0},9)

~ G({0,~1},9) + G({0,0}, 1)y*

+2y+1) (y(6y747r2 73) 727)3,

- (y ((75 + 471'2) v+ 102) + 27) 22

- (y (y (63y +dr?(y +3) + 219) + 183) + 27) z)

+62(y+ 2+ 1)(4y(y + 1) + (y(7y + 8) + 2)2)G({0, 0}, 2)

+24(y + 1)z (3207 + (B2(2 + 2) + 2y + 2° + 2) G({0, 1}, 2)

=62 (—4y* = 202 + y® + 2(2(2 + 2) - Dy + (2(42 + T) + 2y + 2 + 2) GH{0, —y}, 2)
+G({0}, ) ((y ((81 - 47r2) y+ 108) + 27) 2°

+ (y (y (99y —4x?(y +3) + 267) T 195) + 27) 22

—y(y+1) (v (9y +87° — 147) — 60) 2

-6 (74y4 202+ DY +2(2(2 +2) — DY’ + (2(42 + T) + 2)y + 2% + z) G({0}, 2)z
“3°(+ DOy 1) -6’ (w+ 2+ 1) (7 +2° — 1) G{—y — 1},2)

+12 (g + D +2) (v° = (262 +5) + Dy - 2 + 1)) G{ -y}, 2)

- yzz(z +2)(y + 2 +1)(2G({0,0}, 2) = 3G({0, —y — 1}, 2) + 2G({0, —y}, 2)
+G({-y —1,0},2) —2G({—y — 1, —y}, 2))))

+ G119 ((v ((-81+872) y — 108) —27) 2

+ (v (v (37*(w +3) — 3(33y + 89)) —195) — 27) 52

+yy+1) (y (9y + 1672 — 147) - 60) 2

+6 (74y4 — 202+ )% F2(2(2 +2) — Dy? + (242 +7) + 2y + 2% + z) G({0}, 2)=
+35° (W + 2Oy — 1) + 6w+ 2+ 1) (v +2° = 1) G-y — 1}, 2)

+12 (¥ 2(= +2)(y + = + D(2G{0, 0}, 2) = 3G({0, —y — 1},2) +2G({0, ~y}, 2)
+G({-y—1,0},2) —2G({-y — 1, -y}, 2))

~W+D+2) (v° — (B2 +5) + Dy - 2(: + 1)) G{~v},2)))

—6(y+ Dy +2) (v° = (232 4+ 5) + Dy — 2(: + 1)) G({-y, 0}, 2)

+24(y + D(y +2) (v° = (232 +5) + Dy — 2(: + 1)) G({-p, 1}, 2)

+12(y + Dy +2) (v° = (232 +5) + Dy = 2(2+ 1)) G{—y, ~v},2))

+ 0(e%) (8.11)

1

Mg = X
L2y(y + Dy +2+1)

X (79z2y3 + 47r2zy3 + 12zy3 — 3y3 - 9z3y2 - 6z2y2 + 47r22y2 + 21zy2 - 6y2

—4n?2By — 9028y — an? 2Py + 322y + 92y — 12(y — 2)2(y + z + 1)G({—1, -1}, )y



+12(y — 2)z(y + 2 + DG{-1,0}, )y — 12(y — 2)z(y + 2 + DVG{0, —1}, y)y
+12(y — 2)z(y + 2z + 1)G({0, 0}, )y

—12(y — 2)z(y + 2 + DG({0,0}, 2)y — 12(y — 2)z(y + = + DG({0, —y}, 2)y
+12(y — 2)z(y + 2 + DG({—y - 1,0}, 2)y

+12(y — 2)z(y + 2 + DG({—y — 1, -y}, 2)y

— 3y +6(y+ 1)z ((w - 5> +y(y+3)2 + 2y(y + 2) +1) G({0}, 2)
+6G({~1}9) (w+ D +2) ((y — V=" +2y2 +y(2y +3) +1)

+2y(y — 2)2(y + 2 + 1)(G({0},2) - G({-y — 1},2)))

+6G({0}, y) (2y(y — 2)z(y + = + D(G({-y — 1}, 2) — G({0}, 2))
~w+D+2) (v - D" +2y2 +y2y+3) +1))

—6(y+ Dy +2) ((y = D"+ 2y + y(2y +3) + 1) G({—y},2))

€

MO OE e

X (871'2y4 — 8222y — 1052%y> + an?2y® + 14429° + 482¢(3)y® + 20m%y® — 39¢°
—8m?23y? —1052%y? — 327%2%y% — 6627y% — 16722y + 249zy° + 482¢(3)y°
+16m2y? — 78y% — 4r?23y — 1052°y — 2472 2%y + 3922y — 24n22y + 1052y
+24(y + D) (z — Dy + 2+ 1)(Bz — 1)G({1}, 2)y

—12(y+ 1) (20° — (2 =3+ Dy — (= + D2z +2) = 1)) GHO, ~1}, vy
+12(y + 1) (20% = (= 3)(z + Dy — (= + D(2(= +2) — 1)) G{0, 0}, y)y

—16(y — 2)z(y + 2+ YG({—y — 1}, 2) (=3G({-1, -1}, 9) + 3G({—1,0},9)
~3G({0, ~1},y) +3G({0,0},y) + 277 ) y

— 120+ 1) (= = D+ 29) (v + 2+ DE{—y — 1,0}, 2)y

— 12+ 1) (= D” +20) (y+ 2+ DG({—y — 1, —y}, 2)y

+48(y — 2)z(y + 2+ 1)G({0, -1, -1}, y)y — 48(y — 2)2(y + = + 1)G({0, —1,0}, y)y

+72(y — 2)2(y + 2 + 1)G({0,0,0}, 2)y + 96(y — 2)2(y + z + 1)G({0,0, 1}, 2)y

+48(y — 2)2(y + 2 + 1)G({0,0, —y}, 2)y — 72(y — 2)2(y + 2 + 1)G({0, —y — 1,0}, 2)y
—72(y — 2)z(y + 2 + 1)G{0, —y — 1, —y}, 2)y — 24(y — 2)z(y + z + 1)G({0, —y, 0}, 2)y
+96(y — 2)2(y + 2 + 1)G({0, —y, 1}, 2)y + 48(y — 2)2(y + z + 1)G({0, —y, —y}, 2)y
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—96(y — 2)z(y + 2+ 1)G({—y — 1,0,1}, 2)y + 24(y — 2)2(y + 2 + 1)G({—y — 1,0, —y}, 2)y
+24(y — 2)z(y+ 2+ 1)G({~y — 1,-y,0},2)y — 96(y — 2)z2(y + 2 + )G({~y — 1, —y, 1}, 2)y

—48(y — 2)z(y + 2 + VG({—y — 1, —y, —y}, 2)y — 482°((3)y — 482°((3)y + 4n°y — 39y

+4r%2® —an?z —12(y + D(y + 2) ((By —5)22 4+ 8yz + 5y(2y + 3) + 5) G({-y},2)

—120+ 1) (= 22° +y(y +3)2° + WEY + N + 2z +y(y + Dy + 1)) GH-1,-1},)

+12(y+ 1) (5 = 22° +y(y +3)2° + WEY + 7 + Dz + y(y + Dy +1)) G{~1,0},)

1 2:G({0}, 2) ((y (Qy —4x® — 21) - 30) 22

Ty (B(y +1)(3y + 19) — 47\'2) 242y +1) (2y ((15 + 7r2) v+ 27) + 15)

+12y(y — 2)(y + 2+ DG -1, -1}, y) - G{-1,0},9) + G({0, -1}, y) — G({0,0}, )

—12(y + Dz(y + 2z + 1)(=22 + y(z + 6) + 2)G({0,0}, 2)



266

= X
3y(y +1)
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—48(y + Dz (= D2" + y(y +3)2 + 29y + 2) + 1) G({0, 1}, 2)

+12y + 1)= (29 = 12" + 20(y +2)2 + 2y(y +2) + 1) GH{0, —}, 2)
+46({-1},w) ((v (9 + 47> = 6) —15) 2> + y (9(y + 1)? + 4x?) 2
—(y+1) (y ((—54+4772) y— 45) - 15) 2

=3y +1) (@u - D2 + 2y +2)z + 2y(y + 2) + 1) G({0},2)z

+15y(y+ 172y + D + 3y + 1) (( = D* +29) (v + 2+ DG{—y — 1}, 2)

+6 (—(w+ D +2) (= V2" + 202 + 92y +3) +1) G({—y},2)

—y(y—2)z2(y + 2+ 1)(2G({0,0}, 2) = 3G({0, —y — 1}, 2) + 2G({0, —y}, 2)
+G({-y —1,0},2) —2G({-y — 1, -y}, 2))))

+4G ({0}, y) (((—9y — 2% + 6) y+ 15) 28

—y (9(y+ 12 4 27'r2) 24 (y+1) (y (2 (—27+7r2> y— 45) - 15) 2

+3(y +1) (v - 12° + 2y(y + 2)z + 2y(y + 2) + 1) G({0},2)2

—15y(y+ 172y + 1) — 3y +1) (= D> +2y) (v + 2+ DG{—y — 1}, %)
+6 ((w+ D +2) (= 12"+ 202 + 92y +3) +1) G({—y},2)

+y(y — 2)z(y + 2 + 1)(2G({0,0}, 2) - 3G({0, —y — 1}, 2)
+2G({0, -y}, 2) + G{—y — 1,0}, 2) —2G({-y — 1, -y}, 2))))

—12(y + Dy +2) ((y = D2° + 292+ y(2y + 3) + 1) G{~v, 0}, 2)

+48(y + Dy +2) ((y = D2° + 292 + 92y +3) +1) G({—p, 1}, 2)

+24(y+ D+ 2) (v = D2* + 2y + 92y +3) + 1) G{—y, —y},2))

+0(e%) (8.12)

" x (=Y - 32G({0),9)G0}, 2) + G{-1},v)(3:G({0), 2) +8(= — DG({1}, 2)

+6QRy+z+1D)G({—2y—1},2) =3y + 2+ DG({—y — 1}, 2) — 9(y + 2)G({—v}, 2))
+G({0},9)(=3(z = DG({1},2) =62y + z + NG({—2y — 1}, 2)
+3W+2z+DG{-y—1}2) + 9y + 2)G({-v},2)) -3y + 2+ 2)G({-1,-1},v)

+3R2y+2+2)GH{-1,0},y)+ 62y + 2+ 1)G ({,%’,1} ,y)

~ o+ 2+ 06 ({50} 0) + oy - 99600, -1).0)
+ (6y + 92)G({0, 0}, y) — 32G({0,0}, z) — 3zG({0, —y},2) + 3(z — 1)G({1,0}, 2)
+ (B =32)G({1,~-y},2) —6(2y + 2 + 1)G({-2y — 1, —y},2) + 3(y + 2 + 1)G({~-y — 1,0}, 2)
+3(y + 2+ 1)G({~y —1,-y},2) = 3(y + 2)G({~v, 0}, 2) + 9y + 2)G({~y, —v}, 2))
6y(y +1) 8
x (760((3)74 + 672 log(d)y — 127y

+67%(2y + 2+ 1)G ({—%} y> —36(2y + z + 2)G({—1,—1},v)
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+36(2y + 2 +2)G({-1,0},y) + 722y + 2z + )G ({—% —1} y)

— 722y + 2 + 1)G ({—%0} y)
+6(2y+2z+1)G({-2y —1},2) (74G ({7%,71} y) +4G ({7%,0} y) +7r2>

—36(2y + 32)G({0, -1}, y) + 2(y + 2)G({—v}, 2) (18G({-1, -1}, y) — 18G({-1,0},y)

o ({--r} ) e (-3}
+36G({0, ~1},9) — 36G({0,0}, ) + 7°)

+2:G({0},2) (3G({~1,~1},y) = 3G({-1,0},y) + 3G({0, =1}, y) — 3G({0,0},9) + =*)
+ 36(2y + 3Z)G({070}7 y) - 4(y +z+ 1)G({_y - 1}7 Z) (_3G({_11 _1}7 y) + BG({_L 0}7 y)
~3G({0, -1}, ) + 3G({0,0},y) + 27

—2(: ~ DG({1},2) (9G({-1, ~1},9) — 9G({~1,0},4) — 9G({0, =1}, y) +9G({0, 0}, ) + =*)
— 362G ({0,0}, ) — 362G({0, —y}, z) + 36(z — 1)G({1,0},2) — 36(z — 1)G({1, —y}, 2)
-T2y + 24+ 1)G{—-2y—1,—y},2)+36(y+ 2+ 1)G({—y — 1,0}, 2)
+36(y+2+1)GH{—y—1,—y},2) —36(y + 2)G({—y,0},2) + 108(y + 2)G({—y, —y}, 2)
+ 2G ({0}, y) (—18G ({0}, )z + 6G({0,0}, )=

—9G({0, —y — 1},2)z + 6G({0, -y}, z)z + iz —18(z — 1)G({1}, z)

=362y + 2+ 1)G({—2y — 1},2) + 18(y + 2z + 1)G({—y — 1}, 2) + 54(y + 2)G({-y}, 2)
+6(z — 1)G({1,0},2) + 6(2 — 1)G({1,1},2) — 3(2 — 1)G({1, —y}, 2)

+12Qy+ 2+ 1)G{—2y—1,—-2y —1},2) —6(Qy + 2z + 1)G{—2y — 1,—y — 1}, 2)
+6(2y +2z+1)G({-2y—1,-y},2) +3(y + 2+ 1)G({~y — 1,0}, 2)
—6(y+z+1)GH{—y—1,-y} 2) +3(y + 2)G({-y, 0}, 2) + 12(y + 2)G({—vy, 1}, 2)
+24(y+ 2)G({—y, -2y — 1},2) = 3(y + 2)G({—y, —y — 1}, 2)

—57(y + 2)G({—y, —y}, 2))

+2G({~1},v) (_4#@, — 4n?2 + 182G ({0}, 2)

+18(z — 1)G({1},2) +36(2Qy + 2+ 1)G({—2y — 1},2) — 18(y + 2 + 1)G({—y — 1}, 2)
—54(y + 2)G({—vy}, z) — 62G({0,0}, 2) + 92G({0, —y — 1}, 2)

—62G({0, —y},2) — 6(z — 1)G({1,0},2) — 6(z — 1)G({1, 1}, 2)

+3(z —1)G({1,—y},2) — 122y + 2+ 1)G({—2y — 1, =2y — 1}, 2)
+6QRy+2z+1)G{—-2y—1,—y—1},2) —6(2Qy + 2+ 1)G({—2y — 1, —y}, 2)
=3(y+z+1)G({-y—1,0},2)+6(y+2z+1)G({-y —1,—y},2) - 3(y + 2)G({—y, 0}, 2)
—12(y + 2)G({-y,1},2) — 24(y + 2)G({—y, 2y — 1}, 2)

+3(y + G ({~y, —y — 1}, 2) + 57(y + )G({~y, ~y}, 2) — 27

+36(y + DG({—1, -1, -1}, ) — 36(y + DG({—1,—1,0}, 1)

+24(z — 1)@ ({—1,—%,—1} y) —24(z — 1)@ ({—1,—%,0} y)

—12(y + 22 — 1)G({—1,0, —1},y) + 12(y + 22 — 1)G({—1,0,0},y)

1 1 1 1
- 242y + 2+ 1)G ({—51—5»—1} ,y) +24(2y + 2 + 1)G ({—51 —510} ,y)

—12(y — 22+ 2)G({0, -1, -1}, y) + 12(y — 22 + 2)G({0, —1,0}, %)

—24(z — 1)G ({0,7%,71} y) +24(z — 1)G ({0,7%,0} y)



268

Mg =

CHAPTER 8. APPENDIX B: MASTER INTEGRALS AT NNLO

+ 36(y + 2)G({0,0, —1},y) — 36(y + 2)G({0, 0,0}, y) + 182G ({0, 0,0}, 2)

+242G({0,0, 1}, 2) + 122G ({0, 0, —y}, z) — 182G ({0, —y — 1,0}, 2)

— 182G({0,—y — 1, —y}, 2) — 62G({0, —y, 0}, 2) + 242G ({0, —y, 1}, 2)

+ 122G ({0, —y, —y}, 2) + (6 — 62)G({1,0,0}, 2) — 24(2 — 1)G({1,0, 1}, 2)

+12(z — 1)G({1,0, —y},z) — 12(z — 1)G({1,1,0},2) + 12(z — 1)G({1,1, —y}, 2)

+24(z — )G({1, —y, 1}, 2) + (6 — 62)G({1, —y, —y}, 2)
+24Q2y+2+1)G{—2y—1,—2y—1,—-y},2) — 122y + 2 + 1)G({—2y — 1, —y — 1,0}, 2)
— 12y +z+1)G({—2y—1,—y—1,—y},2) — 122y + 2 + 1)G({—-2y — 1, —y, 0}, 2)

+ 482y + 2+ 1)G{—2y—1,—y,1},2) + 122y + 2+ 1)G{—2y — 1, —y, —y}, 2)
—24(y+2+1D)G{-y—1,0,1},2) +6(y + 2+ 1)G({ -y — 1,0, —y}, 2)
+6(y+2+1)G{-y—1,-y,0},2) —24(y + 2 + )G({-y — 1, -y, 1}, 2)
—R2y+2+1DGH{-y— 1, -y, —y},2) +24(y + 2)G({—y, 0,0}, 2) + 24(y + 2)G({—y, 0,1}, 2)
+6(y +2)G({—v,0, —y}, 2) — 24(y + 2)G({—y, 1,0}, 2) + 24(y + 2)G({—y, 1, —y}, 2)
+48(y + 2)G({—y, =2y — 1, —y},2) — 6(y + 2)G({—y, —y — 1,0}, 2)
—6(y+2)G({~y,~y — 1, —y},2) +48(y + 2)G({~y, —y,0}, 2)

—72(y+ 2)G({~y, —y, 1}, 2) — 114(y + 2)G({—y, —y, —y}, 2)

—482¢(3) + 372z log(4) + 37> 1og(4))

+0(e?) (8.13)

1

— X
18y%(y + 1)

x (727r2y3 —3n22y® — 629> — 37%y> + 6y> — 62y + 6y

+6(y + 1)2G({0},2) +6 (4* = 1) (v + 2)G({~y}, 2)

+G({~1}y) (—6y° — 621 + 6y + 62+ 32(6y — (= — 3))G({0}, 2)

—3(: = D?G({1},2) + 62y + 2+ 1) (2> +2(: + Dy — (= — )2 — 1) G({-2y — 1}, 2)
—3 (207 43+ Dy + 122y — 2+ D((z - D2 + 1)) G{-y — 1}, 2)

~9(2y — 2+ 3)(y + 2)’G({-y}, 2))

+3G({0},v) (GU{1L )z = D> +2 (4> = 1) (+ 2) + 2((z = 3)z — 6y)G({0}, 2)
—202y+2+1) (20 +26 + Dy - (2 - 9z - 1) G{~2y — 1}, 2)

+ (20" +3(z + Dy? + 122y — (2 + D((z - Dz + 1)) G({—y — 1},2)

+3(2y — 2 +3)(y + 2)°G({—y}.2))

—3 (4y3 +6(z 4 1)y® + 182y + 2(6 — (2 — 3)2) — 2) G({~1, -1}, v)

+3 (45° + 6(x + 1)y’ + 182y + 2(6 — (= — 3)2) — 2) G({~1,0},y)
+6(2y+z+1) (2y2 +2(z+ 1)y — (2 — 4)z — 1) G ({—%,—1} y)
—6(2y+z+1) (2y2 124 1)y — (2 —4)z — 1) G ({—%,o} y)

=3 (4y° +6(x + 1)y” + 182y — 3(= — 3)2°) G({0, ~1},v)

+3 (4 +6(= + 1)y’ + 182y — 3(= — 3)2”) G({0,0},)



+32((z — 3)z — 6y)G({0, 0}, 2) + 32((= — 3)z — 6y)G({0, —y}, 2)
—3(z— 1)*G({1,0}, 2) + 3(z — D*G({1, -y}, 2)

—6(2y +2+1) (20 +26: + Dy — (2 - 9z - 1) G{~2y — 1, —y}, %)

+ (6y3 +9(z + 1)y® + 362y — 3(z + 1)((z — 4)z + 1)) G({—y—1,0},2)
+ (6y3 1 9(z + 1)y? + 362y — 3(z + 1)((z — 4)z + 1)) G{~y—1,—y},2)

—3(2y — 2+ 3)(y + 2)°G({—y, 0}, 2) + 92y — 2 + ) (y + 2)°G{—v, —v}, Z))
+ < x

36y2%(y + 1)
X (—120((3)3;3 + 1272 10g(4)y3 — 28W2y3 — 247r2.zy2 — 84zy2
— 1802¢(3)y® — 180¢(3)y? + 1872z log(4)y® + 1872 log(4)y? — 28n%y?
+ 84y? + 672 2%y — 34n%zy — 84zy — 2882((3)y + 367w zlog(4)y + 87y

1

+ 84y — 47r2z+ 671'2(2y +z+1) (2y2 +2(z+ 1)y — (2 —4)z — 1) G ({75} ,y)
—6 (22y3 + (342 + 44)y® + 2(22(z + 20) + T)y + 2((13 — 42)z + 37) — 8) (-1, -1}, )

16 (22y3 + (342 + 44)y? + 2(22(z + 20) + T)y + 2((13 — 42)z + 37) — 8) G({-1,0},)
1482y + 2 + 1) (3y2 1324 1)y — (2= 5)z — 1) G ({—% —1} y)
—48(2y + 2 + 1) (3y2 4324+ 1)y — (2= 5)z — 1) G ({—%,0} y)
+6(2y+z+1) (2y2 +2(z+ 1)y — (2 — 4)z — 1) G({-2y — 1}, 2)
1

< (-6 ({51} )

1
ri6 ({-5.0}) +)
—6 (22y3 + (582 + 28)y> + (2222 1862 — 2) Y+ 2((55 — 122)z — 5)) G({0, -1}, )
+2(y + 2)G({~y},2) (30 (> - 1)
+72(2y — 2+ 3)(y +2) + 6(2y — 2+ 3)(y + 2) BG({—1, —1},y) — 3G({—1,0},)

1 1
(o) (5o}
+6G ({0, —1},y) — 6G({0,0}, y)))
+2:G({0}, 2) (—12y2 +6 (3 T 71'2) y—73(z — 3)z
+3(6y — (2 — 3)2)(G({—1,-1},y) — G({—1,0},y) + G({0, —1},y) — G({0,0},y)) + 30)
16 (22y3 T (582 + 28)y> + (22z2 1862 — 2) Y+ 2((55 — 122)z — 5)) G({0,0}, 1)
—4 (2y3 +3(z+1)y° + 122y — (2 4+ 1)((z — 4z + 1)) G({—y —1},2) (-3G({-1,-1},v)

+3G({~1,0},y) - 3G({0, =1}, ) + 3G({0,0},y) + 27°)
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+2(z = DG({1},2) (9G({~1,~1}1,9)(z = 1? = 9G({~1,0},9)(= — 1)* = 9G({0, ~1}, y) (= — 1)°

+7%(z = 1) + 24y(y + 1) + 9(= — 2)2G({0, 0}, y) + 9G({0,0},9))

— 62 (8y2 1+ 2(4z 4 9y + (17 — 42)= + 1) G({0,0}, 2) — 48(y + 1)2G({0, 1}, 2)
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— 62 (16y2 +2(52 + 11)y + (19 — 42)z — 3) G0, —y}, 2)

+24(z—1) (2y2 +2(z+ 1)y — (2 — 4)z — 1) G({1,0}, 2)

+24(z — 1) (—2y2 C2(z 4 Dyt (2 — )z + 1) G({1, -y}, 2)

—48(2y + 2 + 1) (3y2 4324+ 1)y — (2 — 5)z — 1) G({—-2y — 1, -y}, 2)

+6 (16y3 (272 4 25)y% + (2(72 + 52) + 5)y — 4(z + 1)((z — 5)= + 1)) G({—y — 1,0}, 2)
+6 (16y3 (272 4 25)y% 4 (2(72 + 52) + 5)y — 4(z + 1)((z — 5)= + 1)) G-y —1,—y},2)
—6(y+2) (12y2 4+ (112 + 17)y + (19 — 42)z + 1) G({—y,0},2) — 48 (y2 - 1) (y + 2)G({~y, 1}, 2)
1 6(y +2) (34;,2 + (312 + 45)y + (55 — 122)z — 1) G({—y, —y}, 2)

+2G({0},y) (30y3 4 30zy2 + 6722y — 30y — 722% + 37222 — 30z

+ 3z (716;,2 —2(52 + 11)y + 2(4z — 19) + 3) G({0}, 2)

1122 - 1) (72y2 — 2+ Dy + (2 —4)z + 1) G({1}, 2)

— 242y +2z+1) (3y2 +3(z+ 1)y — (z— 5)z — 1) G({—2y — 1}, 2)

+3 (16y3 + (272 + 25)y% + (2(T2 + 52) + 5)y — 4(z + 1)((z — 5)z + 1)) G({—y — 1}, 2)
+3(y +2) (34y2 + (312 + 45)y + (55 — 122)z — 1) G({~vy},2)

+62(6y — (2 — 3)2)G({0, 0}, 2)

+92((2 — 3)z — 6y)G({0, —y — 1}, 2) + 62(6y — (2 — 3)2)G({0, —y}, 2)
—6(z—1)°G({1,0}, 2) — 6(z — 1)*G({1,1}, 2)

+3(z — 1)*G({1, -y}, 2)

+12Qy + 2+ 1) (2y2 +2z+ 1)y — (2 — 4)z — 1) G({—2y —1,-2y — 1}, 2)
—6(2y+2z+1) (2y2 +2(z+ 1)y — (2 — 4)z — 1) G{—2y—1,—y — 1}, 2)

+6(2y +2+1) (20" + 2+ Dy - (2 - 9z — 1) G{~2y — 1, ~y},2)

+3 (2y3 132+ 1)y? + 122y — (2 4+ D((z — 4)= + 1)) G~y —1,0},2)

—6 (20" +3(2 + Dy + 125y — (z + (= — 92 + 1)) G{—y — 1, ~y}, 2)

+3(2y — 2+ 3)(y + 2)°G({—v, 0}, 2)

+12(2y — 2+ 3)(y + 2)°G({—y, 1}, 2) + 242y — 2 + 3)(y + 2)°G({—y, —2y — 1}, 2)
=32y —z+3)(y+2)°G{~y, —y — 1}, 2)

—57(2y — 2 + 3)(y + 2)°G({—y, v}, Z)) +2G({-1},v) (—87r2y3 —30y° — 120°2” — 302y
— 1272y — 3672y + 30y + 4722 — 127227 — 67°2 + 302

43z (16y2 1+ 2(52 4 11)y + (19 — 42)z — 3) G({0}, 2)

+12(2 - 1) (2y2 1224 1)y — (2 — 4)z — 1) G({1}, 2)

+24(2y + 2 + 1) (3y2 1324 1)y — (2 —5)z — 1) G({-2y — 1}, 2)

-3 (16y3 4 (272 4+ 25)y2 + (2(72 + 52) + 5)y — 4(z + 1)((2 — 5)= + 1)) G({—y — 1}, 2)

—3(y+2) (34y2 4 (312 + 45)y + (55 — 122)z — 1) G({—y},2)
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+ 62((z — 3)z — 6y)G ({0, 0}, z)

+92(6y — (2 — 3)2)G({0, —y — 1}, 2) + 62((z — 3)z — 63)G({0, —y}, 2)
+6(z — 1)°G({1,0},2) 4+ 6(z — 1)°G({1,1},2)

—3(z -~ 1)®G{1, —y},z) — 12(2y + 2 + 1) (2y2

422+ Dy — (z—4)z — 1) G({—2y — 1, -2y — 1}, 2)

+6(2y+z+1) (2y2 +2(z+ 1)y — (2 — 4)z — 1) G({-2y—1,—y —1},2)
—6@y+z+1) (20 +2(+ Dy — (2 = 9z — 1) G({-2y - 1, —y},2)
=3 (20" +3(2 + Dy + 125y — (2 + (= — 92+ 1)) G{~y — 1,0}, 2)
+6 (25" +3(2 + D)y + 1255 — (= + (= — 92 +1)) G{—y — 1, —y}, 2)
~3(2y — =+ 3)(y + 2)°G({~y, 0}, 2)

—12(2y — 2+ 3)(y + 2)°G({—y, 1}, 2) — 242y — 2 + 3)(y + 2)°G({—y, —2y — 1}, 2)
+32y —2+3)(y+2)°G{—y,—y — 1}, 2)

+57(2y — 2 +3)(y + 2)°G({~y, ~y}, 2) + 27° )

+36(y + 1)*(2y + 32 — )G({—1,—1, ~1},9)

—36(y + 1)?(2y + 32 — 1)G({—1,—1,0},y) — 24(z — 1)3G ({71, 7%, 71} y)

+24(z — 1)%G ({—1,—%,0} y)

12 (2y3 +3(2 + 1)y? + 62y + 2(—2(2 — 3)z — 3) + 1) G({~1,0, -1}, )
112 (2y3 £3(2 4+ 1)y® + 62y + 2(—2(2 — 3)z — 3) + 1) G({-1,0,0},y)

— 242y +2z+1) (2y2 +2(z+ 1)y —(z—4)z — 1) G ({—%,—%,—1} ,y)
+242y+2+1) (2y2 +2(z+ 1)y — (2 —4)z — 1) G ({7%, 7%,0} ,y)
—12(25° +3(z + Dy’ +2(: - 1°) G{0, -1, ~1},p)

+12 (24° +3(z + Dy” + 2(z - 1*) G({0, ~1,0},9)

+24(z — 1)@ ({0,7%,71} y> —24(z — 1)%a ({0,7%,0} y>

+36(2y — 2+ 3)(y + 2)°G({0,0, -1}, ) — 36(2y — z + 3)(y + 2)°G({0,0,0}, )
+182(6y — (2 — 3)2)G({0,0,0}, 2)

+242(6y — (z — 3)2)G({0,0,1}, 2) — 122((z — 3)z — 6y)G({0,0, —y}, 2)
+182((z — 3)z — 6)G({0, —y — 1,0}, 2)

+182((z — 3)z — 6y)G({0, —y — 1, —y}, 2) + 62((z — 3)z — 6y)G({0, —y, 0}, 2)
+242(6y — (z — 3)2)G({0, —y, 1}, 2)

—12z((z — 3)z — 6y)G({0, —y, —y}, ) + 6(z — 1)>G({1,0,0}, 2)

+24(z — 1)°G({1,0,1}, 2)

—12(z = D’G({1,0, ~y}, ) +12(z = )’G({1,1,0},2) — 12(z = D’ G({1,1, ~u}, 2)
—24(z — )*°G({1,—y,1},2) + 6(z — 1)’G({1, —y, —y}, 2)

+242y + 2+ 1) (20" +2(z + Dy — (= 9z = 1) G{~2y — 1, -2y — 1, ~y}, 2)
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—12Q2u4z+1 (202 +2+ D)y —(z—4z—1) G{-2y — 1, —y — 1,0}, 2)

G({-2y—1,—-y—1,-y},2)

(
—12(2y+z+1)(2 +2(z4+ 1)y — (2 —4)z—1
—12(2y+z+1)(

(

+ 4812y + 2+ 1)

2y +2(z 4+ 1y — (2 —4)z — 1) G({—2y—1,-y,0},2)
202 42z 4+ 1)y — (2 — 4)z — 1) G{-2y—1,—y,1},2)

+122y+2+1) (2y +2(z+ Dy —(2—4)z2—1)G({-2y — 1, ~y, —y}, 2)

— 24 (2" +3(2 + D)y’ + 1225 — (= + (2 — 92 + 1)) G({—y — 1,0,1}, %)

+6 (25° +3(z+ Dy’ + 122y — (2 + D((z — 92 + 1)) G{—y — 1,0, —y}, 2)

+6 (2y3 +3(z4+ Dy + 122y — (2 + 1) ((z —4)z + 1)) G({-y—1,—y,0},2)

4 (2y3 +3(z 4 1)y? + 122y — (2 4+ D((z — )z + 1)) G~y —1,-y,1},2)

—12 (2y3 13(z 4 1)y? 4+ 122y — (2 4+ (= — 4)=z + 1)) G{—y—1,—y, —y},2)

+24(2y — 2+ 3)(y + 2)°G({—y,0,0}, 2) + 24(2y — 2 + 3)(y + 2)°G({—v,0,1}, 2)
+6(2y — 2+ 3)(y + 2)°G({-,0, v}, 2)

—24(2y — 2+ 3)(y + 2)°G({—y, 1,0}, 2) + 24(2y — 2 + 3)(y + 2)°G({—y, 1, —y}, 2)
+48(2y — 2+ 3)(y + 2)°G{~y, —2y — 1, -y}, 2)

—6(2y — 2+ 3)(y +2)°G({~y, —y — 1,0},2) — 6(2y — 2 + 3) (¥ + 2)°G({—y, —y — 1, —y}, 2)
+48(2y — 2+ 3)(y + 2)°G({—y, —v, 0}, 2)

- 722y — 2 4 3)(y + 2)°G({~vy, —v, 1}, 2) — 1142y — 2 + 3)(y + 2)°G({~vy, —v, v}, 2)
+4823¢(3) — 1442%¢(3) — 3722% log(4)

+97222 log(4) + 9r’z log(4) — 372 log(4))

+ 0(€?) (8.14)

M _l 3G({7y70}7 Z) — 3G({07 71}7 y) + 3G({07 0}7 y) — 3G({170}7 Z) + 7\'2
’ T 3y + 1)

3D

x ((-36(~1,-1},9) + 3G({=1,0},y) + 9G({0, ~1},y) — 9G({0,0},y) — 4= )
G({—y}, 2) + G{—1},1) (-3G({~y,0}, 2) — 3G({~y, —y — 1}, 2)

+6G({1,0}, 2) +27r2)

+3G({0},9) (G({~y,0},2) + G({y, —y — 1},2) - 2G({1,0},2) — 7°)

—6G({1,0, -y}, 2z) — 6G({1, —y, 0}, z) — 6G({—y,0,0}, 2)

—12G({—-y,0,1},2) + 3G({—y, 0, —y}, 2) + 6G({—y, 1,0}, 2)

+3G({~y,~y — 1,0},2) +3G({~vy,—y — 1, —y},2) — 6G({~y, —y, 0}, 2)

- 6G({-1,0,-1},y) + 6G({-1,0,0},y) + 3G({0, -1, —1},y)

-3G({0,-1,0},y) +9G({0,0, -1}, y) — 9G({0,0,0},v)

+ 72G({1}, 2) + 3G({1,0,0}, 2) + 12G({1,0, 1}, 2)

+6G({1,1,0}, 2) + 6¢(3))

+ O(e) (8.15)
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1

- 2ep3(y+1)?
1 —G({—v},2) + G{-1},y) - G({0},y) — G({0}, 2) + 2G({1}, 2)
€2 (y+1)2

1 1
a1y (CHGU0L G0}, 2) + 2AGU-1),1)(G((0). 2
— G({—y} 2)) +24G({0}, y)G({—y}, 2) — 24G({0, —y}, 2) — 24G({—v,0}, 2)
+ 48G({—vy, 1}, 2) + 24G({—y, —y},2) — 24G({—-1, —1},y)
+24G({-1,0},y) — 24G({0, -1}, y) + 24G({0,0}, y)

+24G({0,0}, z) + 48G ({0, 1}, z) — 96G({1,1}, z) + 23#2)

Mo =

+ m ((—=24G({—-1,-1},y) + 24G({-1,0},v)

+12G({0, -1}, y) — 12G({0,0},y) — ©*) G({0}, 2)

+(24G({-1, -1},y) — 24G({-1,0},y) — 12G({0, -1}, y)
+12G({0,0},y) +137°) G({-y}, 2)

+ G({0},y) (24G({0, —y}, 2) — 12G({~y, 0}, 2) — 24G({~y, —y}., 2)
+24G({0,0}, 2) — 12G({1,0}, =) + 137r2)

+G({—1},y) (—24G({0, =y}, z) + 12G({—y,0}, 2) + 24G({—y, v}, 2)
—24G({0,0}, 2) + 12G({1,0}, 2) — 237r2)

+ 24G({0,0, —y}, z) — 12G({0, —y, 0}, ) + 48G({0, —y, 1}, 2)
+24G({0, —y, =y}, 2) — 12G({1,0, =y}, 2) — 12G({1, —y,0}, 2)
+24G({~y,0,0}, 2) + 48G({~v, 0,1}, 2) — 12G({~v, 0, —y}, 2)
—96G({~vy, 1,1}, 2) + 24G({~y, —y, 0}, 2) — 48G({~y, —y, 1}, 2)
—24G({~vy, —y, —y},2) + 24G({-1, -1, —-1},y) — 24G({—1,-1,0},v)
+24G({-1,0,—-1},y) — 24G({—1,0,0},y) + 24G({0, -1, -1}, )
—24G({0, -1,0},y) — 12G({0,0, -1}, y) + 12G({0,0,0}, y)

—1272G ({1}, 2) — 24G({0, 0, 0}, z) — 48G({0, 0,1}, z)

+ 12G({0,1,0}, 2) — 96G({0, 1, 1}, z) — 12G({1, 1,0}, 2)
+192G({1,1,1}, 2) + 146¢(3))

+ O(e) (8.16)

Master Integrals for [b + W™ =t + gl

- 1G({0},2)
M 77;87r(y+1)

+ Tor(y +1) * (GHE-1}1,»)(G{y + 1}, 2) + G({0}, 2)) —2G({y + 1,0}, 2)

+2G({~1, -1}, y) — 2G({0, —1},y) + 4G({0,0}, 2)
+4G({0,1}, 2) — 2log(4m)G({0}, 2) + 7° )
487w (y + 1) x

x ((-126({-1,-1},9) + 6G({0, -1}, 9) + 7°) G{y + 1}, 2)
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+6G({0,y +1,0},2) + 12G({y + 1,0,1},2) + 6G({y + 1,1,0}, 2)
+G({0},2) (-3 (6G({~1, -1}, 1) — 4G({0, ~1},9) + 7° + log> (4))

— log() log (4096#3))

+ G({—1},y) (6log(4m)(G({y + 1}, 2) + G({0}, 2))
—-302G{0,y+1},2) —2G({y + 1,0}, 2) + 4G({y + 1,1}, 2)
+4G({0,0}, 2) + 4G({0,1}, z) + WQ))

— 6log(4n)G({y + 1,0}, 2) — 12G({-1,-1,-1},y) + 6G({—1,0, -1}, y)
+6G({0, -1, -1}, y) + 6log(4m)G({~1, —1},y) — 6log(4m)G ({0, —1},v)
—24G({0,0,0}, z) — 24G({0,0, 1}, 2) — 6G({0, 1,0}, 2)

—24G({0,1,1}, z) + 121og(4m)G ({0, 0}, z) + 12log(47)G({0,1}, 2)

+18¢(3) + 372 10g(47r))

+0(e?) (8.17)
My =+ m (6G({—1}, y)(G({0},2) — G({y + 1}, 2)) + 6G({y + 1,0}, 2)
—6G({~1,~1},y) + 6G({0, ~1},9) — 6G({0,0},2) - 7*)
187(y + 1) ((GG({_L —1}hy) +4 (”2 -3G({o, —1},y))) G({0}, 2)

T (126({-1. ~1}.9) - 6G({0. ~1},3) — 7*) G({y + 1}.2) — 18G({0.y + 1,0}, 2)
—12G({y +1,0,1},2) —6G({y + 1,1,0}, 2)

+ G({—1},y) (6log(4m)(G({0}, 2) — G({y + 1}, 2))

—3(-6G({0,y+1},2) +2G({y + 1,0},2) —4G({y + 1,1}, 2)

+4G({0,0}, 2) + 4G({0,1},2) + 7*) )

+ 6log(4m)G({y + 1,0}, 2) + 6G({-1,0, -1}, y) — 6G({0, -1, =1}, )
— 6log(4m)G({—1, —1},y) + 6log(4m)G ({0, —1},y) + 18G({0, 0,0}, 2)

+12G({0,0, 1}, z) + 6G({0, 1,0}, z) — 6log(47)G ({0, 0}, z) + 18¢(3) — = log(47r))

+O(e%) (8.18)

_1172

T e 8w
1

487 (y + 1)
+6G({-1},y)(—2G({y + 1}, 2) + 2G({0}, 2) + (y + 1)(2 — 1))
—62G({-1,-1},y) + 62G({0, -1}, y) + 62G({y + 1,0}, 2) — 62G({0,0}, 2)
—30yz — 6yzlog(4m) + 30y + 6ylog(4n) — w2z — 30z — 6z log(4n) + 30 + 6 10g(47r))
TR
x (=2 (-126({~1,-1},y) + 66({0, ~1},9) + =*) G({y + 1}, 2)
—12(y + 1)2G({0, 1}, 2) — 6(y + 1)(= — DG({1,0}, 2) — 24(y + 1)(= — DG({1, 1}, 2)
+62G({-1,0,-1},y) — 62G({0, -1, —1},y) — 182G ({0, y + 1,0}, 2)

(6(y + 1)2G({0}, 2) +12(y + 1)(z — DG({1}, 2)
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—122G({y +1,0,1}, 2) — 62G({y + 1,1,0}, 2)
+62(y + 2 + log(m) + log(4))G({0, =1}, y) — 62(2y + 3 + log() + log(4))G({0, 0}, 2)
+6(—2yz +y — 2(3 + log(4) + log(w)) + 1)G({—1, —1},v)

+2:G({0},2) (3G({~1, =1}, 1) = 6G({0, ~1},9) + 3(y + 1)(5 + log(4) + log(m)) + 277

+6(y + 2+ zlog(4dm) + 1)G({y + 1,0}, 2) + 3G({—1},y) (—4(y + 1) (2 — 1)G({1}, 2)
—2((y+2+1)G({y +1},2) + 2(=3G({0,y + 1},2) + G({y + 1,0}, 2)

—2G({y + 1,1}, 2) + 2G({0, 0}, 2) + 2G({0, 1}, 2)))

+ 2z(log(4m) — y)G({0}, 2) + 2log(4m)(—2G({y + 1}, 2) + y(= — 1) + 2)

+10y(z — 1) — (71'2 - 10) = — 2(5 + log(4) + log(ﬂ')))

1120y + 1) (2 — 1)(5 + log(4) + log(m)G({1}, z) + 182G({0,0,0}, 2) + 122G ({0, 0,1}, z)
+62G({0,1,0}, 2) — 114yz — 3yz log?(4) — yz log() log (4096#)

— 30yz log(4m) — 372y + 114y + 3y log>(4) + y log(7) log (4096#)

+ 30y log(47) + 182¢(3) — 722z — 114z — 3z log>(4)

— zlog(n) log (40967\'3) — 7%z log(d)

— 30z log(4r) — 372 + 114 + 3log®(4)

+log(r) log (409671'3) +30 10g(47r)>

+O(%) (8.19)

1 (z—1)z

€ 87

+ Siw ((z — 1)2G6({0}, 2) + 2(z — 1)2G({1}, 2) — 322

+2%(— log(47)) + 3z + 2 log(47r)>

+ ﬁ (=6(z — 1)2G({0, 0}, 2) — 12(z — 1)2G({0, 1}, 2)

—12(z — 1)2G({1,0}, 2) — 24(z — 1)2G({1, 1}, 2) + 6(z — 1)2(3 + log(4) + log())G({0}, 2)
+12(z — 1)2(3 + log(4) + log(m))G({1}, 2) + n22% — 4222 — 322 log?(4)

+ 22(— log()) log (40967r3) — 1822 log(4n) — w2z + 422

+3zlog?(4) + zlog() log (409671'3) + 18z log(47r))

2
+ 257 (6(z = D=G({0,0,0}.2) + 12(= = 1)zG({0,0. 1}, 2)

+12(z — 1)2G({0,1,0}, z) + 24(z — 1)2G({0, 1,1}, z) + 12(z — 1)2G({1, 0,0}, 2)
+24(z — 1)2G({1,0,1}, 2) + 24(z — 1)2G({1, 1,0}, 2) + 48(z — 1)2G({1,1, 1}, 2)

—(z—1)z (7r2 —3 (14 +log?(4) + 610g(47r))
~ log(n) log (40967r3)) G({0}, 2)

—2(z — 1)z (WQ -3 (14 T log?(4) + 610g(47r))
~ log(n) log (40967r3)) G({1}, 2)

— 6(z — 1)2(3 + log(4) + log(m))G ({0, 0}, 2)
—12(z — 1)2(3 + log(4) + log(m))G({0,1}, 2)
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—12(z — 1)2(3 + log(4) + log(w))G ({1, 0}, 2)

— 24(z — 1)2z(3 + log(4) + log(7))G({1, 1}, z)

+162%¢(3) + 37222 — 902% — 2% log? () log(647)

— 1222 10g? (2) log () — 2° log®(2) log(256) — 927 log®(4)

— 32% log(n) log (409671'3> + 222 log(4r)

— 4227 log(47) — 162¢(3) — 3722 + 90z + z log? () log(647)
+ 12z 1log?(2) log(7) 4 zlog?(2) log(256) + 9z log®(4)
+3zlog() log (4096773) — 7%z log(4r) + 422 10g(47r))

+ O(e%) (8.20)

24m(y + 1)

Y <3G<{fy,0},z> —3G({0, —1},) + 3G({0,0},¥) — 3G({1,0}, 2) +w2>

1 2
Ty ((6@({71, —1},4) + 6G({0, —1},y) — 12G({0,0},y) — ) G({1}, 2)
-6 (—2G({0, ~1}, ) +2G({0,0},9) + 7*) G({—y},2)

+G({~1}y) (66({1,y +1},2) + 4 (° = 3G({-y,0},2)) + 6G({1,0}, 2))

—12G({1, —y,0}, 2) — 6G({1,y + 1,0}, 2) — 6G({—y, 0,0}, 2) — 12G({—y,0, 1}, 2)
+12G({—y,1,0}, 2) — 12G({—y, —y, 0}, z) + 6log(47)G({—y, 0}, z) — 572G ({0}, y)
—12G({-1,0,-1},y) + 12G({-1,0,0},y) + 6G({0, -1, —1},y) + 12G({0,0, —1},y)

— 18G({0,0,0},y) — 6log(4m)G ({0, —1},y) + 6log(4m)G({0,0}, v)

+12G({1,0,0}, 2) + 12G({1,0,1}, 2) + 12G({1,1,0}, 2)

—6log(4m)G({1,0}, z) — 6¢(3) + 27> 10g(47r)>

+ O(e) (8.21)

- _1172

e 8w
+ % (—42y +2(z — DG({1}, 2)y — zlog(4m)y + log(4m)y
+4y + (z — D)y + 2)G({0},y) — (z — 1)2G({0}, 2) + (2 — 1)(y + 2)G({—y}, 2))

+ _c (7r2z2 +2n2yz — T2yz 4 6(z — 1)G({0, 0}, 2) =
487y

+12(z — 1)G({0,1}, 2)z + 12(z — 1)G({1, 0}, 2)z — y log(m) log (4096#3) z

— 24y log(4m)z — 6(z — 1)G({0}, z)(4 + log(4) + log(m))z — 3y log?(4)z

-z =2’y + 72y — 6(z — 1)(y + 2)G({0,0}, y) — 24y(z — )G ({1, 1}, 2)

— 12z = D(y + 2)G({1, =y}, 2) + 6(z = D(y + 2)G({~v,0},2) — 12(z — )(y + 2)G({—v, 1}, 2)
—12(z = 1)(y + 2)G({—y, —y},2) — 6(z — 1)(y + 2)G({0}, ) (2(G({1},2) + G({—y},2) — 2)

— log(4m)) + ylog(m) log (4096w3> + 24y log(4m)

+12y(z — 1)G({1}, 2)(4 + log(4) + log())

+6(2 — 1)(y + 2)G({—y}, 2)(4 + log(4) + log(m)) + 3y log” (4))
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+ % (12((3)z2 + 2 log(4m)2? + 422>

+8myz — 192yz — 6(z — 1)G({0,0,0}, 2)z — 12(z — 1)G({0,0,1}, 2)z

—12(z — 1)G({0,1,0}, 2)z — 24(2 — 1)G({0,1,1}, 2)z — 12(z — 1)G({1, 0, 0}, 2) =

—24(z — 1)G({1,0,1},2)z — 24(2 — 1)G({1,1,0}, 2)z + 28y((3)z — 12¢(3)=z

— 4y log(m) log (4096#3) z — ylog? () log(64m)z

+ 272y log(dn)z — T2y log(4dm)z — n log(4m) 2

+ (2= DG({0},2) (=72 + 7 — 1210g(2)(4 + 0g(2)) — 31og() (8 + log(16) + log(m)) ) =
+ 6(z — 1)G({0, 0}, z)(4 4 log(4) + log(m))z + 12(z — 1)G({0, 1}, 2)(4 + log(4) + log(n))=
+12( — 1DG({1,0}, 2)(4 + log(4) + log(m)) = — 12y log?(2) log(r)

—y 10g2(2) log(256)z — 12y log? 4)z — dn’z — 872y + 192y

+6(z — 1)(y + 2)G({0,0,0}, ) +48y(z — NG({1, 1,1}, 2) + 24(z — )(y + 2)G({1, 1, =y}, 2)
—12(z = D)(y + 2)G({1, =y, 0}, 2) + 24(z — D)(y + 2)G({1, -y, 1}, 2)

+24(z — D(y + 2)G({1, —y, —y}, 2) — 6(z — 1)(y + 2)G({—y,0,0}, 2)

—12(z = D(y + 2)G({—v,0,1}, 2) — 12(z = D)(y + 2)G({~v, 1,0}, 2)

+24(z = Dy + 2)G({-v, 1,1}, 2) + 24(z — D)(y + 2)G({-v, 1, =y}, 2)

—12(z = D(y + 2)G({—y, =y, 0}, 2) + 24(z — D)(y + 2)G({—v, —y, 1}, 2)

+24(z - Dy + 2)G{—v, —y, —v}, 2)

=3(z = 1)(y + 2)G({—y}, 2) (—4G({0,0},y) — log(m)(8 + log(16) + log())

—410g(2)(4 + log(2)) + % — 24)

=2(z = DG({1},2) (=72 + 27" — 1210g(2)(4 + log(2)) — 3log(m)(8 + log(16) + log())) v
+7°2 = 6(y + 2)G({0,0},)) — (= — D(y + 2)G({0},9) (12(4

+ log(4) 4 log(m))G({1}, 2) — 24G({1, 1}, 2) — 24G({1, —y}, 2) — 24G({—y, 1}, 2)

— 24G({—y, —y}, z) — log(n) log (40967r3) —3 (24 +log?(4) + 8log(47r))

+12G({~y}, 2)(4 + log(4) + log(m)) + 27°)

— 28y¢(3) + 4y log(n) log (40967\'3)

+y log2 (m) log(64m) — 271'2y log(4m) 4 72y log(4m)

—6(z — 1)(y + 2)G({0, 0}, y) (4 + log(4) + log(m))

—24y(z — 1)G({1,1}, 2)(4 + log(4) + log(m))

—12(z = 1)(y + 2)G({1, —y}, 2) (4 + log(4) + log(m))

+6(z — 1)(y + 2)G({—y, 0}, 2)(4 + log(4) + log(m))

—12(z = 1)(y + 2)G({—y, 1}, 2) (4 + log(4) + log())

—12(z — D(y + 2)G({—y, —v}, 2) (4 + log(4) + log(n)) + 12y log®(2) log(r)
Ty log? (2) log(256) + 12y 10g2(4))

+O(?) (8.22)

11—2

e 8w

+ é ((z = DG -1}, y) +3(z = DG({1}, 2) — 5z + z(—log(4m)) + 5 + log(4r))

+ ﬁ (2 -22)G({-1,-1},9) —2(z - NG({-1},y)(3G({1}, 2) — 5 — log(4r))
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—18(z — 1)G({1,1}, 2) + 6(z — 1)(5 + log(4) + log(m))G ({1}, z) + n>z — 38z — 4z log?(2)
+ z(—log(w)) log(16m) — 10z log(4w) — 7> + 38 + 4log?(2)
+ log(m) log(167) + 10 log(4m))
E2
57 (6 = DEU=1,-1,-1},y) = 9(= = DG({1},2) (~26({~1, ~1},9) +7°
~38 — 410g”(2) — log() log(16m) — 10 log(4r) )
= 3(z = DG({~1},) (~18G({1,1},2) + 6(5 + log(4) + log(m)G({1}, 2) + 7* — 38 — 410g"(2)
— log() log(16m) — 10log(4m)) — 6(= — 1)(5 + log(4) + log(m)G({~1, ~1},y)
+162(z — 1)G({1, 1,1}, z) — 54(z — 1)(5 + log(4) + log(m))G({1,1}, 2) + 522¢(3) + 1572z — 390z
— 4z1log”(2) log (47r3) — zlog? () log(647)
— 60z1og?(2) — 15z log(m) log(16m) + 37>z log(47) — 114z log(4)
—52¢(3) — 157 + 390 + 41og>(2) log (471'3) 4 log? () log(64x)

+601og?(2) + 15log(w) log(167w) — 372 log(4m) + 114 10g(47r)) (8.23)

N _ 1z +y? + 2%y + 32y —y + 427 — 22
€ 24m(y + 1)2(z — 1)z(y + 2)
1
T2 102G DR 1 2
+ 222 log(4m)y + 3z log(4m)y — log(4m)y — 92% + 3z

+ (=2 + 1)y = (2(2 +9) = 2y — 52° + 2) G{~1},w)

(z 10g(471-)y2 + 10g(47r)y2 — 6y2 — 322y — 9zy

+2((z+ 1)y = (2= 6)z + Dy + 2° + 2) G{0},v)
+(~+ Dy + (2= 6)z + 1y — 2(2 + 1)) G{0}, 2)
T (74(,2 Ty (A —52(z+3)y + (5— 13z)z) G({1}, 2)

+2 ((z + 1y - ((z=6)z+ Dy + 2% + z) G({—y},2) + 42° log(4r) — 2z 10g(47r)>
n €

288m(y + 1)2(z — 2(y + 2
X (27r22y2 —7229% — 2 log(m) log (409671'3) y?

)><

— 4log(m) log (409671'3) y? + 9z log(m) log(16m)y> + 18 log() log(167)y>

— 72 10g(471')y2 — 6z log2 (4)y2 —12 10g2(4)y2 + 48z 10g2(2)y2 + 72 10g2(2)y2 + 27r2y2

+ 288y2 + 471'2223/ + 36223/ — 1871'223/ + 324zy + 22 log(7) log (409671'3> Yy

— 12z log(n) log (4096#3) y + log(m) log (4096#) "

+ 922 log () log(16m)y + 542 log(r) log(167)y — 9log(n) log(16m)y

— 3622 log(4m)y — 108z log(4m)y — 36z log>(4)y + 482 log®(2)y + 216z log?(2)y

— 2410g%(2)y + 2272y + T2y — 167227 + 25227 + 207wz — 362 — 12 (2(z — 2y + (2 =9z +4)y
+(5 = 72)2) GU-1, -1} ) +48 ((y - V=" +2 (y° +1) 2 = (y - Dy) G{~1,0},9)

24 ((z — ) — (22 4 1) y—2:°+ z) a0, —1},v)
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+24((2 - 42)5% + (= = )z + Dy + 2(= - 2)2) G({0,0},y)

+12 (2 4+ 1)y* = ((z = )z + Dy + 2° + 2) G({0,0}, 2)

—24(y(z — 2) — 2)(y + 22 — 1)G({0, 1}, 2)

+24((y—D2"+2 (v* +1) 2 — (v — Dy) GHO, —y}, 2)

+24(2y + 2+ 1)(y + (y + 2)2)G({1,0}, 2)

112 (16(z + 1)y + (2(172 + 57) — 10)y + 2(43z — 11)) G({1,1}, 2)

—48(2y +z+ 1)(y + (y +2)2)G({1, —y}, 2)

+24(y — 2+ 2)(2 + y(22 — 1)G({—y,0}, 2) — 24 (= + 1)y’

—((z—12)z+ 1)y + 422 + z) G({—y,1}, 2)

—48(y — 2z +2)(2 + y(22 — 1))G({~y, v}, 2)

+24G ({0}, ) (=3(2 + D)y +3((> — 6)= + 1)y — 32(5 + 1)

+ (-2 +2 (v +1) 2= (y— 1y) GHOL2) = 22y + 2+ D(y + (y + 22)G({1}, 2)
~2(y = 2 +2)(2 +y(2z — 1))G{-y} 2) + (~( = D2* + y(y+6)z + 2 + (y — Dy) log(4n))
+ G({0}, 2) (72 (y2 — (2 —3)zy + z) —12 ((z +1)y% — (2 = 6)z + Dy + 22 + z) 10g(47r))
+G({1},2) (36 (2(z +3)y° + (32(2 + 5) — 2)y + 2(11z — 3))

~12 (4(z + 1)y + (5z(z +3) — 4)y + 2(132 — 5)) 10g(47r))

+12G({~1},9) (3(y +5)2° +3(w(2y + 9) — Dz +6(y — Dy — 2 (v — 1)z

+2 (v +1) 2= (y = Dy) {0}, 2) + (8(z + Dy’ + (2(72 + 27) = 2)y + 2(172 — 1)) G({1}, 2)
+2((z-2)y" = (% +1)y - 22" +2) G{-v},2)

- (2(z T 192 + (2(2 +9) — 2)y + 2(52 — 1)) 10g(47r))

— 422 log(n) log (4096773) — zlog(n) log (4096#3)

+ 3622 log(7) log(167) — 9z log(w) log(167) — 10827 log(47)

+ 362z log(47) + 24 ((z +1)y® — ((z—6)z+ Dy + 2% + z) G({—vy},2)(—3 + log(4) + log(n))
—122” log®(4) — 6z log>(4) + 1442° log®(2) — 24z log2(2))

€2

t ey D2z ey £ 2) *
(7127r22y2 +3602y% — 1522¢(3)y® — 152¢(3)y>

+ 9z log(7) log (4096w3> y? + 6log(n) log (4096#3) y?

+ 12z log2 (2) log (4#3) y2 + 24 10g2(2) log (471'3> y2

+ 2z1log? () log(64m)y? + 2log? (7) log(647)y” — 27z log(r) log(167)y>

— 541og(m) log(16m)y? + 272z log(4m)y® — 72z log(4n)y? + 272 log(4m)y*>

+ 288 log(4m)y? — 12z log?(2) log(m)y® — 481og?(2) log(w)y> — 6 log?(2) log(256)y>

+ 3621og?(4)y® + 181og®(4)y® — 8zlog®(2)y? + 161og®(2)y? — 144z log?(2)y> — 216 log?(2)y>
— 1008y — 187222y + 3622y + 5dn’zy — 9722y — 37622 (3)y — 4562¢(3)y + 224¢(3)y
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+ 322 log () log (4096#3) y + 362z log(m) log (4096#3) y

— 9log(m) log (409671-3) y + 1227 log?(2) log (47‘r3> y

+ 72z log2 (2) log (4#3) y—12 10g2(2) log (47r3> Yy

+ 422 log? () log(64m)y + 62 log? () log(64m)y — 2log?(r) log(647)y

— 2727 log(7) log(16m)y — 162z log(7) log(167)y + 27 log(w) log(16m)y

+ 4n?2% log(4m)y + 3627 log(4m)y — 18722 log(4m)y + 324z log(4m)y

+ 2272 log(4n)y + 72 log(4m)y + 122° log?(2) log(m)y

— 144z 1og® (2) log(m)y + 121log?(2) log(m)y — 122 log®(2) log(256)y

+ 1827 log? (4)y + 108z log®(4)y — 181log?(4)y + 827 log®(2)y + 8log®(2)y

— 1442% 1og?(2)y — 6482z log?(2)y + 72log?(2)y — 607’y — 360y + 427222 — 61222
— 54n%z — 36z + 12 (2(5z —4)y® + (2(52 — 9) + 8)y + (13 — 112)2) G({-1,-1,-1},%)
—96 ((y— 12" +2 (v* +1) 2 — (y - Dy) G{-1,-1,0},y)

)
1)y+z +z) {-1,0,-1},9)
)

z+1)y +2(z2

(¢
+48( (z+ 1y +2(z2 +1)y+2 +z)G({ 1,0,0},y)

24(5z74)y +( 2)y+22271)) G0, -1, -1}, v)

48 (4zy — 2y + D)y + (5y + 4)2> — 22) G({0,—1,0}, )

24 (2(z + 1)y + 722y 4y + 42(22 — 1)) G({0,0, —1}, 1)

(2(2 +1)y% + (2(132 — 6) + 1)y + 22(7z — 5)) G({0,0,0}, v)
—12 ((z 1Y — (2 = 6)z + D)y + 2> + z) G({0,0,0}, 2)
+24(y(z — 2) — 2)(y + 22 — 1DG({0,0,1}, 2)
—24((y-D2"+2(y* +1) 2 — (y - Dy) G{0,0,—y}, 2)

(2 = 2)y” + (2(52 — 6) — D)y + 2(42 - 5)) G({0, 1,0}, 2)

(11y — 2)2° + 2y(5y — 6)z + 4z + (5 — 8y)y) G({0,1,1}, 2)

(
(

— 48 (4zy — @y + 1)y + (5y +4)2° 72z) G({0,1, -y}, 2)
(~(y+5)2" =2 (v* —2) 2+ y(y +2)) G{O, =y, 0}, 2)
(82 = 9y? + 7% +y + 25(: + 1)) G({0, ~9, 1}, 2)

+48 ((4y+5)2" +2 (v° - 2) 2 —y(y+2)) G0, —y, —y}. 2)

—24(2y + 2 + )y + (y + 2)2)G({1,0,0}, 2)

—48 ((z T 1)y% = (2= 6)z + D)y + 22 + z) G({1,0,1}, )

((z+1)y +2(z +1)y+z +z)G({1 0, -y}, 2)

— 48 (4(z +1)y2 4 (2(52 + 6) + 5)y + 42(z + 1)) G({1,1,0},2)

— 12 (64(2 + 1)y” + (2(712 + 195) — 10)y + 2(1452 — 17)) G({1,1, 1}, 2)
(

+96 (402 + Dy” + (2(52 + 6) + 5)y + 42(2 + 1)) G({1,1, -y}, 2)
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—48 ((z+ Dy’ = (= = 6)z + Dy + 2 + 2) G({1, 9,0}, 2)
+48 (5(2 + D)y” + 4(2( + 3) + Dy +52(2 + 1)) G{1, —p, 1}, 2)
+96 (= + Dy* = (= = 6)z + Dy + 2* + 2) G{L, —y, —y}, %)
—24(y — 2+ 2)(= + y(22 — 1)G({~y, 0,0}, 2)
—48 ((z + Dy* = (= = )z + Dy + 2 + 2) G({-y,0,1},2)
(=29 = (> +1) y = 22" +2) G{~v,0, -y}, 2)
—48 ((z+ Dy = (= = )z + Dy + 2> + 2) G({~,1,0}, 2)
+24 ((z +10)y% — (2 — 24)z + 1)y + 102 + z) G-y, 1,1}, 2)
+96 ((2+ Dy* = (= = 6)2 + Dy + 2* + 2) G{—p, 1, ~y}, %)
+48 ((4y +5)2% = 2(y(2y +3) + )2 + y(Gy + 4)) G{~y, —y, 0}, 2)
(G+1Dy" = (= 6)z+ Dy + 2* + 2) G{—y, ~y, 1}, 2)
+96 (42— 5)y* + (—42> + 62 —4) y + (4~ 52)2) C({~y, ~y, ~}, 2)
+G({0,1},2) (72 (=3y* + 2(y — B)zy + y+ By — 1)) — 24(y(z — 2) — 2)(y + 22 — 1) log(4m) )
+G({1,0},2) (24(2y + 2 + Dy + (v + 2)2) log(4m) — 72 (= + 3)y” + (62 + 2y + 2(2 + 3)) )
+G({0,0},2) (12 (= + D)y’ = ((= = 6)z + Dy + 2 + 2) log(am) — 72 (v* = (2 = 3)2y + 2)
+12G({1,1}, 2) (—39(y +3)22 — 9y(dy + 19)z + 21z + 6(3 — 10y)y
+ (16(z +1)y% 4 (2(172 + 57) — 10)y + 2(43% — 11)) 10g(47r)>
+4G({-y},2) ((7(z = 1) + 54z + 1)) y* = (54((z = 6)2 + 1) + 7°(2(2 + 18) + 1)) y
Tz (71'2(1 — 112) + 54(= + 1)) +6 ((z —2)y® - (22 + 1) y— 222+ z) a{~1,-1},v)
—24((z-2)° = (2 +1)y - 22" +2) G{~-1,0},p)
+3 ((10g2(4) —6 10g(47r)) (7(1, — D)2y +6)z+ 2+ (y— l)y)
+8(w+2)2" = (v +1) 2+ y2y+1)) G{0, -1}, )
+4 (=(5y + 1) + (y(5y + 6) + 5)2 — y(Ty +5)) G({0,0},1) )
+ (—(y — 1)+ yly+6)z+ 2+ (y — 1)1/) log() log (4096773))
+ G({0}, 2) (1071'2zy2 4 7222 + 362 log () log(167)y>
— 181og(7) log(16m)y> + 72 log(4m)y® — 24z log?(2)y® — 24 10g” (2)y>
—272y? — 288y” + 2672 2%y + 2882%y + 12722y — 6482y + 272> log(n) log(167)y

+ 9log(m) log(16m)y — 7222 log(4m)y + 2162 log(4m)y + 242° log?(2)y — 144z log? (2)y
+241og?(2)y — 2272y — T2y + 467222 + 722° — 3877z — 288z

+48 ((w-12"+2 (v +1) 2= (- Dy) GU-1,~1},9)
—a8 (-1 +2 (v’ +1) 2= (y— Dy) G{~1,0},9)

—24 (4zy2 —@2y+ Dy + 5y +4)2° — 22) G({0,-1}, )
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+24 (429° = 2y + Dy + Gy +4)2° - 22) G({0,0},9)

= (~45” + y+ (Ty +2)2° + 2(y(Ty + 6) + 4)2) log(r) log (40967

+18z log(m) log(16m) + 72z log(4w) — 242% log? (2) — 242 10g2(2))

+ G({0},v) (47rzzy2 + 2162zy> — 18z log(n) log(167)y*>

+ 181log () log(16m)y> — 72z log(4m)y? — 72 log(4m)y? + 48z 1log?(2)y>

+ 481og?(2)y? — 44n?y? + 216y — 167222y — 2162y — 4872 zy + 12962y
— 922 log(m) log(16m)y + 9 log () log(16m)y + 7222 log(4m)y

— 432z log(4m)y + T2 log(4m)y — 4827 log? (2)y + 288z 1og?(2)y — 48 log?(2)y
— 1672y — 216y — 44n22% + 21622 + 4n’z + 2162

—24((y- 12" +2 (v’ +1) 2= (v - Dy) G({0,0},2)
— 48 (4zy® — (2y + D)y + (5y + 4)2> — 2z) G({0,1}, 2)
+ 48 ( (4y + 5)z +2 (y — 2) z—yly + 2)) G({0, -y}, 2)

— 48 z+1)y +2( +1)y+z +Z)G({1,0},z)

(
(
(¢
96 (4(2 + 1)y + (2(52 4 6) + 5)y + 4z(= + 1)) G({1,1}, 2)
6((z+1)y ~((z=B)z+ Dy +2* +2) G{1, -y}, 2)
48((2—2)y —( +1>y—22 +z>G({ y,0}, 2)
+96 (2 4+ 1)y* = (= )z + Dy + 2 + 2) G({-p,1}, 2)
+96 (42— 5)y* + (—42> + 62 —4) y + (4~ 52)2) G({~y, ~v}, 2)
+ (2(5z —1)y% = ((z — 24)z + T)y + 42(z + 1)) log(7) log (4096#3)
— 7222 log(47) — T2z log(4w) + 24 ((y —1)22
+2 (47 +1) 2 = (y = Dy) G{0}, 2)(—3 + log(4) + log())
—48(2y + 2z + 1)(y + (y + 2)2)G({1}, 2) (-3 + log(4) + log(m))
—48(y — 2 + 2)(z + y(2z — 1))G({—y}, 2)(—3 + log(4) + log(r)) + 4827 log?(2) + 48z log2(2))
+26({-1}, ) (7271'227;2 — 1082y + 92 log() log(16m)y>
— 9log(m) log(16m)y> + 362z log(4m)y> + 36 log(4m)y? — 24z log?(2)y> — 241og?(2)y>
+227%y% — 108y? + 117222y — 5422y + 27w 2y — 4862y + 92° log(7) log(16m)y
— 27z log(m) log(167)y + 18 log(w) log(167)y + 1822 log(4m)y + 162z log(4m)y
— 36log(4m)y — 1227 log?(2)y — 108z log?(2)y + 24 log?(2)y + 27>y + 108y + 317°2% — 27027

— 1172z 4 542 + 12 ((y — 12242 (y2 + 1) z—(y— l)y) G({0,0}, 2)
112 ((8z — )y Ty fy 4 22(2 1)) G({0,1}, 2)

—12 (42” = @y + Dy + 5y + 92° - 22) G({0, ~y}, 2)
+24(+10p° +2 (52 +1) y+2° +2) G{1,0},2)

—6 (32(z 1+ 1)y? 4 (2(37% + 81) + 10)y + 2(59% + 5)) G({1,1}, 2)



+24 ((z+1)y2+2( y+z +z) G({1,—y},2)
+24 ((z —2)y? - (z T 1) —222 z) G({—y,0}, 2)
~12 ((z —2)y? — ( 24 )y —22% 4 Z) G({-v,1}, 2)
—a8 ((z =2y = (52 +1) y - 22> +2) GU-v, v}, %)

+ ((1 —52)y® — 4 (22 + 1) Y+ (2 — 5)z) log(7) log (4096#‘)

— 1822 log () log(167) 4 18z log(m) log(16m) + 9022 log(4m) — 18z log(4)
—12((w-102" +2 (v* +1) 2 = (y = Dy) G({0}, 2)(~=3 + log(4) + log())

+6 (8(z + Dy’ + (2(72 +27) = 2)y + 2(172 — 1)) G({1}, 2)(~3 + log(4) + log(r))
+12((z = 2)y* = (5> +1) y = 22° + 2) G({~y}, 2)(~3 + log(4) + log(m))

—602° log?(2) + 122 log2(2)>

+2G({1}, 2) (—4w2zy2 — 362y% — 27z log () log(167)y>

— 27log(w) log(16m)y> 4 362 log(4m)y? + 108 log(4m)y? — 48z log? (2)y>

— 4810g”(2)y® — an’y® — 396y° — 17n° 2%y — 9027y + 4572y — 8102y

— 2727 log(w) log(16m)y — 81z log(n) log(16m)y + 542 log(4m)y

+ 270z log(4m)y — 36 log(4m)y — 6022 log?(2)y — 180z log?(2)y + 481log?(2)y

— 44r?y + 36y + 237727 — 52227 — 31772 4 90z

—6 (4(7; + 1)y — ((z — 27)z + 10)y + 2(132 — 5)) G({~1, -1}, v)

— 48 ((z +1)y? 42 (z2 + 1) y+ 22+ z) G({~1,0},9)

24 ((z + 1)y +2 (22 + 1) y+ 22+ z) G0, —11}, )

+24(2y + 2 + 1) (y + (y +2)2)G({0,0}, y)

+ (52 + 1)y? +4(2(= +3) + Dy + 52(2 + 1)) log(r) log (40967° )

—542% log () log(167) + 19822 log(4n) — 54z log(4m) — 15622 log?(2) + 60z 10g2(2)>
— 75222¢(3) + 4482¢(3) + 1827 log(n) log (4096#)

— 3zlog(n) log (4096#3) 1 4827 1og?(2) log (4773)

—12z10g2(2) log (4773) + 822 log? () log (647)

— 4zlog® () log(64m) — 10827 log(r) log(167) + 27z log(r) log(16m)

— 167227 log(4) + 2522 log(4n) + 207>z log(47) — 362z log(4m)

—12 (2(2 = 257 + (= = 9=z + Dy + (5 = 7)) G({—1,~1},y)(=3 + log(4) + log())
+48 ((y— D" +2 (4 +1) 2 — (y = Dy) G{~1,0},1)(~3 + log(4) + log(r))
+24((z = 2)9” = (5> +1) y = 22” + 2) G0, ~1},4) (=3 + log(4) + log())

+24 (2 = 42)5” + (2 = )z + Dy + 2(2 — 2)2) G({0,0},y)(~3 + log(4) + log(r))
+24 (= D2" +2 (v* +1) 2 = (y = Dy) G0, ~y}, 2)(~3 + log(4) + log(m))
—48(2y + 2+ 1)(y + (y + 2)2)G({1, —y}, 2)(—3 + log(4) + log(m))
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+24(y — 2+ 2)(z + y(22 = 1))G({~y, 0}, 2)(=3 + log(4) + log(7))
—24((z+ 9y° = (= = 12)2 + Dy + 42° + 2) G({—y, 1}, 2)(=3 + log(4) + log(r))

—48(y — 2+ 2)(z + y(2z — 1))G({—y, —y}, 2) (=3 + log(4) + log(m)) — 482" log? (2) log(r)
— 12z10g”(2) log(m) — 622 log?(2) log(256) + 5427 log?(4) + 162> log>(2)

—8zlog3(2) — 4322° log? (2) + 722 10g2(2)) (8.24)

1 1
T2 48n(y + 1)z
| 1226({-1},9) + 26({0},4) = G{0}, 2) ~ 4G({1},2) + 2G({=y}, ) + log(4n)
€ 487w (y + 1)z
1
+ 2887 (y + 1)z
—24G ({0, —1},y) + 24G({0,0},y) + 6G({0, 0}, z) + 24G({0, 1}, z) — 12G({0, —y}, #)
+24G({1,0}, z) + 96G({1,1}, z) — 48G({1, —y},2) — 12G({—y, 0}, z) — 48G({—y, 1}, 2)
+24G({-y, —y}, 2) + 12G({ -1}, y)(G({0}, 2) + 4G ({1}, 2) — 2G({—y}, 2) — log(4m))
— 6G ({0}, 2)(2G({0}, y) + log(4m)) + 12G ({0}, y)(—4G ({1}, ) + 2G({—}, =)

+ log(4m)) — 2log(m) log (4096#3) + 9log () log(167)

x (—24log(4m)G({1}, 2) + 24G({—1, -1}, ) — 24G({—1,0}, %)

+12G({—y}, z) log(4m) — 61og?(4) + 361log?(2) + 7r2)
+ Sssnty s (GHeEUMG-1 1Y) — 48G({~1,~1,~1},0)
+48G({-1,-1,0},y) — 24G({~-1,0, —1},y) + 24G({-1,0,0}, y) + 48G({0, -1, -1}, y)
— 48G({0, —1,0},y) + 24G({0,0, —1},y) — 24G({0,0,0},y) — 6G({0, 0, 0}, 2)
—24G({0,0,1}, 2) 4+ 12G({0,0, —y}, 2) — 24G({0, 1,0}, z) — 96G({0, 1,1}, 2)
+48G({0,1, —y}, 2) + 12G ({0, —y, 0}, 2) + 48G ({0, —y, 1}, 2) — 24G({0, ~y, —y}, 2)
—24G({1,0,0},2) — 24G({1,0,1}, 2) — 24G({1,0, —y}, =) — 96G({1,1,0},2)

— 384G({1,1,1}, 2) + 192G({1,1, —y}, z) — 24G({1, —y, 0}, 2) + 120G ({1, —y, 1}, 2)
+48G({1, —y, —y}, 2) + 12G({~y, 0,0}, 2) — 24G({~y, 0,1}, 2) + 48G({~y, 0, —y}, 2)
—24G({-y,1,0}, 2) + 120G({—y, 1,1}, 2) + 48G({—y, 1, =y}, 2) + 120G({—y, —y, 0}, 2)
+48G({~y, —y, 1}, 2) — 240G ({~vy, —y, —y}, 2) + G({0}, 2) (—=24G({—1, ~1},y)
+24G({~1,0},y) + 24G ({0, ~1},y) — 24G({0,0}, y) — log(m) log (40967° )

—1210g%(2) — 7 ) = 4G({1}, ) (6G({~1, ~1},y) + 12G({-1,0},4)

—6G({0, =1}, y) — 12G({0, 0}, ) + log(n) log (409671-3> +1210g%(2) + 7'r2)
+G({~y},2) (=24G({—1, -1}, y) + 96G({—1,0},y) + 96G({0, —1},y) — 168G ({0, 0}, y)
+21log(n) log (40967r3) 1 6log>(4) — 227\'2)

+G({~1},y) (121og(47m)(G ({0}, 2) + 4G ({1}, 2) — 2G({~y}, 2))

—12G({0,0}, 2) — 48G({0, 1}, 2) + 24G({0, —y}, 2) + 24G({1, 0}, 2) — 192G({1,1}, z)
+24G({1, —y}, 2) — 48G({—v, 0}, 2) + 24G({—y, 1}, 2) + 96G({-y, —y}, 2)

~ log(n) log (16777216#6) — 2410g%(2) + 227r2)

+ G({0},y) (—121og(47)(G ({0}, 2) + 4G({1}, 2) — 2G({—y}, 2))

+12G({0,0}, z) + 48G({0, 1}, 2) — 24G({0, —y}, z) — 24G({1, 0}, 2) 4+ 192G({1, 1}, 2)
+48G({1, —y}, 2z) + 48G({~v, 0}, 2) + 48G({~y, 1}, 2) — 240G ({~y, —y}, 2)
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+ log(x) log (167772167\'6) +2410g%(2) — 227\'2)

— 76¢(3) + 121og(2) log (47‘r3> + log? () log(647)

— 24G({-1,0}, y)log(4m) — 24G({0, —1}, y) log(4m) + 24G({0, 0}, y) log(4m)
+ 6G ({0, 0}, z) log(4m) + 24G ({0, 1}, ) log(4m) — 12G ({0, —y}, z) log(4m)

+ 24G ({1, 0}, z) log(4m) + 96G ({1, 1}, z) log(4w) — 48G ({1, —y}, 2) log(4m)
—12G({-v, 0}, z) log(4m) — 48G({—y, 1}, z) log(4m)

+24G({—y, —y}, 2) log(4m) + 72 log(47) — 24 10g>(2) log ()

—310g%(2) log(256) + 8 1og3(2))

+0(e%) (8.25)

My = —

Nio :m x (8 (73G({0, ~1},y) + 3G({0,0}, ) + 7r2) a{o}, 2)

—48G ({0}, »)G({0,1}, 2) + 24G({—1},y)(G({0,1}, 2) — G({0, —y}, 2))

+48G({0}, »)G({0, —y}, 2) — 48G({0, 1, —y}, 2z) — 24G({0, —y, 0}, 2)

—24G({0, —y, 1}, z) + 48G({0, —y, —y}, z) — 24G({0, -1, —1},y)

+ 48G ({0, —1,0},y) + 24G({0,0, —1},y) — 48G({0,0,0},y) + 24G({0, 1, 0}, 2)
+24G({0,1,1}, z) — 48¢(3)) (8.26)

1 5
L 1 10G({~1},9) — 4G({0},y) — 10G({0}, 2) + 4G({1}, 2) — 4G({=y},2) — 5log(4m)
= 48m(y + 1)2

+ %W (841log(4m)G ({1}, 2) — 120G({—1, -1}, )
+ 48G({—1,0},y) + 12G({0, —1}, y) + 24G ({0, 0}, y) + 96G({0, 0}, =)
+ 168G ({0, 1}, z) — 48G({0, —y}, z) — 48G({1,0}, z) — 228G ({1, 1}, 2)
+24G({1, —y}, 2) — 48G({—y, 0}, 2) + 60G({—y, 1}, 2) + 24G({—y, —y}, 2)
+24G({0}, »)(G({1}, 2) + G({—y}, 2) — log(4m)) — 12G ({0}, 2)(4G({0},y) + 5log(4m))
+ 12G({-1},y)(10G ({0}, 2) — 11G({1}, 2) + G({—y}, 2) + 5log(4m))
—151log?(47) — 24G({—y}, 2) log(4r) + 6171'2>

1
T assny 12
—96G({—1,—-1,0},y) — 24G({—1,0,—1},y) —48G({—1,0,0},y) + 12G({0, —1,—1},y)
— 48G({0, —1,0},y) — 120G({0,0, —1}, %) + 120G({0, 0,0}, %) — 168G({0, 0, 0}, 2)
— 240G({0,0, 1}, 2) + 48G({0,0, —y}, z) — 24G({0, 1,0}, ) — 456G ({0, 1,1}, z)
+48G({0,1, —y},z) — 24G({0, —y, 0}, z) + 120G ({0, —y, 1}, z) + 48G({0, —y, —y}, 2)
+ 120G({1, 0,0}, z) + 120G({1,0, 1}, ) — 24G({1,0, —y}, z) + 48G({1, 1,0}, 2)
+ 583G ({1,1,1},2) +48G({1,1, —y}, z) — 24G({1, —y, 0}, z) — 24G({1, —y, 1}, 2)
—96G({1, —y, —y}, 2) + 48G({—vy, 0,0}, z) + 120G({—v, 0,1}, 2) — 24G({—y, 0, —y}, 2)
—24G({-y,1,0},2) — 132G({—y,1,1},2) — 96G({—y, 1, —y}, z) + 48G({—vy, —y,0}, 2)
—96G({—vy,—y, 1}, 2) + 48G({—vy, —vy, —y}, z) + 2G({0}, z) (—120G({—1, -1}, y)

+48G({~1,0},y) + 48G({0, ~1},9) — 12G({0,0},y) — 15 log” (4) + )

(—120log(4m)G({—1, -1}, y) + 240G({—1, -1, -1}, )
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+2G({—1},y) (—96G({0,0}, z) — 132G ({0, 1}, 2) + 12G({0, —y}, 2)
+ 48G({1,0}, z) + 138G ({1, 1}, z) + 12G ({1, —y}, z) + 48G({—y, 0}, )
—6G({—y,1},2) — 24G({—y, -y}, z) + 3log(4m)(20G ({0}, z) — 22G ({1}, 2)

+2G({—y}, 2) + 5log(dx)) — 617r2)

+ 4G({7y}7 Z) (3G({717 71}7 y) - 12G({717 0}7 y) - 30G({07 71}7 y)
1+30G({0,0}, y) — log(r) log (40967r3) ~ 3log®(4) + 147\'2)

+ 4G ({0}, y) (6 log(4m)(—2G({0}, 2) + G({1}, 2) + G({—v}, 2))

+ 12G({0, 0}, z) + 12G({0, 1}, z) + 12G ({0, —y}, z) — 6G({1,0}, 2)
+12G({1, 1}, 2) — 24G({1, —y},2) — 6G({—vy,0},2) — 24G({—vy, 1}, 2)
+12G({—y, -y}, z) — log(m) log (4096#3) — 3log?(4) + 1471'2)

+ G({1},2) (228G ({1, -1}, y) — 48G({—1,0},y) + 24G({0, -1}, y)
—96G({0,0}, y) + 14 log(r) log (4096#3) 1 168log?(2) — 587r2>

+ 848¢(3) — 5log®(4n) + 48G({—1, 0}, y) log(4m) 4+ 12G({0, —1}, y) log(4)
+ 24G ({0, 0}, y) log(4m) + 96G ({0, 0}, 2) log(47) + 168G ({0, 1}, z) log(4m)
— 48G ({0, —y}, z) log(4m) — 48G ({1, 0}, 2) log(4m) — 228G ({1, 1}, z) log(4m)
+ 24G ({1, —y}, z) log(4m) — 48G({—vy, 0}, 2) log(4m) + 60G({—y, 1}, z) log(4m)

+24G({—y, —y}, 2) log(4m) + 6172 log(47r))

+ O(e) (8.27)
Mg =—— x ((=6G({—1, -1}, ) + 6G({0, —1},y) — 72 ) G({1}, 2)

487w (y + 1)

+2 (=3G({0, -1}, 4) + 3G({0,0},) + 7*) G({0},2)

+6G({—1},9)(G({1,0},2) — G({1,y + 1}, 2)) + 6G({0, —y, 0}, z) + 6G({1,y + 1,0}, 2)

- 27T2G({0}1 y) + GG({Ov _17 _1}7 y) + GG({07 07 _1}7 y) - 12G({07 07 0}7 y)

—6G({0,1,0}, z) — 6G({1,0,0}, 2))

+ O(e) (8.28)
v _1 G({O},Z)
M = S+ D + 2)

1

+ m x (—2G({-1},y)G({0},2) — 2G({~v, 0}, 2)
+2G({0, ~1},y) — 2G({0,0},y) — G({0,0}, ) — 2G({0, 1}, 2)
+2G({1,0}, 2) + log(4m)G ({0}, 2) — =)

487 (y + 1)(y + 2) *

x (12 (—26({0, ~1},9) + 2G({0,0},9) + 7*) G({—y}, »)
+2 (~6G({~1,~1},y) - 6G({0, =1}, ) + 12G({0,0}, y) + ©*) G({1}, 2)

+12G({0,y + 1,0}, z) + 24G({1, —y, 0}, z) + 12G({1,y + 1,0}, 2) + 12G({—y, 0,0}, 2)
+24G({—y,0,1}, 2) — 24G({—v, 1,0}, 2) + 24G({ -y, —y, 0}, z) + G({0}, 2) (12G({—-1, =1}, )
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—72 4 31og®(4) + log(r) log (409671'3))
—2G({-1},y) (6G({0,y + 1}, 2) + 6G({1,y + 1}, 2) — 12G({—y, 0}, z) — 12G({0, 0}, 2)
~12G({0, 1}, 2) + 6G({1,0}, 2) + 6 log(4m) G({0}, 2) + °)

— 12log(4m)G({—vy, 0}, 2) + 107r2G({0},y) +12G({-1,-1,-1},y)

+ 12(;({—17 0, —1}7 y) — 24(;({—17 0, O}7 y) — 12(;({07 -1, —1}7 y) — 24(;({07 0, —1}7 y)
+36G({0,0,0},y) + 121log(4m)G({0, —1}, y) — 121og(47)G({0,0}, y)

+ 6G({0,0,0}, z) + 12G({0,0, 1}, z) + 24G({0,1, 1}, 2) — 24G({1,0, 0}, 2)
—24G({1,0,1}, 2) — 24G({1,1,0}, z) — 6log(4m)G({0, 0}, z) — 12log(4m)G ({0, 1}, )
+12log(4m)G ({1, 0}, z) — 24¢(3) — 672 10g(47r)>

+ O(?) (8.29)

1
487y2(y + 1)(z — 1)22
+62°G({-1, -1}, 9)y° — 62°G({0, -1}, »)y* + 62°G({0,0}, 2)y*

- 62°G({y + 1,0}, 2)y° +3y° + 32y — 32y + 3(y + (y + 2) (92 —3zy+y+ Z) G({0},y)

X (—3zy3 + 3y3 + 7r2z2y2 + 322y2 — 6zy2

+3(y + D2(y(32 — 2) — 2)G{0},2) +3(y + D(y + 2) (v° = 32y + y + 2) G{~y}, 2)

—3G({~1}9) (20* (G0}, 2) = Gy + 11,202 + (v + 1) (v° + (1 — 229" — 2°y + 7))

€

t 96myE(y + 1)z — 122

X (r2y4 —27%2y® — 62 log(4m)y® + 6log(dm)y® + 27°y°

—on?2%y? +12n%2y” + 222G ({y + 1}, 2) (—12G({-1,—1},) + 6G({0, —1},y) + 77) v
+12(y =32 + 2)(y + 2)G({~v, 0}, 2)y” — 12:°G({~1,0, -1}, )y’

+362°G({0, 1, -1}, y)y” + 242°G({0,0, 1}, y)y” — 482°G({0, 0,0}, )y
—362°G({0,0,0}, 2)y* — 242°G({0,0, 1}, 2)y* — 3622G({0, 1,0}, 2)y°
+242°G({0, —y, 0}, 2)y°> + 362°G({0,y + 1,0}, 2)y> — 242°G({1, 0,0}, 2)y>
+242°G({1,y + 1,0}, 2)y° + 242°G({y + 1,0,1}, 2)9° + 122°G({y + 1, 1,0}, 2)y°
—362°C(3)y” + 2n” 2" log(4m)y” + 62" log(4m)y”

— 12z log(4m)y? + 6log(4m)y? — 3n2y? + 2m22%y — 2n22y

—46({1},2) (=32(y + D’ + 3y + D + ((3+7") y+3) 2

+6y2* (G({~1,~1},9) - GH{0, =1}, 1)) y

+12G({y + 1,0}, 2) ((y D)y -2)(y—2z+1) —y2” log(47r)) y + 622 log(4m)y

— 6zlog(4m)y — 7°2% + 6 ((y(y +2)—1)y° -2 (y2 + 3) 2y

+3(y(y +2) = 1)2°) G({0,0},y) — 12(y + D2(y(3z — 2) — 2)G({0, 1}, 2)
—6(y+1) ((y + 1)y — 2(y + 1)zy + (3y — 1)22) G({0,—y}, =)

—12 ((22 42— 1) Y2 +3(2 — Dzy — 22) G({1,0}, 2)

—12(y+ Dy +2) (v° =32y +y +2) G{L —y},2)
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— 120+ Dy +2) (v° — 3y +y+2) G{—y. 1}, 2)

—12(y+ Dy +2) (v° — 32y +y +2) G-y, ~v},2)

+2G({0},v) (3" — ((3+47°) 22 +3) 4 +32

~3(y+ 1) ((w+Dy® = 2w + D2y + By — 1)2*) G({0}, 2)

+3(y + Dy +2) (v =82y +y + 2) (~2(G({1},2) + G{~v}, 2)) + log(r) + log(4)) )
+12:G({~1,~1},9) (((—2 + log(4) + log(m))z + 1)y* — 2y +y + 2)

- 62G({0,0},2) ((y + D(y(32 — 2) - 2) — 2y*2 log(4n))

+6(y + Dy + 2G| ~y},2) (v = Dy = 2) + (v* = 32y +y + 2) log(4m) )
+6G({~1},9) (—* +v* =2 ((w+ Dy - 2y - 2+ DGy + 1},2) - 92" (2G({0, 0}, 2)
+2G({0,1},2) — 3G({0,y + 1}, 2) + 2G({1,0}, 2) — 2G({1,y + 1}, 2)

+G({y+1,04,2) =26y + 11k 2y + ((1+7°) v 1) 2°

+20y+1) (v° + (1= 22y = 2Py + 27) G({1},2)

+G({0},2) (v + Dy — 2)° — 2°2% log(4m))

(1) (v* =220 +4° = 2y +2*) = 272G ({y + 1}, 2) ) log(4m) )

- 6G({0}, 2) (2°G({~1, -1},9)=" — 4°G({0,0},9)z°

+(y+1) (5 = ) + 2(=32y + 2y + 2) log(4m) )

~6G({0,~1},9) (y* — 2(z = Dy® + (2((=3 + 2log(am)z + 4) — D)y’ +2(2 = D2y — 2°) )

+O(e%) (8.30)

6imG({0}, 2) + 6G({0, 0}, 2) — 6G({0, 1}, 2) — 7*
+ 487
(zwzc({l}, 2) — 12i7G({1, 0}, 2) — 12G({0, 0,0}, 2) — 6G({0,0, 1}, 2)

Mg =

187
— 18G({0, 1,0}, 2) + 36G({0, 1,1}, 2) — 12G({1,0, 0}, z) + 12G({1,0, 1}, 2)
— 3w (m — 2i(2 4 log(4) + log(7)))G({0}, z) + 6(—2 — 4im — log(47))G({0, 1}, 2)

+6(2 — im + log(4) + log(m))G ({0, 0}, 2) + 6¢(3) — 2in® — 272 — n2 log(47r))

+0(%) (8.31)

1 1

2 127(y + 1) (y + 2)

1 -G({-1},y) —2G({0},y) + G({0},2) — 5G ({1}, 2) — 2G({—y}, ) + 2log(7) + log(16)
€ 247 (y + 1)(y + 2)

o (1 e UmG U 2) ~ G(-1,~1}.1) + 126({(-1,0},v)

+ 12G({0, —1},y) — 12G({0, 0}, y) — 3G ({0, 0}, 2) — 12G({0, 1}, z) + 6G({0, —y}, )
—12G({1,0}, z) + 33G({1, 1}, 2) + 24G({1, —y}, 2) + 6G({—vy, 0}, z) + 24G({—vy, 1}, 2)
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—12G({~y, —y}, 2) + 6G({0},y)(4G({1}, 2) — 2G({~y}, z) — log(4m))
+3G({—1},y)(=2G ({0}, 2) + G({1}, 2) + 4G({—y}, 2) — log(4m))

+3G({0}, 2)(2G({0}, y) + log(4m)) + 3 log” (47) — 6G({—y}, 2) log(4m) — 57°)

F G DT

X (=6log(4m)G({—1, -1}, y) + 30G({—1, -1, -1}, y) — 48G({—1,—1,0},y)
+24G({-1,0, -1},y) — 24G({~1,0,0},y) — 12G({0, -1, —1},y) — 24G({0, —1,0}, y)
—60G({0,0, -1}, y) + 96G({0,0,0},y) + 6G({0,0,0}, 2) + 24G({0,0,1}, 2)
—12G({0,0, —y}, z) — 12G({0, 1,0}, 2) + 60G({0, 1,1}, 2) + 24G({0, 1, —y}, 2)
+24G({0, —y,0}, 2) — 12G({0, —y, 1}, 2) — 48G({0, —y, —y}, z) + 24G({1,0,0}, z)
+24G({1,0,1}, 2) + 24G({1,0, —y}, z) + 96G({1, 1,0}, 2) — 102G ({1, 1,1}, 2)
—192G({1,1, =y}, 2) + 24G({1, —y, 0}, z) — 120G ({1, —y, 1}, 2) — 48G ({1, —~y, —y}, 2)
—12G({~y,0,0}, 2) + 24G({~,0,1}, 2) — 48G({—,0, —y},2) + 24G({—y, 1,0}, 2)
—120G({-y, 1,1}, 2) — 48G({—y, 1, =y}, 2) — 120G({—y, —y, 0}, 2) — 48G({—y, —y, 1}, 2)
+240G({~y, —y, —y}, 2) + G({-y}, 2) (24G({—1, -1}, y) — 96G({—1,0},y)
~96G({0, ~1},y) + 168G({0,0},y) — 6log” (4m) + 2277 )

+G({0},2) (24G({—1, 1}, y) — 24G({—1,0}, y) + 12G({0, —1},y) — 12G({0, 0}, y)
+18log () log(167) — 15 log? (47) + 72 log?(2) — 117'r2>

+ G({—1},v) (12G({0,0}, 2) + 12G ({0, 1}, 2) + 12G ({0, —y}, 2) — 24G({1,0}, 2)
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+ 271og(m) log(167) + 6(—2G ({0}, 2) + G({1}, z) + 4G ({—vy}, z) — 5log(4m)) log(4m)

+10810g?(2) — 1377 + G({1},2) (~30G({~1, =1}, y) + 48G({~1,0},9)
— 24G({0, =1}, y) — 48G ({0, 0}, %) — 15 log(r) log (4096#3) 4 30log? (47)
~1801og”(2) + 317° ) + G({0},y) (—12G({0,0}, 2) + 24G({0, 1}, 2)

—48G ({0, —y}, z) + 24G({1,0}, z) — 192G ({1, 1}, 2) — 48G ({1, —y}, 2) — 48G({—y, 0}, 2)
—48G({—y, 1}, z) + 240G({—y, —y}, z) + 3log(4m) (4G ({0}, z) + 16G ({1}, 2)

—8G({—y}, 2) + log(4m)) — 3log(n) log (409671-3> — 3610g?(2) + 227#)
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+O(?) (8.32)

8.0.4 Gluon channel

Master Integrals for g+ W* > t+ b+ g.
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The variables e, f in terms of which some of the following masters are expressed
are defined as e = 1/¢,d = 1/f, being ¢, d defined in Eq.(5.165).
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(8.40)

1
M IR T
2G ({0}, 2) — 4G({1}, 2)
eE(y+1)2(z—1)
N —48G({0,1}, z) — 24G({1,0}, 2) + 96G ({1, 1}, 2) — 1172
6ep(y + 1)2(z — 1)

Nigy =

1
METOFS eI
+96G({0,1, 1}, ) + 6G({1,0,0}, 2) + 48G({1,0, 1}, 2) + 30G({1, 1,0}, 2)
—192G({1,1,1}, z) — 74¢(3)) + O(e) (8.41)

(76#@({0}, 2) + 1772 G ({1}, 2) — 6G({0,0, 0}, 2) — 6G({0, 1,0}, z)

Master Integrals for [g+ W* — t + b] Lloop®

M - _1 3G({7y,0}, Z) - BG({O» 71}7 y) + 3G({07 0}7 y) - BG({I»O}» Z) + 7T2
15T 24m(y + 1)

(6G({-1},y)G({1,0}, 2) + 6G({ -1}, y)G{L,y + 1}, 2)

O]
—12G({-1},9)G({~y, 0}, 2) - 67°G({—y},2) + 6G({~1, ~1},y)G({1},2)
+6G({0, -1}, »)G({1}, 2) + 12G({0, -1}, y)G({ -y}, 2) — 12G({0, 0}, y) G({1}, 2)
—12G({0,0},y)G({—vy}, z) — 12G({1, —y, 0}, 2) — 6G({1,y + 1,0}, 2) — 6G({—y, 0,0}, 2)
—12G({~v,0,1}, 2) + 12G({~y, 1,0}, 2) — 12G({~y, —y,0}, 2) + 6log(m)G({~y, 0}, 2)
+6log(4)G({—y, 0}, 2) + 4n*G({~1},y) — 57°G({0},y) — 12G({~1,0, -1}, y)
+12G({~1,0,0},y) + 6G({0, -1, —1},y) + 12G({0,0, —1},y) — 18G({0,0,0},)

— 6log(m)G({0, —1},y) + 6log(m)G({0,0},y) — 6log(4)G({0, —1},y)

+ 61log(4)G({0,0},y) — 7> G({1}, 2) + 12G({1,0, 0}, 2) + 12G({1,0, 1}, z)

+12G ({1, 1,0}, z) — 6log(m)G({1,0}, 2) — 6log(4)G({1,0}, 2) — 6¢(3) + 2x> 10g(47r))

+ O(e) (8.42)

i (Z= D (=6G({0},y)G({0}, 2) — 6G({0, —y}, 2) + 6G({0,0}, ) — 6inG({0}, 2) + 6G({0, 1}, 2) + ™)
16 =
487 (y + 1)

(_12G({0}7 y)G({O}7 Z) + GG({O}v y)G({07 0}1 Z)

CESY
487w (y + 1)

+12G ({0}, y)G({0, 1}, 2) + 12G ({0}, y) G({0, —y}, 2) + 12G({0}, y)G({1, 0}, 2)

—12G({0, 0}, »)G({1}, 2) — 12G({0, —y}, z) + 6G({0,0, —y}, 2) + 12G({0,1, —y}, 2)

—6G({0,—y,0},2) + 12G({0, —y, 1}, 2) + 12G({0, —y, —y}, 2) + 12G({1,0, —y}, 2)

— 6log(m)G({0}, y)G({0}, 2) — 61log(4)G({0}, y)G({0}, 2) — 6log(m)G({0, —y}, 2)

— 61og(4)G({0, —y}, 2) + 7 G({0},y) + 12G({0, 0}, ) — 6G({0,0,0}, 1)

+ 6log(m)G ({0, 0}, ) + 61log(4)G ({0, 0}, ) + 27° G({0}, 2) — 12irG({0}, )

—272G({1}, 2) + 6irG({0, 0}, 2) + 24irG({0, 1}, z) + 12G({0, 1}, 2)

+12i7G({1,0}, 2) — 6G({0,0,1}, ) + 6G({0, 1, 0}, z) — 36G({0, 1,1}, 2)

— 12G({1,0, 1}, 2) — 6w log(47)G ({0}, z) + 6 log(w)G ({0, 1}, 2)

+
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+610g(4)G({0, 1}, 2) — 36¢(3) + 2in° 4 27> 4+ 7> log(47r))

2 (2-1)
24m(y + 1)

+12G({0}, ¥)G({0,1}, 2) + 12G ({0}, ) G({0, =y}, 2) + 12G ({0}, ¥ ) G({1, 0}, )

- 12G({0,0},y)G({1}, 2) — 12G({0, —y}, z) + 6G({0,0, —y}, 2) + 12G({0, 1, —y}, z)

- 6G({0, —y,0}, 2) + 12G({0, —y, 1}, 2) + 12G({0, —y, =y}, 2) + 12G({1,0, —y}, 2)

— 6log(m)G({0},y)G({0}, z) — 6log(4)G({0},y)G({0}, z) — 6log(m)G ({0, —y}, 2)

— 610g(4)G ({0, =y}, 2) + TG ({0}, ) + 12G({0, 0}, y) — 6G({0,0,0}, 1)

+61og(m)G({0,0},y) + 61og(4)G({0,0},y) + 27°G({0}, 2) — 12irG ({0}, 2)

— 272G ({1}, 2) + 6irG({0, 0}, z) + 24irG({0, 1}, z) + 12G({0, 1}, )

+ 12irG({1,0}, z) — 6G({0,0,1}, z) + 6G({0, 1,0}, z) — 36G({0, 1,1}, 2)

—12G({1,0, 1}, 2) — 6w log(47)G ({0}, z) + 6 log(w)G ({0, 1}, 2)

+610g(4)G({0,1}, 2) — 36¢(3) + 2in® + 272 + =2 log(47r))

+ O(e) (8.43)

+e (—12G({0}, »)G ({0}, 2) + 6G ({0}, y)G({0,0}, 2)

~ 1
M7 :m (6(G({-1,-1},y)G({0},2) — G({0,y + 1,0},2) — G({—1, -1, —1},y)

+ G({717 0, 71}7 y) + G({()’O’O}’ Z) + 2((3))
~G({~1},9) (~6G({0,y + 1},2) + 6G({0,0},2) + =*) )
+0(e) (8.44)

- G{0},2)
Mas T e(167yz + 1672)
_ G({0},2)(6G({~1},y) — 3(2 + log(4m))) + 3G({0,0}, 2) + 6G({0,1},2) + =°
48(m(y + 1)2)

T 96 (n(y + DZ2)

x (2(18yG({0,0}, z) + 12yG({0, 1}, 2) — 12yG({y + 1,0}, z) + 3yG({0, 0,0}, 2)
—6yG({0,0,1}, 2) — 12yG({0,1,1}, 2) — 12yG({0,y + 1,0}, 2) + 12(y — z + 1)G({—1,—1},y)
+122G({y + 1,0}, 2) — 12G({y + 1,0}, z) — 12G({0, y + 1, 0}, z) + 3y log(w)G ({0, 0}, 2)

+ 6y log(7)G({0, 1}, z) + y log(64)G({0, 0}, z) + 6y log(4)G({0, 1}, )

— 12yG({0, —1},y) — 12yG({—1,—-1, -1}, y) + 12yG({—1,0,—1},y) — 12G({—1, -1, -1}, y)
+12G({-1,0,—-1},y) — 122G({0, 0}, z) + 18G ({0, 0}, z) + 12G({0, 1}, z)

+3G({0,0,0}, 2) — 6G({0,0, 1}, z) — 12G({0, 1, 1}, z) 4+ 3log(w)G ({0, 0}, 2)

+ 6log(m)G({0, 1}, z) + log(64)G({0, 0}, z) + 61log(4)G ({0, 1}, z) + 30y¢(3)

+4n?y + w2y log(4m) 4 30¢(3) + 2n2 + w2 log(47r))

T (y+1) (7r2 ~ 3log®(4) — 121log(4) — log(m)(12 + log(4096) + 310g(7r))) G({0}, 2)
—4G({-1},y) (=6(y — 2+ )G({y + 1},2) + (y + 1) (-=6G({0,y + 1}, 2)
+9G({0,0}, 2) + 6G({0, 1}, 2) + 277 = 3((y + 1) log(47) + 2)G({0}, 2)) )
62
+ i 712 QOU1H) (126({0,1),2)2 +66G({1,0), )2
—6G({L,y +1},2)z+6G({y + 1,0}, 2)z — 12G({y + 1, 1}, 2)z — 6G({0}, 2) log(7)=
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+6G({y + 1}, 2) log(w)z — 6G ({0}, 2) log(4)z + 6G({y + 1}, z) log(4)z 4+ 7>z

+6(2y — z+2)G({0,y + 1}, 2) — 6G({1,0},2) + 6G({1,y + 1}, 2) — 6yG({y + 1,0}, 2)
—6G({y+1,0},2) + 12yG({y + 1,1}, 2) + 12G({y + 1, 1}, 2) — 6yG({y + 1}, 2) log(7)
—6G({y + 1}, 2) log(m) — 6yG({y + 1}, 2) log(4) — 6G({y + 1}, 2) log(4))

+ G({0}, 2) (724G({0, —1}, y)y + log(m) log (4096#3) y
+3log®(4)y + Tnly — 4n3z + 12(2y + = + 2)G({ =1, —1}, ) + log(7) log (4096#‘)

+31og” (4) + 377 ) +2 (6G({~1, —1,~1},9)y — 6G({0, —1, ~1}, y)y
+21G({0, 0,0}, 2)y + 18G({0,0, 1}, 2)y + 6G({0, 1,0}, 2)y + 12G({0, 1,1}, )y
- 12G({0,y + 1,0}, 2)y — 12G({y + 1,0,1}, 2)y — 6G({y + 1,1,0}, z)y

— 27% log(4m)y — 6G({—1, —1},y) log(m)y + 6G({0, —1}, y) log(m)y
—9G({0,0}, 2) log(m)y — 6G ({0, 1}, 2) log(m)y + 6G({y + 1,0}, 2) log(m)y
—6G({~1, -1}, y) log(4)y + 6G({0, —1}, ) log(4)y — 9G ({0, 0}, 2) log(4)y
—6G({0,1}, 2) log(4)y + 6G({y + 1,0}, z) log(4)y

+ (= = DG{1},2) (~6G({~1, -1}, 9) — 6G({0, ~1},y) + =°)

—(y— 2+ DG({y + 1},2) (~126({~1,~1},9) + 6G({0, ~1},y) + =* )
—122G({-1,-1,-1},y) + 6G({-1,-1,—1},y) + 62G({—1,0, —1},y) — 62G({0, 0, 0}, z)
+21G({0,0,0}, 2) — 122G({0,0, 1}, 2) + 18G({0,0, 1}, 2) — 62G({0, 1,0}, z)

+ 6G({0,1,0}, 2) + 12G({0,1,1}, z) + 62G({0,y + 1,0}, 2) — 12G({0,y + 1,0}, =)
—62G({1,0,0}, z) + 6G({1,0,0}, 2) + 62G({1,y + 1,0}, 2) — 6G({1,y + 1,0}, z)
+122G({y +1,0,1},2) — 12G({y + 1,0,1},2) + 62G({y + 1,1,0}, 2) — 6G({y + 1,1,0}, 2)
— 242¢(3) 4 30¢(3) — 2 log(4n) + 62G({—1, —1}, y) log(x)

— 6G({—1, -1}, y) log(w) + 62G ({0, 0}, 2) log(w) — 9G({0, 0}, z) log(n)

— 6G({0, 1}, z) log(w) — 62G({y + 1,0}, z) log(w) + 6G({y + 1,0}, 2) log(~)
+62G({—1,—1},y)log(4) — 6G({—1,—1},y)log(4) + 62G({0, 0}, z) log(4)

—9G({0,0}, 2)log(4) — 6G ({0, 1}, z) log(4) — 62G({y + 1,0}, z) log(4)

+6G({y + 1,0}, 2) log(4))) (8.45)

1
1663 (n(y + 1)2(z — 1))
_ QG({_y}7 Z) —_ QG({_l}a y) + QG({O}a y) + QG({O}7 Z) — 4G({1}7 Z) + 2im + IOg(47T)
1662 (n(y + 1)2(z — 1))
1

+ m (8G({0}, ¥)G({~y},2) — 8G({0, —y}, 2)

+8G({1, —y},2) — 8G({~v,0},2) + 8G({~v, 1}, 2) + 8G({~y, —y}, 2)
+G({0},2)(8G({—1},y) — 8G({0},y) — 8im — 4log(m) — 4log(4))
+8G({1},2)(=G({-1},y) + G({0},y) + 2im + log(4m)) — 4log(m)G({—y}, 2)
—4log(4)G({~vy},2) — 8G({—1, -1}, y) + 8G({0,0},y) + 4log(m)G({—1},y)
+41og(4)G({~1},y) — 41log(m)G({0},y) — 41og(4)G({0},v)

+16G({0,1}, 2) + 8G({1,0}, z) — 32G({1,1}, z) + 57>

M19 =

—log?(4) — log(n) log(16m) — din 10g(47r))
1

+ 967 (y + 1)2(2 — 1)

— 2log(x) log (4096#3) G({0}, z) — 24ir log(4m)G ({0}, 2)

(=24G({-1, -1}, »)G({0}, 2) + 24G({0, -1}, y)G({0}, 2)
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— 61og®(4)G ({0}, 2) + 107° G ({0}, 2) — 44n°G({1}, 2) + 187> G({—y}, )

+48G ({1}, 2)G({—1, —1},y) — 24G({~y}, 2)G({0, —1},y) — 48G ({1}, 2)G({0, 0}, ¥)
+ 24i7G ({0, 0}, 2) + 96iwG ({0, 1}, z) + 24inrG ({1, 0}, 2)

—192irG({1,1}, 2) + 24G({—1, -1, -1}, y) — 24G({0,0, -1}, y) — 24G({0,0, 1}, z)
+24G({0,0, —y}, 2) + 24G({0, 1,0}, z) — 192G ({0, 1,1}, 2) + 48G({0, 1, —y}, 2)
—24G({0, —y, 0}, 2) + 48G ({0, —y, 1}, 2) + 48G({0, —y, —y}, 2) — 24G({0,y + 1,0}, 2)
—T72G({1,0,1}, 2) + 24G({1,0, —y}, ) — 72G({1, 1,0}, 2) + 384G ({1,1,1}, 2)
—48G({1,1, —y}, 2) + 24G({1, —y, 0}, 2) — 48G({1, —y, 1}, 2) — 48G({1, —y, —y}, 2)
+24G({—y,0,0},2) + 48G({—y,0,1},2) —48G({—y, 1,1}, 2) —48G({—y,1, —y}, 2)
+48G({~y, —y,0},2) — 48G({~y, —y, 1}, 2) — 48G({~y, —y, —y}, 2)

+2G({0}, y) (—121og(m)G({0}, z) — 1210g(4)G ({0}, 2)

+12G({0,0}, 2) + 24G ({0, 1}, 2) + 24G({0, —y}, 2) + 12G({1,0}, 2) — 24G({1,1}, 2)
—24G({1, —y}, 2) — 24G({—v, 1}, 2) — 24G({—vy, —y}, 2)

— log(m) log (4096#3) + 12G ({1}, z) log(m)

+12G({—y}, 2) log(m) — 3log?(4)

+12G({1}, 2) log(4) + 12G({~y}, 2) log(4) + 97°)

+ G({—1}, y) (241og(m)G ({0}, 2) + 241og(4)G ({0}, 2) — 24G({0, 0}, =)

—48G({0,1}, 2) + 24G({0,y + 1}, 2) — 24G({1,0}, ) + 48G({1,1}, 2)

+24G({—y, 0}, 2) + 2log(r) log (409671-3> — 24G({1}, 2) log(r)

+61log>(4) — 24G ({1}, 2) log(4) — 14#2) + 76¢(3)

+ 2G ({1}, 2) log(~) log (409671'3>

— 2G({~y}, 2) log(r) log (409671-3) — log? () log(64)

+6G({1}, 2) log(n) log(16m) — 6im log® (41)

+ 48irG ({1}, 2) log(47) + 157 log(4n)

—24G({~1, —1}, y) log(m) + 24G ({0, 0}, y) log(m) + 48G ({0, 1}, 2) log()

— 24G ({0, —y}, 2) log(m) + 24G({1, 0}, z) log(m) — 96G ({1, 1}, 2) log(m)

+24G ({1, —y}, 2) log(w) — 24G({~y, 0}, 2) log(7) + 24G({—y, 1}, =) log()
+24G({~y, -y}, 2) log(r) — 12log” (2) log(r) + 12G({1}, 2) log® (4)

— 6G({—y}, 2)log®(4) — 24G({—1, =1}, y) log(4) + 24G ({0, 0}, y) log(4)

+ 48G({0,1}, 2) log(4) — 24G ({0, —y}, ) log(4) + 24G({1, 0}, z) log(4)

—96G({1,1}, 2) log(4) + 24G({1, —y}, 2) log(4) — 24G({—y, 0}, z) log(4)
+24G({~y, 1}, 2) log(4) + 24G({~y, —y}, z) log(4)

—8log?(2) + 181#)

+ 0 (e) (8.46)

s =1 a(=G({b},a) + G({0},a) — G({0},D))
2= 8m(b+ 1)(a(b— 1) + b)

1
T 240+ (alb — 1) + b)) (a (3G({b},a)

+ 6G ({0, g} ,a) — 15G({0,b}, a) — 9G({b,0},a)




- 6G ({b g} ,a> 415G ({b, b}, a) + 3log(m)G({b}, a)

+ 1og(64)G({b}, a) — 3G({0},a)(3G({0},b) + 1 + log(4m))
+3G({0},0)(3G({b}, a) + 1 + log(47)) + 9G({0,0}, a)

+9G({0,0},b) + 71'2))

~ 48(m(b+ 1)(a(b—1) + b))
+ 372G ({b}, a) + 6G({b},a) + 12G ({0, g} ,a>

(a (42G({0, 0}, b)G({b}, a)

—30G({0,b}, a) — 18G({b, 0}, a) — 12G ({b g} ,a>

+ 30G({b, b}, a) — 36G ({0, 0, g} ,a) + 78G({0,0, b}, a)

~126 ({o. b0} o) -2 ({0.2,2).0)
+ 36G ({o, gb} ,a) + 54G({0,b, 0}, a)

+ 60G ({O,b g} ,a) —114G({0, b, b}, a) + 42G({b, 0,0}, a)
+ 36G ({b 0, g} ,a) — 78G({b,0,b},a)

v12 ({o.2.0} o) #2160 ({n.2.0).0)

- 36G ({b gb} ,a) — 54G({b, b, 0}, a)

— 60G ({b b, g} ,a) +114G({b, b, b}, a)

+3log”(4)G({b}, a) — G({0}, a) (42G({0,0}, b)
+ 18(1 + log(47))G({0}, b) + 37° + 6 + 3log” (4)
+ log() log (4096#3) + 6log(m) + 6 10g(4)>

+ G({0},b) (12@ ({0, g} ,a> — 54G({0,b}, a)

— 42G({b,0},a) — 12G ({b, g} ,a) + 54G({b, b}, a)
+18(1 + log(47))G({b}, a) + 42G({0,0}, a) + 37> + 6 + 3log>(4)
+ log() log (4096#3) + 6log(m) + 6 10g(4)>

+ log(m) log (4096#3) G({b}, a) + 6log(m)G({b}, a)

+ 6log(4)G({b}, a) + 12log(m)G ({0, g} ,a)
— 301log(m)G({0,b}, a) — 18log(m)G({b, 0}, a)

— 12log(m)G ({b g} ,a) + 30log(m)G({b, b}, a)
+121og(4)G ({o, g} ,a) — 301og(4)G({0, b}, a)

— 181og(4)G({b, 0}, a) — 121og(4)G ({b g} ,a>

307
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+ 301og(4)G({b, b}, a) + 18G({0,0}, a) — 42G({0,0, 0}, a)
+ 181log(m)G({0,0}, a) + 181og(4)G({0, 0}, a) + 18G({0, 0}, b)
+ 42G({0,0, 0}, b) + 181og(m)G({0, 0}, b) + 181og(4)G ({0, 0}, b)

112¢(3) + 272 + 277 10g(47r))) (8.47)

o 1GUbLa) - G0}, a) + GOLD)
T S (1 — (at10? )

a—b
(a—1) y
247 (b + 1)(a(b — 1) + b)

(Mt (cowonn (o ({55 f )
b2 b2
+2G({b},a)) + G ({0’_bz—+1} ,a) -G ({b,—m} ,a>
b2 b2
co({w ) o (fetee) o)

+3G ({0}, a)G({0},b) + G({0,b}, a) + G({b,0},a) — 2G({0,0},a) — 4G({0, 0}, b))
—9G({0},a)G({0},b) + 9G({0},b)G({b}, a) + 6G({b}, a)

+6G ({0, g} ,a) — 15G({0, b}, a) — 9G({b, 0}, a)

— 6G ({b, g} ,a) + 15G({b, b}, a) + 3log(m)G({b}, a)

+ log(64)G({b},a) — 6G({0},a) + 9G({0, 0}, a) — 3log(m)G ({0}, a)
— 3log(4)G({0}, a) + 6G({0},b) + 9G ({0, 0}, b) 4 3log(7)G({0},b)
1 log(64)G ({0}, b) + 7r2)

(a —b)e
48(b + 1)(a(b — 1) + b)w

~ log(n) log (40967r3) G({0}, a) — 18G ({0}, b) log(m)G ({0}, a)

(—36G ({0}, b)G({0}, a) — 42G({0,0}, b)G({0}, a)

— 12log(m)G ({0}, a) — 310g2(4)G({0}7 a) — 18G({0}, b) log(4)G ({0}, a)

— 1210g(4)G({0}, a) — 372G({0}, a) — 24G ({0}, a) + 372G ({0}, b)

+ 24G({0}, b) 4 36G({0}, b)G({b}, a) + 37> G({b}, a) + 24G ({b}, a)

+ 42G({0}, b)G({0, 0}, a) + 36G ({0, 0}, a) + 42G({b}, a)G({0, 0}, b) + 36G ({0, 0}, b)

+12G({0}, )G ({o, g} ,a) +24G ({0, g} ,a)

— 54G({0}, )G ({0, b}, ) — 60G({0, b}, a) — 42G({0}, )G({b, 0}, 0)
— 36G({b,0},a) — 12G ({0}, b)G ({b g} ’“>

=216 ({03} .0) + 596G} DB} @) + 60G (1) 0)

— 42G({0,0,0}, a) + 42G({0, 0,0}, b) — 36G ({0’ 0 g} ’a>

+ 78G({0,0,b},a) — 12G ({o, g,o} ,a>

b b b
26 ({0.3.5}.a) +366 ({0.3.0} .0)
2 2 2
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+ 54G({0,b,0}, a) + 60G <{ .= %,a) — 114G({0,b, b}, a)

o)

+ 42G({b, 0,0}, a) + 36G ({ , }a) — 78G({b,0,b},a)
b
2

v12 ({n.2.0} o) e ({2 2).0)
— 36G ({b gb} ,a) — 54G({b, b,0},a) — 60G ({b,b, g} ,a>

(ab® +b* + a)
(a+1)b2

b2
— 2G({b},a) — 27°G ({—m} ,a> —24G({0,0}, a)

SIS CY RS

+ 114G ({b, b,b},a) + (—48G({0,0},b)G({b}, a)

— 24G({~1},0)G({0, 0}, b) + 30G ({—bb—ﬂ} ,a> G({0,0},)

2

— 48G({0,0},b) + 12G({0, b}, a) + 12G ({0, 7b27+1} ,a> + 12G({b, 0}, a)

b2 b2
a6 (fog ) o) e ({50} )

—12G ({——z,b} ,a) —12G({~1,0,0}, a) + 6G({—1,0,b}, a)

>+6G({ 1,b,0},a)

a0
i) oo (s o)
e
}

b ) — 6G({0,—1,0}, a)

|

[=2]

Q
TN T N 7 N N
/_/H/_/H/_/H/_/H

l“

F‘

Jun

> +36G({0,0,0}, a) — 36G({0, 0,0}, b)

\_/+

— 54G({0,0,b},a)
b2 b
—-6G (10,0, — va|l +12G6(40,-,0},a
b2 + 2
—12G 0,9,—
2

2
b2

= +1},a> ~ 42G({0,b,0}, a)
2

[

—12G O,b,é},
2

( a) +30G({0,b,b},a)
+24G (

b b2 b
0,b, ——— % ,a | —12G 0,———,—7,a
b2 + 1 b2 4172
2 2 2
b2 +1 b2+1" b241

b2
b2 +1

+ 24G

+6G({b,—1,0},a) — 6G ({b -1, — } ,a) —30G({b,0,0}, a)
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b b?

126 <{b,0,§},a> +30G({b,0,b},a) + 12G ({b,o,fbhrl},a)
2

—IQG({b,é,O},a>+12G b2 -1

2 2 b +1

b2 b

+30G({b, b, 0}, a) — 30G ({b,b,—bQ—_H}wz) +6G ({b,—b2+1,0},a>
caoa (fn ot s0c ({2

R A B

+126 ({b v* v* +6G L 0,0
) b2+17 b2+1 , @ b2+1’ ) , @
b2 b b?
—126 [ { - 0,~ 186 ({——"—,0,b
({ b2+1’ ’2}’a>+ ({ b2+1’ ’ }’a>
b2 b2 b2
126 (-0, ———— 6G({-————b0
({ S b2+1}!a)+ ({ S hoba
b2 b b2
12G ({——— b, - - 30G . bb
+ 126G L b v 126G L L 0
[CRE R I (e [CIE RN CENE R
+12G L v* b + 3G ({0}, a) (6(2 + log(4m))G ({0}, b)
- " T o o, 42 70’ !a O, ™ bl
241 b1 &

+14G({0,0},b) + 7*) = G({0},b) (12(2 + log(4m))G({b}, @)

2
—18G({—1,0},a) + 12G({—1,b},a) + 6G ({71, 7()21’?} ,a>
—12G({0, —1}, a) + 42G({0, 0}, a) + 24G ({0, g} ,a> — 66G({0, b}, a)

b2 +1

2
—24G({b } >+60G({b b}, )*6G<{bv*b2b—+1}’“>
b2
vasa ({2 0fe) <o ({-5tr) )
—120({ b2+1 b2+1} a>

6c ({ b2+1} ><2+1og<4w>>+5vr>

— 12G({0, 0}, a) log(m) — 24G({0, 0}, b) log(m) + 6G ({0, b}, a) log()

+ 126 ({0, 7i} ,a> +12G({b, -1}, a) — 42G({b, 0}, a)

2
+ 6G ({O7 _bzb——i-l} ,a> log(m) + 6G({b, 0}, a) log(m)

b? b?
— 6G <{b, —m} ,a> log(m) + 6G ({—m,o} ,a> log(m)
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2
- 6G ({7#, b} ,a) log(m) — 12G ({0, 0}, a) log(4)

2
— 24G({0, 0}, b) log(4) + 6G({0, b}, a) log(4) + 6G ({O, 7b2b7+1} ,a> log(4)

2
+ 6G({b,0},a)log(4) — 6G ({b7 _be—-i-l} ,a) log(4)

b? b
16G ({_m,o} ,a> log(4) — 6G ({—m7b} 1a> 108(4)>

1 12¢(3) + G({0}, b) log(x) log (40967\'3) + G({b}, a) log(n) log (40967\'3)

+ 2n% log(4m) + 12G ({0}, b) log(w) + 18G ({0}, b)G ({b}, a) log()
+ 12G({b}, a) log(m) + 18G({0, 0}, a) log() + 18G({0, 0}, b) log()

+12G ({o, g} ,a> log(w) — 30G({0, b}, a) log()
— 18G({b, 0}, a) log(n) — 12G ({b g} ,a) log()

+ 30G({b, b}, a) log(w) + 3G ({0}, b) log?(4) + 3G ({b}, a) log?(4) + 12G ({0}, b) log(4)
+ 18G({0},b)G({b}, a) log(4) + 12G({b}, a) log(4) + 18G ({0, 0}, a) log(4)

+ 18G ({0, 0}, b) log(4) + 12G ({0, g} : a) log(4)

— 30G ({0, b}, a)log(4) — 18G({b, 0}, a) log(4) — 12G ({b, g} ,a) log(4)

+30G({b, b}, a) log(4) + 4772)
+ O(e%) (8.48)

1GUb) @) — G0}, ) + G0}, b)
€ 81 (1 — —(a:_l)bbz )
(a —b) b
e nae 1 Te (0w voe ({o.5).a)

—15G({0,b},a) — 9G({b,0},a) — 6G ({b g} ,a>
+15G({b, b}, @) + 3log(m)G({b}, a) + log(64)G({b}, a) — BG({0}, @) (BG({0},b) + 2 + log(4))
+3G({0},0)(3G({b}, ) + 2 + log(4m)) + 9G({0,0}, ) + 9G ({0, 0},b) + 7°)

+3(2a — b) (G({O}, a)(2G({0},b) — im) + G({0}, b) (7G ({g} ,a>

—G({b},a) +in) + inrG({b},a) + G ({0, g} ,a)

G0, b},a) + C ({go}a) 7G({g,b},a>

+G({b,0},a) — G ({b, g} ,a) —2G({0,0}, a) — 2G ({0, O},b)))

+ woTEe T (2 (set.onne ({3} .a)

e ({g} ,a) — 272G ({b}, a) + 6inG({b}, a)




312

CHAPTER 8. APPENDIX B: MASTER INTEGRALS AT NNLO

+ 3irG({0, 0}, @) — 12G({0, 0}, a) — 21G({b}, a)G({0, 0}, b) + 3inG ({0, 0}, b)

—12G({0, 0}, b) + 12irG ({0, g} ,a) +6G ({0, g} ,a)
— 15 G({0, b}, a) + 6G({0, b}, a) + 6irG ({go} ,a>
voc ({20} .0) —oimc ({20} .0)

—6G ({g b} ,a> — 9inG({b, 0}, a) + 6G({b, 0}, a)

i ({u2)) o0 (0]

+ 21irG({b, b}, a) + 18G({0,0, 0}, a) — 18G({0, 0, 0}, b)

+9G <{o,o, g} ,a> —27G({0,0,b}, a) + 6G <{o, g,o} ,a>
“is ({022} 0) +130 ({02} o)

—24G({0,b,0}, a) + 9G ({o, b, g} ,a) +15G({0, b, b}, a)

b b b
+36 ({00} a) — 126 ({5.0.2}.0)

2 2 2

b

b
2
b
+12G ({E,b,ﬁ},a> — 156G ({E,b,b},a>
2772 2
b
— 21G({b, 0,0}, a) + 3G <{b,0,5}
418G ({b,ﬁ,ﬁ},a) _1sG ({b,ﬁ,b},a)
2’2 2
+21G({b, b, 0},a) — 21G ({b b, g} , a>

— 3G({0}, ) ((2 + 2im + log(47))G ( } ,a) +6G({0,0}, a)

(o2} sworaro((31)
({32} o ()

—7G({b,0}, a) + 7G({b, b}, a) + G({b}, a)(2 — 3im + log(4r)) — im log(4n) + 72 — 2m)

+ 3G({0}, a)((4 — im + log(16) + 2log(w))G({0}, b) + 6G({0,0},b) + w(7m — i(2 + log(4n))))
+ 3inG({b}, a) log(4m) — 6G({0, 0}, a) log(r) — 6G({0, 0}, ) log(r)

+3G ({0, g} ,a> log(w) + 3G({0, b}, a) log(r)

+36 ({20} )t~ 36 ({220} ) st

+ 3G({b, 0}, a) log(r) — 3G ({b g} ,a> log()
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+ G ({O7 g} ,a) log(64) + G({0, b}, a) log(64) + G ({g, O} ,a) log(64)
+ G({b,0}, a) log(64) — 6G({0, 0}, a) log(4) — 6G({0,0}, b) log(4)

—-3G ({g, b} ,a) log(4) — 3G ({b, g} ,a) log(4) + 1;71-3>
—(a—1b) (7420({0,0}, B)G({b}, a) — log(r) log (40967r3) G({b}, @)
— 121log(7)G({b},a) — 310g®(4)G({b}, a) — 1210g(4)G({b}, a) — 37> G({b}, a)

— 24G({b}, a) — 36G({0,0}, a) — 36G({0,0}, b) — 24G ({0, g} 7a>
+60G({0, b}, a) + 36G({b, 0}, a) + 24G ({b g} 7 a)  60G({b, b}, a)

+42G({0,0, 0}, a) — 42G({0,0,0}, b) + 36G ({o, 0, g} ,a>

— 78G({0,0, b}, a) 4+ 12G ({0, g,o} ,a) +24G ({0, g g} ,a)
— 36G ({o, gb} ,a) — 54G ({0, b,0}, a) — 60G ({O,b, g} ,a)

+ 114G ({0, b, b}, a) — 42G({b, 0,0}, a) — 36G ({b 0, g} ,a) + 78G({b, 0, b}, a)

~i20 ({80} 0 -2t ({u. 5 2] )
+ 36G ({b gb} ,a) + 54G({b, b, 0}, a) + 60G ({b b, g} ,a)

— 114G({b, b, b}, @) + G({0}, a) (18(2 + log(47))G({0}, b) + 42G ({0, 0}, b)
+ log() log (40967r3) 1 121log(n) + 3log?(4) + 12log(4) + 37> + 24)

— G({0},b) (18(2 + log(4m))G({b}, a) + 42G({0, 0}, a) + 12G ({0, g} , a)
— 54G({0,b}, a) — 42G({b, 0}, a) — 12G ({b g} ,a) + 54G({b, b}, a)

+ log() log (40967r3) 1 121log(n) + 3log>(4) + 12log(4) + 37> + 24)
—12¢(3) — 272 log(4m) — 18G ({0, 0}, a) log(r) — 18G({0, 0}, b) log(r)
—12G ({0, g} , a) log(m) + 30G ({0, b}, a) log(m)

+ 18G({b, 0}, a) log(w) + 12G ({b, g} ,a) log(m)

— 30G({b, b}, a)log(m) — 18G({0, 0}, a) log(4) — 18G ({0, 0}, b) log(4)

—12G ({O, g} s a) log(4) + 30G({0, b}, a) log(4) + 18G ({b, 0}, a) log(4)

+12G ({b g} ,a) log(4) — 30G({b, b}, a) log(4) — 47\'2))

+0(e?) (8.49)

1G({bha) - G0}, @) + G({0}, )
€ s (1 (%)
(a —b)

167(b+ 1)(a(b — 1) + b)

(—2G({-1},6)G({d}, @) + 4G({b}, a)
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66 ({0.2}.0) ~ a0+ 20 (fo.-25 ) o)

—4G({b,0},a) — 6G ({b g} ,a) + 12G({b, b}, a)

T € W DY S B
—2G ({—rbl b} ,a> + 2log(m)G({b}, a) + log(16)G({b}, a)
+2G({0},a)(G({—1},b) — G({0},b) — 2 — log(4m)) + 2G({0},b) (2G({b}, a)

o (L) 42 st

+2G({0,0},@) = 2G({-1,0},b) = 2G({0, ~1},b) + 2G({0,0},b) + =°)
(a —b)e
T 16(b+ 1)(a(b — 1) + b)w

+4G ({— - f - } ,a) G({0},b) — 2G({0, 0}, ) G({0}, b)

+4G({0,b},a)G({0},b) — 2G ({0, - bf

(—8G({b},a)G({0},0)

1 } ,a) G({0},d)

+ 4G ({b,0},a)G({0},b) — 8G({b, b}, a)G({0},b) + 4G ({b, ~3 f n } ,a) G({0},b)

20 ({20} c0) o 16 ({2} o) ttonn

b b

pYe ({7ﬁ 7ﬁ} ,a) G({0}, b) — log(r) log(16m)G({0}, b)

~ 4G({8}, @) lor(mG((0}.6) + 26 ({ -2

} ,a) log(m)G({0},b)
— 4log(m)G({0},b) + G ({_bTbl} ,a) log(16)G({0}, b)
— log” (4)G({0}, b) — 4G({b}, a) log(4)G({0},b) — 410g(4)G ({0}, b) — 8G({0},b)

— m2G({b},a) — 8G({b},a) + ©°G ({—bf - } ,a>

—2G({b},a)G({—1,—1},b) +4G({b},a)G({—1,0},b) — 2G ({7%} ,a) G({—1,0},b)

FAG((-1,00,0) + 46((0) ) 6((0,~13.0) ~ 26 ({ =5

f n } ,a) G({0,—1},b)
f T } ,a) G({0,0},b)

FAG({0,-1),) = 4G({0,0}. ) ~ 4G({}, )G ((0,03.1) + 26 ({ =5

—4G({0,0},b) — 12G ({o, g} ,a) +20G({0,b}, a)

10 (fo- 25} o)  sotmona 126 ({2} o)
~siatnina 10 ({u- ) a) <10 ({-2rob o)

e ({—%b} ,a> —2G({~1,-1,0},b) — 2G({~1,0,~1},b)
+ QG({—L 0, 0}7 b) — QGY({O7 -1, —1}7 b) + QGY({O7 -1, 0}7 b) + QG({O, 0, —1}, b)

+2G({0,0,0},a) — 2G({0,0, 0}, b) + 6G <{o,o, g} ,a>
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10G({0,0, b}, a) + 2G {00 b } >+18G<{Ob b} )
» Y 7a » b—l 7a 1212 10/

(
el el

b
2

) } , a> + 44G ({0, b, b}, a)
(

{
o ({un-pte} ) a0 (o))

,—7,7—} ,a) — 4G ({b,0,0},a)

b b
,0, —},a) + 20G({b,0,b},a) — 4G ({b,O,— },a)
2 b—1
b b
b,—,—},a) + 26 ({b,é,b},a>
2 2 2
b

+2G({0,0},a) + 6G ({0, g} ,a) —10G({0, b}, a)

v20 ({0725 ) satmon0) -6 ({0 b))
+ianan o -26 ({20 a) a0 ({2 o) o)

—2G ({—% b} , a) + G({b}, a)(4 + log(16) + 2log(w)) + 7r2>
+ G({0}, a) ((4 + log(16) + 21og(m))G({0},b) + 2G({—1, —1},b) — 2G({—1,0},b)
—2G({0, =1}, b) 4+ 2G({0, 0}, b) + log(r) log(167) + 4 log(w) + log(256) + log> (4) + 8)

—12¢(3) — G({b}, a) log(r) log(167) — 7> log(4r) — 4G({b}, a) log ()
+ 2G({-1,0},b) log(w) + 2G({0, —1}, b) log(w) — 2G({0, 0}, a) log(w) — 2G ({0, 0}, b) log(m)

—6G ({0, g} ,a) log() + 10G({0, b}, a) log()
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b } )1g<w>+4G({b 0}, a) log(x)

-1
) log(m) — 12G({b, b}, a) log(m)

o)

b} a) log(m) + G({—1,0},b) log(16)

f : } ,a> log(16)

+G <{7%1 b} ,a> log(16) — G({b}, a) log?(4) — 4G({b}, a) log(4)

Q‘

+G({0, -1}, )1g(16)+G({, ;

b

~ 2G({0, 0}, a) log(4) — 2G({0, 0}, b) log(4) — 6G ({o g} ,a) log(4)

+10G({0, b}, a) log(4) — 2G ({ , bf : } ,a> log(4)
+ 4G({b, 0}, a) log(4) + 6G <{b g} , a> log(4)

—12G({b, b}, a) log(4) — 2G ({—b_Ll o} ,a> log(4) — 271'2> (8.50)

(a—b)

16(b + 1)(a(b — 1)+b),/< “b?)

x (40({ 1,0},a)G({0},b) — 2G({~1,b}, a)G({0},b) — 6G ({— -

X

o ha) G

2
+4G ({—1, - b2b+ - } ,a> G({0},b) — 8G({0, —1}, ) G({0}, b)

+4G({0,0},a)G({0},b) — 12G <{ 12)} )G({O} b) +4G({0,b},a)G({0},b)

+SG({ G({O} b)+4a({ } )G({o} b)
+80({—bb1 } @) G{0}.) - 8 ({—b—l o} )G({O}b)

(RN 08 A 08
et )G({O} )

2
1 _bsz} 1a> G({0},b) — TFQG({O}ab)

—
|
o
‘@
—
N o

i fee) 26U G, -10.8) - 6G({-1h )G ~1,0}.0)

1
_bf 1 } ’a> G({-1,0},b) —4G({-1},a)G({0, —1},b)

72} ) GU0. =110 + G0} @) (-26((-1.-1).0)

+8G({~1,0},b) + 2G({0, ~1},b) — 8G({0,0},0) + =* ) + 8G ({— ° } ,a) G({0,0},b)

b—1
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+ G({~1},b) <26‘({—1,0},a)—2G({—1,b},a)+20({_17_ b }a>

b—1

—2G <{_1 7 bj—l} a> —4G({0,0}, a) + 4G ({0,2},(1)
fooiti o) oo (fo-ii ) o)
(e PRSI

so({ iy oo ({ i)

+7°) +2G({~1,-1,0},b) - 2G({~1,0, ~1},b) — 4G({~1,0,0}, a)

ipe) v (o=} )

{ 1,0,
+2G({~1,b,0},a) — QG({ } >+2(;({ 1,b,b},a)
o)+

0, —

+4G({0,b},a) — 20<

—-8G({~1,0,0}, b)+2G(

26 ({ oty fe) vee ({mmg o)
(gt b)) (o)
+QG<{_1’_1>—L1’_bfl}’“>_4G<{_1’_1;—L1"b2b+1}7a>
sef{oestaife) e (st
+4G<{*1’*bi1’ b”+} >+4G<{o —1,0},a) — 2G({0, ~1,0},b)
4G({o 1} >+2G<{oo ~1},b) + 8G({0,0,0}.b)
(o) -t (fon-5 ).
o))l
io(fos2)) e (fo 12}

R DR (R

— 4G ({0,,0} )+4G<{0,b g},a)fzxc({oz)b} )

o ((paegtr)) s (fo o
so(fogtn ) oo b
olfor gyt e (st}
(o)) offo-nes)
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(8 =
o[ el
e ({mptroae) e ({tony o)
+2G<{7%’0”b51} a>74G({7%’0’7b2b+1} )
(st o} ) e ({2
s () o (e e)
B A
o({rpnt) ) (et
72G({ +20 :

(1 2

({

({

2 2
‘b_—l"bz+1"b2+1}’“>‘64‘3)> (8.51)

1 5(a — b)®
T 3 487(b+ 1)2(2a — b)(a(b — 1) + b)2

1 (a —b)3 b2
€2 487 (b + 1)2(2a — b)(a(b — 1) + b)2 (’4G ({7 b2 +1 } ’“)

+206 ({2} ) - o6t +46 ({2} )

—10G({0},a) + 4G({—1},b) + 6G({0},b) — 6im — 5log(m) — log(1024))
1 (a —b)3 b
te 192(2a — b)(b + 1)2(a(b — 1) + b)2m (_64G <{§} ’ a) GH-1h0)

+32G({b},a)G({—1},b) — 8G ({7%} ,a) G({—1},b)

2
+8G ({1 b+ ; } ,a> G({—1},b) + 16 log(m)G({—1},b) + 16 log(4)G({—1}, b)

2
+ 96inG ( g} ,a) — 48irG({b},a) — 8G({—1,—1},b)

— 48G({—1,0},b) — 24G({0, —1}, b) + 16G({0, 0}, a) 4+ 96G ({0, 0}, b) + 160G ({0, g} ,a)

— 176G({0, b}, a) + 32G ({0’_bf1}7a> -8 ({0’_521)1 1 } 7a>
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+64G ({g”bfil},a) — 80G({b,0},a) + 160G ({b g} ﬂ)

~ 80G({b, b}, a)+32G({b—bil},a>_3QG<{b,_b2bj_1},a>

r00 ({250} 0) -0 ({-725.5}0)

ol ) o({-525 525} e)

el e) ()
{ g} 32G({ >

+SG<{ b—+1 = } >+1GG({ bbil bbj_l}m)

1
+ 8G({0}, a) (4G ({—1},b) — 6G ({0}, b) — 5log(m) — 5log(4) — Gi)

+ 216tt0n) (000100 - 26 ({2} o)

2
2 — 1 4 21
+G({ b2+1},a>+og(7r)+ Mr)

— 10log?(47) — 24ir log(4n) + 80G ({ g} , a) log(m)

+40G(

— 40G({b}, a) log(n) + 16G ({7%} ,a> log ()

~16G ({Uﬂbi ; } ,a> log(7) + 8G <{§} ,a> log(1024)

— 8G({b}, a) log(1024) + 40G <{ g} ; a> log(4)

+ 16G ({7%} ,a> log(4) — 16G ({W?bi ; } ,a> log(4)

43972 + 242 + 87) (8.52)

1
Mso = poys (= (66({0.01,9) +7%) G({0}, 2)
+6(2(G({0}, v) +1im)G({0, 0}, z) + 2G ({0, 0, —y}, 2)
+G({O7 -Y, 0}7 Z) - QG({Oa 0, 1}7 Z) - G({07 1, 0}7 Z)))
+ 0O(e) (8.53)
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