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ITepiAndm

Y1y mopoloo SlatelB ToEoLGIACOUUE TOV oVOAUTIXG UTOAOYLOUS OMxANewudTeY Feynman mol-
Mm@V Bedywy, To onolo GUVELGPEPOUY GE BLAPORES 2 — 2 xaL 2 — 3 COUITIOMES OXEDAOELS
oto mhalota g KBavtinde Xpwuoduvauuxrc.

270 TP®TO P€POg TAPOLGIALOVUE Ulal ETOXOTNOY TWY PEVOBKY TOU YENOYOTOOUVTAL ETL TOU
TOEOVTOC YIol TOV OVIAUTIXG UTOAOYLOUO OROXANEWUATLY Bpdywy xodoe xou Ty enelepyacia
WV EWBXOY CUVIPTACE®Y Tou eugavilovion oTic Aboelg toug. Xenoyomownvtag OAoxhewon-
Kotd-Iapdyovteg, unopolue v exgppdcoupe to ohxAnemuato Feynman toAamhayv Bedywy o€ uia
TEMEQUOUEVT] 30T OAOXANEWUATOY, ToL OTolol ATOXUAOUVTOL OAOXANEOUTY Bdone. 2T CUVEYEL
OLUOPPWVOUNE EVal TAALCLO YLt TOV AVAAUTIXO UTIOAOYIOHO TWV OAOXANpwudTwy dong, To onolo
ouvdudlet TNV PéVodo Twv Amhonoinuévey Aoy EEohoewy Ue 1 ¥eHoT CUYXEXQWEVGY
ONOXANPOUATOY Bdomng To omolo IXavoTol0Y Xovovés Slapopxés elowaoelc. I'io Tov utoloyloud
TWY GUYORLIXMY TYWVY YENOLLOTOOVUE TNV UEV0B0 NG EMEXTACT|C-XATA-TEQLOYEC.

270 0eUTERO PEPOC TUPOUGLALOUUE UTOTEAECUATO Yol CUYXEXQWEVA OAOXANnp@uoTa Bdong -
vog, 0Uo xou TV Pedywv. Apyixd pehetolue eninedo oloxhnpouata Bdong Ty Pedywmy mou
oyetilovton Je oxeddoelc 2 — 2 6mou éva e€wTepd owuatidn gépet udla. To anoteréopota
oUTE GUVELTPEPOLY GE BLOPUWOELS TRITNE TAENEG OTA TAATH OXEBUOTC YLol TNV BIACTIOY EVOS Blotvu-
opotixol urnoloviou o tplo adpovixd jet ¥ otny mapaywyY| evog uroloviou Higgs ue tny didomnaon
g9 — H + jet. ¥tn ouvéyela napouctdloupe anotehéouato o eninedo evog xou 800 Pedywy yia
TN O%E€0a0T) TEVTE OWHATIOIWY OToL €var e€wTEpd owuaTidl pépel udla. Ta anoteréoyato auTd
OULVELCPEPOUY GTOV LTOAOYIOUO Blopdhoewy SelTepng TaENg Yo Bladixaoleg Omwe 1 ooy wyN
W + 2 jets otov LHC. Télog, yehetolue SLopopo ONOXANROUITA EVOS Bpoy0u Yia OXEDUOT) TEVTE
owuatdiewy, ta ontola tepthauBdvouy dualoug dladoTeg xon €wg Tela éuala e€wTepnd owpatidl,
xorddg xon evay Eualo B1adoTn ot €w¢ 600 éuala enTEPXS owATIOLL



Abstract

In this thesis we present analytic results for the calculation of multiloop Feynman integrals
contributing to virtual corrections of various 2 — 2 and 2 — 3 scattering processes in Quantum
Chromodynamics.

The first part consists of an overview of the current methods and tools for the analytic
computation of loop integrals and the manipulation of the special functions that appear in their
results. Using Integration-By-Parts identities, one can reduce all multiloop Feynman integrals
to a so-called finite basis of master integrals. We construct a computational framework for the
analytic calculation of these master integrals, based on the Simplified Differential Equations
approach, in conjunction with the ideas of working with a specific basis of master integrals
that satisfies so-called canonical differential equations. The method of expansion-by-regions is
employed for the determination of the necessary boundary terms.

In the second part we present results for specific one-, two- and three-loop master integrals.
We first consider planar three-loop master integrals relevant to 2 — 2 scattering with one
external leg off-shell. These results contribute to the scattering amplitudes for a vector boson
decaying to 3-jets or gg — H + jet in gluon fusion at Next-to-Next-to-Next-to-Leading-Order
(N3LO). Furthermore we present one- and two-loop results for five-point scattering with on
off-shell leg that are relevant to NNLO corrections to scattering processes such as W + 2 jets
production at the LHC. Finally we study several one-loop five-point master integrals involving
massless propagators and up to three off-shell legs and one massive propagator with up to two
off-shell legs.
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Prolegomenon

What is the world made of ¢ This question has puzzled the mind of humans since the days
of ancient Greek philosophers. As centuries went on, the answer to this question was refined
several times, as our species reached a deeper understanding of Nature.

Our current knowledge of Nature at its most fundamental level is encoded in the mathe-
matical structure of the Standard Model (SM) of Particle Physics. One part of this theory
comprises our best understanding of electromagnetic interactions at the quantum level, de-
scribed by Quantum Electrodynamics (QED), which can be unified with the description of the
weak interactions into the electroweak theory. The second part of the SM provides a theoret-
ical description for the strong interactions, given by Quantum Chromodynamics (QCD). The
theories of electroweak interactions and QCD are formulated in the mathematical language of
Quantum Field Theory (QFT), a framework which has allowed us to produce the most precise
description of a physical phenomenon, the magnetic moment of the electron |1]-|3].

The discovery of the Higgs boson at the LHC [4], [5] solidified the mathematical consistency
of the SM of Particle Physics as our best fundamental description of Nature. And yet there
are still open questions that make us think that the SM is not the final answer to the initial
question about the nature of the world. The discovery of neutrino masses, the postulation by
astronomers and cosmologists of the existence of a new kind of matter, called Dark Matter
in lieu of a more accurate name that specifies its constituents, are only some of the many
indications that there might be physics beyond the SM.

However, experimental data coming from powerful colliders, such as the LHC, have so far
shed no light in these open questions. In the absence of any clear signals for physics beyond
the SM, a detailed study of the properties of the Higgs boson, along with a scrutinization of
key SM processes have spearheaded the endeavour to advance our understanding of Particle
Physics [6].

From a theory perspective, precision studies in collider physics means using current methods
and tools, as well as developing new ones, in order to provide predictions for the outcome of
particle collisions that take place in high energy accelerator experiments. This thesis is devoted
to a very specific part of this endeavour, more specifically to the study and computation of the
mathematical objects that we will later identify as Feynman integrals.

More specifically, in the first part of this thesis we will give an overview of the theoretical
methods, tools and ideas that allow us to produce precise theoretical predictions for scattering
processes studied at the LHC. In the second part we will present results stemming from original
research concerning the so-called virtual corrections at Next-to-Next-to Leading Order (NNLO)
and N3LO for various 2 — 2 and 2 — 3 processes.

Although the level of mathematical sophistication of our answer to the question about the
structure of our physical world has increased over the years, physics is not mathematics. The
ultimate goal of a physicist is to explain the world] and all calculations presented in this thesis
are made with a mind to contribute to this noble endeavour.

YTo Explain the World, the Discovery of Modern Science (2015), Steven Weinberg, Harper/HarperCollins
Publishers.
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Chapter 1

Precision calculations in Quantum
Chromodynamics (QCD)

1.1 Elements of Quantum Field Theory

Over the course of the twentieth century, collider physics emerged as a powerful approach for
the discovery of particles that exist in nature and the study of their properties and interactions.
Particle colliders provide a controlled environment for the study of fundamental interactions,
since they begin with initial states of fixed momenta and end up with final states with fixed
momenta as well. The measurement of the mapping from inital state momenta to final state
momenta is then compared to predictions coming from theoretical models formulated within
the framework of Quantum Field Theoy (QFT)H

QFT is the result of combining Quantum Mechanics with Special Relativity. Each QFT
is usually characterised by a Lagrangian density £, which is a polynomial of the fundamental
quantum fields ¢;(x) and their derivatives. One of the main reasons for using Lagrangian
densities, is that they are manifestly Lorentz invariant. The dynamics of a QFT is determined
by the principle of least action, with the action being the integral of the Lagrangian density
over the four-dimensional space-time

S = /d4zv Lloi(z)]. (1.1)

In Quantum Mechanics, the experimental measurable quantities that one can predict are
differential probabilities, given by the modulus squared of inner products of states in a Hilbert
space. Since QFT is by construction based on Quantum Mechanics, the experimental quantities
we can predict are of the form

| (fIS i) . (1.2)
The inner product (f|S i) is known as the Scattering or S-matrix and contains all the infor-
mation about how the initial and final states evolve with time. S-matrix elements are the main
objects of interest in collider physics and QFT provides us with the necessary tools to compute
them.

In the absence of any interactions, i.e. when considering a free theory, the S-matrix is simply
the identity matrix 1. When interactions are present we have

S=1+iT (1.3)

with 7 known as the transfer matriz, encoding all deviations from the free theory. The transfer
matrix is defined as

(fIT iy = (2m)*6* (Zp) (f| M [3) (1.4)

!There is a plethora of QFT textbooks. We refer the interested reader to |7]-|10].
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where (f| M [i) is what we usually mean by matriz elements, and Xp = YXp;’ — Xp/. At the
end of the day one finds that the S-matrix elements are related to the total cross-section of the
scattering process as

o X /dHL]pS |./\/lfi|2 (15)

where dIl;;ps is the Lorentz-invariant phase space and |My|? = | (fIM]i) 2. My, is also
referred to as scattering amplitude.

The complexity of the scattering amplitudes is such that their exact analytic calculation is
an insurmountable task for most theories. The only viable approach is through perturbation
theory, where the scattering amplitudes are written as an expansion in Feynman diagrams.
Given the Lagrangian density of a theory, one can obtain in a systematic way a set of math-
ematical rules, known as Feynman rules, which translate each diagram into a mathematical
formula. As one considers scattering processes of higher multiplicity, i.e. involving the interac-
tion of many particles, and/or higher orders in the perturbative expansion, the corresponding
Feynman diagrams become significantly more involved.

In what follows we will focus on a specific QFT, the one that describes the strong interac-
tions. Its name is Quantum Chromodynamics (QCD).

1.2 The QCD Lagrangian and Feynman rules

The fundamental principle of QCD is that hadronic matter is made of quarksﬂ Two of the
most known hadrons are the proton and neutron. The dynamics of the strong interaction that
is responsible for binding the protons and neutrons that form the nucleus of atoms is encoded
in the mathematical structure of the QCD Lagrangian density. The strong force is mediated
through the interaction of quarks and gluons, the latter being the bosonic force carriers of the
strong force. Quarks are spin-1/2 particles and through experiments we know that they exist
in at least six different kinds, the so-called flavours, namely: up (u), down (d), strange (s),
charm (c), bottom (b) and top ().
The QCD Lagrangian density can be written as a sum of three terms

EQCD = Eclassic + Egauge—fiac + Eghost~ (16)
The first term encodes the dynamics of quarks and reads

1

ﬁclassic = Z&fﬂ (lez] - mf5l]) wf,j - ZFSVFMMG (17)
f

where f is the flavour index, i, 7 are the colour indices in the fundamental represenation and
a, b are the ones in the adjoint representation. The quark fields are represented as vs; and the
covariant derivative is given by

DY = 8l56i5 — ig AU, (1.8)
The gluons are represented as A% and the matrices ty; are the generators of the fundamental
representation of SU(N), with N = 3 the number of colours. The generators ¢j; fulfil the

algebra
[t7, 7] = i forere (1.9)

2Here we provide a schematic overview of QCD. We refer the interested reader to |11], |12] for a thorough
discussion of QCD in the context of collider physics.



where £ are the structure constants. The coupling strength of quarks to gluons is represented
by the coupling constant g;. The final term in ((1.7)) contains the gluonic field tensor

Fp, = 0,A% — 0,A% + gofane AL A (1.10)

The last two terms in (|1.6]) are required in order to be able to perform perturbation theory.
The gauge fixing term reads
1
Lyauge-siz = 5z (0uAh)’ (1.11)
2€
and is needed in order to define the propagator for the gluon field. The parameter ¢ is arbitrary
and is needed to specify the gauge in a covariant way. The so-called Feynman gauge £ = 1
is a typical choice and the one that we will use in this thesis. Physical results are of course
independent of the specific value of £. In a non-Abelian theory such as QCD this gauge-fixing
term must be supplemented by a ghost Lagrangian density which is given by

£ghost - (auXZ) (a“(sab - gsfabcA'g) Xb- (112)

The ghost fields x, are scalar fields which obey fermionic anticommutation relations. The
ghost fields cancel unphysical degrees of freedom which would otherwise propagate in covariant
gauges.

Eqgs. , , are sufficient to derive the Feynman rules of QCD. In the following
we will use straight lines for quarks, curly lines for gluons and dashed lines for ghosts. Taking all
momenta to be incoming for the vertices and using the Feynman slash-notation, i.e. p = p"~,,
with v, being the Dirac gamma matrices satisfying the anticommutation relations {+*,7"} =
2g"”, we have

i J
Z(SZ]/(p —m + ZE)
a'l J"’E' b'-‘ v
p,upu . 2 .

I S 6ab _gul/ + (]‘ - g)pQ + Z‘e Z/ (p + ZE)
a b

e i(sab// (p2 +Z€)

- Z‘gst?jﬁyu
i J
b, v
P2
P1 & _gsfabc [(pl - p2>pgw/ + (pZ - p3)u gup + <p3 - pl)Vgp#]
ap  cp
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b, v c,p

X — 92 feae fena [9"9"7 — 97"
- ggfead febc [gwjgpo - g,upglla]
S vo oV
- ggfeab fecd [gupg - gN g ,0]
a, [ d,o
a‘: lu’
p % gsfabcp#
PN
b’ te

In addition to these rules, one needs to introduce symmetry factors to avoid overcounting
diagrams, as well as properly treat loop diagrams using the following rules:

1. Each internal loop momentum k& must be integrated over, with the integral measure being
[ d%/(27)?, where d is the number of space-time dimensions.

2. Every fermionic loop comes with a factor of (—1).

As can be seen, every vertex comes with its own power of the quark-gluon coupling g,. This
allows for each Feynman diagram constructed using these rules to be classified in terms of the
total number of powers of the coupling constant. As this number increases, diagrams containing
one or more closed loops can be drawn, which can be translated to the so-called Feynman
integrals, which are the main object of interest in this thesis. A problematic feature of these
integrals is that they often exhibit UV and IR divergences in d = 4 space-time dimensions.
The proper way to regulate these divergences is through dimensional regularisation [13|-[15],
working in d = 4 — 2¢ space-time dimensions, where poles in the dimensional regulator e
represent these UV and IR divergences.

1.3 Perturbative QCD

As we mentioned earlier, in most QFT’s the only viable method of calculating S-matrix ele-
ments is through perturbation theory. Having the Feynman rules as a starting point, one can
translate diagramatic expansion in the perturbative series into specific mathematical objects.
This approach yields a power tool for the production of precise phenomenological predictions,
if the coupling constant of the theory under consideration is small enough at the energy level
that is being studied.

In the case of QCD, the property of asymptotic freedom [16]-|20] states that the strong
coupling constant

2

9s
s = 22 1.13
¢ 47 ( )

where g, is the quark-gluon coupling, decreases with the increase of energy. This means that
quarks interact weakly at high energies, which allows us to use perturbative methods in QCD
for the study oh hadrons at high energy colliders, such as the LHC.

Comparing QCD perturbative calculations with experimental data is a non-trivial task,
however the factorisation theorem |21| permits us to separate it into two stages:

e The hard scattering, described by perturbative QCD.

11



e The hadronisation, which requires different methods that go beyond the scope of this
thesis.

At the level of the cross-section for the collision of two initial hadrons h;, hs resulting in the
production of some final state X, we have

d0h1h2—>X: Z /

a,b=q,q,9 "1

1

1
d$1/ dws Fany (21, 1) Fopny (22, 1) Gapsx (1%) (1.14)
“min Z2, min

where F,p, (21, ) and Fyp, (22, 4*) are the Parton Distribution Functions, 64 x is the
hard scattering cross-section, and p? is the factorization scale. The total cross-section for the
production of the final state X in perturbative QCD, 6(X) = 6p,n,.x can be expanded in
powers of as. Normalising to the number of powers of a, of the born cross-section, we can write

2 3

;‘—) 5(X)vro + (“—) 5(X) o + (a—) 5(X)vvnro + ... (1.15)
m 2 2m

where LO stands for Leading order, N LO stands for Nezt-to-Leading order, NN LO stands for

Next-to-Next-to-Leading order, etc.

Calculation of corrections up to NLO have reached a high level of maturity and have been
automated in public tools [22], [23]. Since most of the calculations presented in this thesis
concern NN LO corrections we will briefly discuss the various contributions that they receive.
More specifically we have:

6(X) = 6(X)s0 + (

1. Virtual corrections, which include 2-loop Feynman diagrams.

2. Mized real-virtual corrections, which include 1-loop Feynman diagrams with an extra
particle which can become unresolved.

3. Double-real corrections, which include tree-level Feynman diagrams with two extra parti-
cles which can become unresolved.

Each of these contributions is individually divergent, with the divergences cancelling in the
sum (after renormalization for the UV and IR divergences) leaving behind a finite result for
the cross-section.

12



Chapter 2

Master integrals

The material presented in this chapter is based on reviews such as [6], [24], [25].

2.1 Integral families

The modern approach of thinking about the calculation of Feynman integrals (FI) which are
required in the computation of a scattering amplitude, is through the notion of an integral
family.

If we consider a scattering process involving N external particles in d space-time dimensions,
then, assuming momentum conservation, only £ = min(N — 1, d) external particles will be
linearly independent. We can associate to this process the following integral with L loops in d
dimensions with propagator powers v;

d? K
G(Vlu"'7yn):/H i7Td/2

=1 J

1
L DY ({k}, {p},m3)

(2.1)

n

where the propagators D;({k}, {p}, m?) depend on the loop momenta k;, the linearly indepen-
dent momenta {pi,...,pr} and, when present, on the propagator masses m? We work on
the framework of dimensional regularisation with d = 4 — 2¢, to regulate both ultraviolet and
infrared divergences. This implies that the singularities in four dimensions manifest in the form
of 1/e-terms to some power.

For various values of propagator powers v;, we see that defines a set of integrals.
We define as an integral family the set of integrals G (v, ..., v,) which contains all integrals
with propagator configurations such that any scalar product of a loop momentum with another
loop momentum or with an external momentum can be expressed as a linear combination of
inverse propagators contained in the same family. A scalar integral of an integral family with
no loop-momentum dependence in the numerator corresponds to v; > 0 for all j. In general,
the integrals of an integral family are linearly dependent and form a vector space. Therefore
one can find a basis of integrals in terms of which all integrals of the integral family can be
expressed. This process is known as a reduction to master integrals. Finding a convenient basis
of master integrals is of great importance for their efficient calculation.

For an N-point integral family with L loops, the number n of genuinely different scalar
products of the type k; - k; and k; - p; is given by

n= @ VLB (2.2)
The first term comes from contracting the loop momenta with themselves, and the second
one comes from contracting the loop momenta with the external momenta. A useful way of

13



organising the integrals of a family is through the use of integral sectors. A sector is defined
as a set of ¢ propagators of an integral family. The number of different ¢-propagator sectors is
(’Z) and therefor in principle )"} (?) = 2" sectors are contained in an integral family, however
many of them will be zero or related by symmetries.

To every t-propagator sector with propagator denominators Dj,, ..., D;, we can define a set

of integrals with different propagator powers by

L S Sn—t
dk, Dj'. ... Dj
=1 J1 Jt
with integer exponents r; > 1 and s; > 0. This allows us to characterise an integral of the
family by then numbers ¢, r, s and the indices {vy, ..., v} = {r,..., 7, —S1,..., —Sn_¢}, Where

r= Zle r; and s = Z?:_f s;. Positive v; denote powers of reqular propagators, i.e. propagators
in the denominator, negative v; denote powers of inverse propagators, i.e. they form non-trivial
numerators, and vy; = 0 means the absence of a propagator. The numbers ¢,7, s can be
calculated from the vector r/, so they are redundant once I/ is given.

For a t-propagator sector of an n-propagator integral family, the number of integrals that
can be built for certain values of r and s is given by

_Nm¢¢ﬁ>:<::i>(&;f;le) (2.4)

The two binomial factors count all possible ways to arrange the exponents of the propagators
in the denominator and numerator respectively. The integral with » = t and s = 0 of some
sector is called the corner integral of this sector.

From (2.2) we can see that all topologies with a number of propagators n, > n are re-
ducible, i.e. scalar products in the numerator can be expressed through linear combinations of
propagators of the same integral. For L = 1 one can show that the only irreducible numerators
are of the type k; - n, where n; denotes directions transverse to the hyperplane spanned by
the physical external momenta. These terms however vanish after integration over the loop
momenta (in integer dimensions). Starting from two loops, genuine irreducible numerators can
occur, the so-called irreducible scalar products or isp’s.

2.2 Integration-by-parts identities

It can be shown that for dimensionaly regulated FI, the integral over a total derivative is zero
[26]. If I is the integrand of an integral of the form ({2.1)), taking derivatives as follows

[Iwmé%@wwﬂ:o (2.5)
=1 v

leads to identities between different integrals, the so-called integration-by-parts (IBP) identities.
The term u* can be a loop- or external momentum which can be chosen conveniently, for
example such that propagators with powers v; > 1 (known as propagators with dots) do not
occur. If there are L loop momenta and E independent external momenta, one can therefore
build L(L + F) equations from one integral.

The system of IBP identities is in general over-constrained, such that most of the integrals
can be expressed as linear combinations of a small subset of integrals, the so-called master
integrals (MI). Another set of identities that also provide relations among integrals are the
Lorentz-invariance identities of the form

E
) Ma) )
v —ph G(v) = 0. 2.6
Z(p G~ ) O (2.6)

i=1
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Thees relations are redundant, but can help convergence in solving the linear system.

The choice of MI is not unique. A convenient choice of the basis can make a huge difference
in the calculation of integrals of a certain complexity. Further it is important to take symmetries
into account as well as shifts of the loop momenta that do not change the kinematic variables.

In complicated cases, an order relation among the integrals has to be introduced to be able
to solve the system for a set of MI. For example, an integral 7} is considered to be smaller than
an integral T5, if 77 can be obtained from 75 by omitting some of the propagators. Within the
same topology, the integrals can be ordered according to the powers of their propagators.

The first systematic approach of IBP reduction has been formulated by Laporta [27] and is
known as Laporta’s algorithm. Several packages exist that automate Laporta’s algorithm, such
as FIRE [28], KIRA [29|, AZURITE [30|, REDUZE |31], just to mention some of the currently most
used publicly available tools, as well as several private codes.

2.3 Parametric representations

The are several representations of Feynman integrals. Other than the one in momentum space
, the most widely used are the Feynman parameter representation and the Baikov repre-
sentation. The main advantage of these parametric representations over the one in momentum
space is that the integrations involve only scalar objects in Minkowski space.

2.3.1 Feynman parameter representation

Starting from (2.1)) one can use Schwinger’s trick

1 1 o u-—liD,
_—— | da; o el 2.7
D7 r<uj>/o aj aj e 2.7)

J
for D; > 0, Re(v;) > 0, to prove that

n

lew :r(u)f[[/omdxj%] 5(1—§n:xj)(zn ! ) (2.8)

J J z;D;

=1
J j=1

with v = Z?Zl v; and x; are the so-called Feynman parameters. Furthermore Z;;l x;D; is a

quadratic form in the loop momenta ki,
n L L
ijDj:ij'klel—Qij'Qj—i‘J—i‘i(S (29)
j=1 =1 j=1

where k; - k; denotes the scalar product of two d-dimensional Lorentz vectors. We can perform
a shift in the loop momenta k; = [; + Mingl and after defining

L
U=det(M) , F=det(M) [Z QiM;'Q; — J — w] (2.10)

ij=1
we can arrive at

vi—1
Ld\ | =, af . Yv—(L+1)d/2

g=1
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The polynomials U, F are known as first and second Symanzik polynomials and also admit
a graph-theoretic interpretation. The Cheng - Wu theorem [32]| states that the same formula
(2.11)) holds even when the delta function

5(1 - Zx]) (2.12)
includes only a subset of z; € {1,..., n}.

2.3.2 Baikov representation

The essence of the Baikov representation of Feynman integrals is that we change the integration
variables from the loop momenta to the propagators.
Every inverse Feynman propagator D, in (2.1)) can be written as follows

D,=P*—M? a=1,...,n (2.13)

with P, being a linear combination of loop and external momenta and M, the internal masses.

Defining ¢; = k;, ¢ = 1,..., L as the loop momenta, q;+; = p;, ¢ = 1,..., E as the indepen-
dent external momenta and M = L+ E, s;; = ¢; - qjﬂ, allows us to write the propagators D, in
the form

L M
Da:ZZAZjSij_{_fa

i=1 j=i

L L L M
:ZZA?ki'kj+Z Z A ki -pj o+ fa (2.14)

i=1 j=1 i=1 j=L+1

where f, is a function depending on external kinematics and internal masses, A% is a matrix
loosely associated with the topology of the graph with elements taken from the set {—2,—1,0, 1,2}
and a =1,...,n. We may view A% as an n x n matrix [33]. This allows us to solve (2.14]) for

Sij
sy =Y Al(Da— fa) (2.15)
a=1

with A% = (A7) 7",

Now that we have set the stage, we will try at first to change the integration variables of
from the loop momenta k!' to the scalar products s;;. In order to do so, we start from &/
and write it in the form

where kY | i the projection of k4 on the hyper-plane spanned by the (M — 1) momenta
{ky, ...,k p1,....pl}, and k', is the transverse component to the above mentioned hyper-
plane. We apply this procedure to all loop momenta. For k4 for example we write
with kb |+ as in the case of kY |+ being the projection of k5 on the hyper-plane spanned by
{kk, ... kY p1, ..., p'e}t (M —2 components ). This procedure allows us to write the integration
measure as follows,

A% .. A% =AM kg A M ey L dM e M ey (2.18)

IThis definition of s;; differs from the rest of the thesis. In later chapters we will use the notation s;; =
(pi + pj)g, with p; being the external momenta.
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As a first step, we will make the following change of variables starting from £f,
dMilkl | — d812 d513 e dSlM (219)

Under such a change of integration variables, the measure of integration transforms as follows,

w Okt
d _1]€1 | = det d812 dSlg c. dSlM (220)
aslj
To proceed we make the following definitions
G=k-q,l=12...,j=1+1,...,Mand sincekl"’:kl"”—l—kl’l (2.21)
kigg=hy gtk =Fky¢g=G (2.22)
From (; = k; - ¢; we have for kf
G=Fki-qj=s1=Fij-q (2.23)
We may also write k| | = a;q!" so we have
ki - q; = aiqi - q; = a;si5 = G (2.24)
therefore
1
a; = G;Sj; (2.25)
Finally we can write &/’ | as
kY= Zaiqf = Z Gsyldl = sysldl, Lj=2,...,M (2.26)
i irj
Following these manipulations, the Jacobian can take the form
akTH -1 _n -1 i
det Bory = det (s;;'¢l") = det(sy;) " det (¢') (2.27)

To continue notice that by definition, the Gram determinant is |G(q1,...,q,)| = det(¢ - ¢;),
therefore for 4,7 =2,..., M

det(s;;) = det(q; - ¢;) = |G(qz, - - -, qu)| (2.28)
and we can also have
2
{det (qy)} — det (¢#) det () = det (¢;p) = |G| (2.29)
which leads to
det (qf) = |G(qo, - .. ,qM)|1/2 (2.30)

Using ([2.30)), the Jacobian (2.27) can take the form

et Okyy\ 1 (2.31)
955 ) ~ Gl )] |

Applying the above procedure to the rest of the ;|| yields

dsig,dsis, ..., dsim
|G(k2a R k:Lapla s 7pE)|1/2

dM_lkl | =
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dsasz, dsay, ..., dsan

AM 2 ky ) = 2.32
20 |G(k37"'7kL7p17"'7pE)|1/2 ( )
_ dSLL+1 dSLM
dM-Lp . — A 2.33
U G pe) (233
For k;  we change into spherical coordinates and integrate over the angular part
1 2) n/2
Ay = —Q kP72 dRk2,, Q= —— (2.34)
2 r(s)
which allows us to write s;; as follows
si = ki = ki + k7 — dk?| = dsy (2.35)
This holds because kj = s15,; ¢/ and therefore
ki = 51355 0 StmS G
= sljs;jlslms;%sm = sljs;jlslmsggléim
= sljsi_jlsli (2.36)

Then we can write k; | as follows

k]_J_ =14/S11 — k%H = \/811 — SliSi_jlslj, Z,] = 2, ce ,M (237)

Using the definition for the determinant of block matrices, we can write for the ratio of the
following Gram determinants

S11 S15
det J
’G(kla"kaapl?"'apE)l _ (Slj Sij)
\G(ka, ..., kr,p1,- .., E)] det(s;;)
B det(s;5) det(311 - slisi_jlslj)
N det(sij)

= S11 — Slis;jlslj (238)

For the last step we used the fact that the determinant of a number is equal to the number
itself. Putting everything together leads to

|G(k17 . '7kL7p17 <. 7PE)|

ki = 2.39
1J_ ‘G<k27"'7kLapla"'>pE’)‘ ( )
This allows us to write the integral measure d"k; | as follows
(d—M+1)
_ 1 |G(k’1 k?L P1y- .. pE)| :
dTMH = —Q4 A d 2.40
H 2 I M+1<|G(k2a"'7kL7p17"‘7pE)| = ( )

Applying the above procedure to the rest of k;; and replacing the resulting d"k; 1 and d"k;
all Gram determinants except |G(ky,...,kr,p1,...,pe)| and |G(p1,...,pr)| cancel, yielding

_L(L-1) LE —dtBE+l
T 1 2 2
G(Vl,...,Vn) = A [‘G(pl?apE)‘]
e, (=)
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d—M-—1
2

L M |i‘G(k17"'7kL7p17---7pE)|

i=1 j=1

Now change integration variables from s;; to z, = D, (baikov variables). Because of (2.15),
the Jacobian of this transformation will be det (Afj), which leads to the Baikov representation
of Feynman Integrals:

7d+2E+1
Gvi, ... ) = C’,f {|G(p1, . ,pE)q
d d d ]g[—l
X /H[Pﬁ(m i@ — f) (2.42)
it xhn
with
7T_L<L:171>_%
CcEt = det (AS;) (2.43)
H'L—l F(d]\24+z>
and
Pf(:l:l — Syt — fo) = |G(ky, ...k, 01, -, pE)| (2.44)

is the Baikov polynomial. Notice that in the rhs of (2.44)) we impose (2.15)) and we take s;; = s;;.
The integration region is defined so that

which practically means that the Baikov polynomial vanishes at the boundaries.
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Chapter 3

Analytical calculation of master integrals

In principle one can use the parametric representation of a MI and proceed to perform all the
necessary integrations analytically. However, as the number of loops and kinematic scales of the
MI increases, so does their mathematical complexity. In the last decade the established method
to obtain analytical results for MI is the method of Differential Equations (DE) [34]-]37]. In
this chapter we will give an introduction to this method, focusing on a variant called Simplified
Differential Equations approach (SDE) [38]. We will also build a computational framework that
will allow us to obtain in a systematic way analytical results for the integral families that will
be considered in the second part of this thesis. Dedicated reviews on the method of differential
equations can be found in [39], [40].

3.1 Differential equations for master integrals

The basic idea of the method of DE is to have a basis of MI, obtained after IBP reduction of a
given family of FI, and then taking derivatives of each MI with respect to kinematic invariants
and/or masses. The result of the differentiation is given in terms of FI of the same integral
family. Then one applies IBP reduction again, thus relating the derivatives of MI to MI of the
same integral family. This procedure leads to a system of linear differential equations for the
MI which can be solved when appropriate boundary terms are provided.

More specifically, consider an integral family F'(#) and its basis of MI, which we will denote
as G(7). The dependence on the kinematics is given by invariants formed by external momenta
such as p?, (p;+p;)? = si;, and masses. To obtain DE with respect to these invariants, one can
use the following formulas [41],

O el o
a(pi'pj)G(V)_Z[G | Pr - 95 G () (3.1)
i ¢ ) = 5 2. (67 ups - 9G() (32)

where G = {p; - p;} is a Gram matrix. After IBP reduction the right-hand side is expressed in
terms of MI. The resulting system of DE can be written in the following form,

0
887;]'

G = A(E, {S”})G (33)

In general, the matrix A can be very complicated. In 2013 a remarkable observation was
made [42| that has since revolutionised the field of multiloop calculations. The main idea is
that one can look for a set of MI that can be expressed in terms of functions that exhibit certain
special properties upon differentiation.
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In order to properly discuss these function we must introduce the concept of the degree of
transcendentality T (f) of a function f [42]. T(f) is defined as the number of iterated integrals
needed to define the function f, e.g. T(log) = 1,7 (Li,) = n, where Li, is the classical

polylogarithm, defined as
¥ Ly q(t
MA@:/’J;ila (3.4)
0 t
Further properties of transcendental functions are

T(fi- f2) = T() + T(f) (3.5)
T(m)=T(#")=n (3.6)
T (r) =0, for rational r (3.7)

The MI which will be of interest to us will be expressed in terms of uniformly transcendental
(UT) functions. A function f which is expressed as a sum of terms is called UT when all
summands have the same degree of transcendentality. Finally, we will call a function pure, if its
degree of transcendentality is lowered by taking a derivative, i.e. T(df) = T(f) — 1. This last
property implies that the coefficient of a pure function cannot be anything more than a rational
number, otherwise upon differentiation it would contribute additional terms which would have
greater degree of transcendentality than the remaining terms.

MI whose leading singularity is constant tend to be pure and UT [43|. Later we will have
more to say about how to go looking for such special MI, but for now let us assume that we
have such a basis. Their DE will be of dlog form, meaning that the integrand will be written
as a logarithmic differential form. What this practically means is that if we start with a basis
G of MI and based in them, start looking for a good basis of MI, g, we are essentially looking
for a transformation matrix T, which will take us from basis G to basis g.

g=TG (3.8)
Assuming now that basis G satisfies the DE ({3.3), the new basis g will satisfy the DE

dg = EZ B.dlog (W,(s;;)) g = ¢B (3.9)

This is the celebrated dlog form of the DE. The functions W, are called letters and they form
the alphabet associated with the DE. The DE in ({3.9) is also known as a canonical DE and the
basis g that satisfies it is known as a canonical or pure basis of MI.
The matrices A, B in (3.3)) and (3.9) respectively, are connected through the transformation
matrix T from (3.8)) in the following way,
05,8 = 0O, (TG) = Os,; (T)G + TAG
=0,,(T)T 'g+ TAT 'g
—1 -1
:E&ATﬂ?-+TAT le
= Bg (3.10)

Notice the difference in the structure of A, B when comparing and (3.9). First of all,
the e-dependence is fully factorised in the canonical DE. Next, all kinematic dependence is
included in the functions W,,, the letters of the alphabet, leaving the matrices B,, known as
residue matrices. to consist solely of rational numbers.

In this canonical form, the system of DE can be iterated order by order in €, with suitably
chosen boundary conditions. If this a canonical DE can be reached using only rational trans-
formations, then the letters are of the form W, = x — x,, where y can be any of the kinematic
variables and y, are the locations of the singularities in the kinematic invariants.
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In general the letters can also be algebraic functions of the kinematic invariants, e.g. they
can include square roots. This complicates significantly their analytic integration, although
several methods have been developed to deal with this issue. The mathematical structure of
the set of letters, i.e. the alphabet, characterises the function class the solution can belong
to. If the alphabet can be written in terms of rational functions, one can write the solution
of the canonical DE in terms of a special class of functions known as Multiple or Goncharov
polylogarithms (GPLs) [44]-47]. These functions will play a major role in the results presented
in the second part of this thesis, therefore the following section is devoted to their introduction
and review of several of their important properties.

3.2 Special functions

GPLs appear in the results of many calculations in perturbative Quantum Field Theory. More
specifically, they have been known to form part of the space of functions that arise in the solution
of several FI. In this section we will show that GPLs are generalisations of the logarithm and
the classical polylogarithm and we will review several of their properties which will be of
use in the calculations presented in the the second part of this thesis.

3.2.1 Definitions

Like classical polylogarithms, GPLs can be defined recursively for n > 0 via the iterated integral

= odt

Glay,...,an;2) :/ G(ag, ... ,an;2) (3.11)
0 t— aq

with G(z) = G(;2) = 1, a; € C are constants and z is a complex variable. In the special case

where all a;’s are zero, we define

G(0,;2) = %log"(z) (3.12)

The vector @, = (ay,...,a,) is called the vector of singularities of the GPL and the number
of elements n is called the weight of the GPL. Working in dimensional regularisation, we will
need to obtain results in terms of GPLs up to weight 2/ for an [-loop amplitude. In general, it
is not known if GPLs are transcendental, but we will assume that they are.

The definitions (3.11]) and (3.12)) show that GPLs contain the ordinary logarithm and the
classical polylogarithm as special cases,

a

Gy 2) = %log” (1 _ 3) (3.13)
G(0p_1,1;2) = —Liy(2) (3.14)

GPLs are part of the more general family of iterated integrals. The notation used in the
mathematics literature is slightly different than the one used by physicists. In mathematics an
iterated integral is defined as,

dt
t—an,

An+1
Z(ag;ay, ..., an; ane1) :/ Z(ag;aq, ..., an_1;t) (3.15)

ag

and Z(ap;;a1) = 1. The functions defined in (3.11)) and those of (3.15)) are related by
G(an, .- a1;an41) =Z(05a1,...,0,; Apy1) (3.16)

Notice however the reversal of the arguments in the vector of singularities on the GPL.
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3.2.2 Basic properties

From the integral representation (3.11)) of GPLs, we can see that G(ay,...,a,; z) is divergent
whenever z = ay. Similarly G(aq, ..., ay; 2) is analytic at z = 0 whenever a,, # 0.

If we consider the a;’s to be constant, then the GPLs have branch cuts in the complex z
plane at most extending from z = a; to z = oco. If the a;’s are allowed to vary, the branch cut
structure becomes much more complicated. Some specific examples are the following:

1. G(d,;2) = % log" (1 — i) has a simple branch cut in the complex z plane, extending from
z=a to z = o0.

2. G(0,1;2) = —Lis(2) has a branch cut extending in the complex z plane from z = 1 to
z = 00. The branch cut starting at z = 0 is absent in this case.

If the rightmost index a, of @ is non-zero, then the function G(a; z) is invariant under a
rescaling of all its arguments, i.e. for any k& € C* we have

G(ka;kz) =G(a;z), a,#0 (3.17)

GPLs also satisfy the Holder convolution, i.e. whenever a; # 1 and a,, # 0, we have, Vp € C*

n

g(alv"‘van;l) = Z(_l)kg(l - aka"'71 —(11;1 - ]'/p>

k=0
X g(akJrla"'?an;l/p) (318)

In the limiting case where p — o0, this identity becomes
Glay,...,an;1) = (-1)"G(1 —ap,...,1 —ay;1) (3.19)

Relations of the above kind are called functional equations.

3.2.3 The shuffle algebra

An important property of all iterated integrals thus of GPLs too, is that the product of two
GPLs defined with the same integration limits can be written as a linear combination of GPLs.
We may generalise this and see that the product of GPLs with weights n; and ny can always
be written as a sum of GPLs with weight ny + no,

G(at, s ny;2)G(Any g1y - oy Qnying; 2) = Z G(o(1), - - - Ao(ny1ns); 2) (3.20)
c€> (n1,n2)

where > (n1,ny) denotes the set of all shuffles of n; + ny elements. This property turns the set
of all GPLs into a shuffle algebra, i.e. a vector space equipped with the shuffle multiplication.
The shuffle product preserves the weight of the GPLs and in this case the algebra is graded.
If a, = 0 in G(ay,...,a,;2) we may use the shuffle algebra to rewrite G(aq,...,a,;z) in
terms of functions whose rightmost index of the vector of singularities is non-zero. E.g., for

a#0
G(a,0,0;z) = G(a;2)G(0,0; z) — G(0, a, 0; z) G(0,0,a; 2)
= G(0,0;2)G(a; 2) — G(0,0,a; z) — [G(0,a; 2)G(0; z) — 2G(0,0, a; 2)]
=G(0,0;2)G(a;2) + G(0,0,a;2) — G(0,a; 2)G(0; 2) (3.21)
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3.3 Simplified differential equations approach

In this section we will introduce a variant of the DE method, known as the Simplified Differential
FEquations approach (SDE). The SDE approach [38] is an attempt to simplify and systemize,
as much as possible, the derivation of the appropriate system of DE satisfied by the MI.

Any l-loop integral can be written in the following form

l
d’k, 1
Gm,...,an({pj}’ 6) = / (H i?Td/Q) D?l ~ Dan’ D; = (Cijkj + dijpj)27 d=4—2¢ (3‘22)

r=1

with matrices {¢;;} and {d;;} determined by the topology and the momentum flow of the graph,
and the denominators are defined in such a way that all scalar product invariants can be written
as a linear combination of them. The exponents a; are integers and may be negative in order
to accommodate irreducible numerators. Through the use of (IBP) identities, any integral of
the above form can be written as a linear combination of a finite subset of MI, with coefficients
depending on the independent scalar products, s;; = p; - p;, and space-time dimension d.

In the SDE approach the external incoming momenta are parametrized linearly in terms of
z as p;i(x) = p; + (1 — x)q;, where the ¢;’s are a linear combination of the momenta {p;} such
that >, ¢ = 0. If p7 = 0, the parameter = captures the off-shell-ness of the external leg. The
FI are now dependent on x through the external momenta:

l

d?k, 1
Gay,ooan ({835}, €)= / (H mm) DW D D; = (cijkj + dijp;())° (3.23)

r=1

By introducing the dimensionless parameter x, the array of MI, G({s;;}, €; x), which now de-
pends on x, satisfies

& Gl{su) ) = Ml{sy}, 6 0)G({s,}, ) (3.24)

a system of differential equations in one independent variable, where M is a matrix whose
elements are rational functions of the kinematics {s;; = p; - p;}, of « and of e. The expected
benefit of this approach is that the integration of the DE naturally captures the expressibility
of MI in terms of GPLs and more importantly make the problem independent of the number of
kinematic scales (independent invariants) involved. Note that as x — 1, the original configu-
ration of the loop integrals is reproduced, which corresponds to a simpler one with one
scale less.

The form is such that MI with m denominators only depend on MI with at most m
denominators. This structure of the DE makes it possible to first solve the MI with mg + 1
denominators, then those with mgy + 2 denominators and so forth. In other words, in practice
the DE may be solved in a bottom - up approach.

Let’s consider the DE for a single MI. Assume that all MI with m’ < m denominators
are known and already expressed in the desired form, the meaning of which will become clear
below. The DE of MI with m + 1 denominators can be written schematically in the form:

0:Gmi1 = H({s;j}, 6 20)Gmir + Y R({sij}, 62)Gw (3.25)
m’'>mg
i.e. the sum of a homogeneous and an inhomogeneous term. The functions H and R are
rational functions of their arguments. Equation (3.25]) can be solved with the variation of con-
stants method by introducing the integrating factor S({s;;}, €; x), which satisfies the differential
equation 0,5 = —SH (dropping the arguments of the functions for brevity):
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02 (SGni1) = Z ({si;}, € 2)Gn, (3.26)
' >mo
Equation could now be straightforwardly expanded in € and integrated, provided that
the right-hand side is free of singularities at x — 0. If any such singularities are present, we
need to determine the re summed part of the solution in this limit.
The right-hand side of can be rewritten schematically as a sum of a singular and a
reqular term at x = 0:

s Z ({s:i},€.0)G Zw ST (555}, €) + Ly ({557} 6, 2) (3.27)

m’>mg

with (; being typically rational numbers. The singular term is integrated exactly and the
solution of (3.26)) becomes:

SGris = C({si} o Z—fém ({si}.0) + /jdx’f@{s@},e,x’) (3.28)

where the first term C({s;;},€) is a constant in = but may be dependent on the kinematical
invariants. The rightmost term in is safely expanded in ¢ and expressed in terms of
GPLs. To this end, the integrating factors S in should be rational functions of x in
the limit € — 0. This is a sufficient condition for the chosen z-parametrization to result in a
differential equation solvable in terms of GPLs.

An important feature of the SDE approach is that in many cases the boundary terms are
naturally captured by the integrated singularities in the DE themselves at x = 0, which
is precisely the lower integration boundary of the GPLs. Simply put the integrated singular
terms in correctly describe the behaviour of SG,,41 as x — 0 and thus the constant
C({si;}, €) vanishes. Due to this fact, the SDE approach is well suited for directly and efficiently
expressing the MI in terms of GPLs without the need for an independent evaluation of the MI
at the boundary = = 0.

For the original MI G,,,;1, the resummed part is defined as follows:

m+1 res — §
S

The integrand of the remaining integral in (3.28) is regular at the boundary x = 0. After
expanding in € and performing partial fraction decomposition in x, the integral is directly
expressible in term of GPLs. Note that the integration boundary in ((3.28) was chosen to be
x = 0 precisely in order to directly express the integrals in terms of GPLs. If another boundary
point x = xy is chosen, the integrals in result in slightly more complicated expressions
made of differences of GPLs. The SDE approach therefore directly expresses the MI in terms
of a well defined functional basis of GPLs, independently of the number of kinematic scales
1mwvolved.

When the DE are coupled, the homogeneous factor H is a matriz and G,,,11 is a vector in
(3.25)). For all cases considered so far, proceeding in the same way as in the uncoupled case,
the diagonal elements are used to determine the integrating factor matrix, namely the diagonal
matrix Sp satisfying 0,Sp = —SpHp, where Hp 1s the diagonal part of H.

The homogeneous matrix H = S, (H H D) S,! of the reduced system of DE is then strictly
triangular matriz at order €® and the system becomes effectively uncoupled, and may be easily
integrated order by order in €. Furthermore, singularities at x = 0 in the inhomogeneous terms

Iﬁz

L ({si}e) (3.29)
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are integrated to determine the re-summed part of the solutions in exactly the same way as in
the uncoupled DE case.

In order to illustrate the above procedure for couples DE, let us consider the following
example. Let us assume that we have a system of two coupled DE for the vector G,,; =

(Gm+1> Gm+2) )
0xGrpgi = ({SZJ} € 7)Gnyi + Z {SZJ} & 7)Gm
m/>mg

with the matrix H being H = Hp+Hyp, where Hp and Hyp are its diagonal and non-diagonal
parts respectively. The integrating factor Sp is defined through Hp as follows

axSD - _SDHD
Introducing Sp in the DE results to
O (SDGm—H) = ax(SD)Gm—H’ +Sp (6 Gm+i)

= ~SpHpGyi +Sp(HGyi + Z R G

m’>mg

= -SpHpG,. i + SP)HG,,; +Sp Z R Gy

m/>mg

=Sp(H-Hp)Gpri+Sp Y RGu

m/>mg

Sp(H - HD)S]‘;} (SpGmsi) +Sp Y R G

m/>mo

= I:I(SDGm-‘ri) +Sp Z R Gy

m/>mo

as expected from the above discussion.

3.4 Expansion by regions

The main method for obtaining boundary terms for the solution of DE that we will use is that
of expansion by regions [48]-|51]. Here we give a brief description of the method, which can be
used in its own right to compute Feynman integrals.

FI can be considered as functions depending on kinematic invariants and masses. If these
variables differ in scale, then one can expand a FI in rations of large and small parameters. As
a result, the integral is written as a series of simpler quantities than the original integral itself
and it can be substituted by a sufficiently large number of terms of such an expansion. This is
the essence of the method known as expansion by regions.

In the momentum representation of loop integrals the main steps of this method are:

1. Divide the space of the loop momenta into various regions and, in every region, expand
the integrand in a Taylor series with respect to the parameters that are considered small
there.

2. Integrate the integrand, expanded in the appropriate way in every region, over the whole
integration domain of the loop momenta.
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3. Set to zero any scaleless integral.

A geometric approach of this method was first introduced in [52|. In general it is more con-
venient to reveal all relevant regions and construct an algorithmic approach when one applies
expansion by regions to the Feynman parameter representation of a FI. Public imple-
mentations are available in [51], [53].

3.5 Computational framework

So far we have introduced the method of DE for the analytic computation of MI. In addition
we saw that by using a pure basis of MI we can obtain a canonical DE whose form allows for a
straightforward solution in terms of GPLs, a special class of iterated integrals, in the case where
the alphabet of the canonical DE can be written in terms of rational functions of the kinematic
invariants. We have also introduced the SDE approach which greatly simplifies the derivation
of the DE satisfied by the chosen basis of MI. Also we saw that the method of expansion by
regions can be utilised to provide boundary terms for the SDE approach in a straightforward
manner.

In this section we will combine all the ideas and methods mentioned above and formulate a
framework which will allow us to solve several multiscale-multiloop integral families, the results
of which are presented in the second part of this thesis.

3.5.1 Simplified differential equations in canonical form

We will start with the assumption that we already have obtained a pure basis of MI. Then we
proceed by introducing an xz-parametrization and using the SDE approach we derive a canonical
DE with respect to x. In the case where all letters of the alphabet are rational in = the canonical

DE will be of the form
lmaz‘ M
0.8 =¢ ( E — li) g (3.30)

=1

where g is the pure basis, M; are the residue matrices corresponding to each letter I; and [,
is the length of the alphabet. Notice here that we follow a definition for the letters which
is different than the standard notation. As we saw previously, the dlog form of a system of
canonical DE is given as

dg = EZ B.dlog (Wa(sij)) g = eBg

where the letters W,(s;;) are rational or algebraic functions of the independent kinematic vari-
ables. The standard dlog form is equivalent to for W, = x — l,. The kinematic depen-
dence is entirely contained within the letters [;, leaving the residue matrices M; to be solely
constructed by rational numbers.

3.5.2 Boundary terms

In order to solve ([3.30) we need to provide boundary terms. As discussed earlier, in the SDE
approach we choose as boundary terms the asymptotic behaviour of the MI as x — 0 in order
to obtain a straightforward representation of the solution in terms of GPLs. Since we are using
a pure basis of MI, we need to obtain the x — 0 limit of each basis element.

To do so, we first exploit the canonical DE, which in the limit x — 0 takes the form

1
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where M, is the residue matrix for the letter [y = 0. The solution of is of the form
g, =S ePlel® g1 (3.32)
where the matrices S, D are obtained through the Jordan decomposition of My,
M, = SDS™! (3.33)

and b = Zf:o ¢ b(()i) are the boundary constants we need to compute. With this information
at hand, we define the resummation matrix R as follows

R = SePlosl@g—1, (3.34)

The naming resummation matrix for R comes from the fact that when acting on b, it should
correctly describe the log(x) dependence of each basis element.
On the other hand, through IBP reduction, the elements of the canonical basis can be
related to a set of FI G,
g =TG. (3.35)

Furthermore using the expansion by regions method as implemented in the asy code which is
shipped along with FIESTA4, we can obtain information for the asymptotic behaviour of the
Feynman integrals in terms of which we express the pure basis of Master integrals (3.35)) in the
limit z — 0,

G = Z xbj+ajeGZ(bj+aj6) (3.36)

where a; and b; are integers and G are the individual members of the basis G of Feynman

integrals in - Combining equations (3.32)) and - 3.35)) yields

Rb = lim TG (3.37)
250 (5

where the right-hand side implies that, apart from the terms x%¢ coming from (3.36)), we
expand around x = 0, keeping only terms of order z°. Equation allows us to determine
all boundary constants b.

More specifically, in the case where D in is non-diagonal, we will get logarithmic terms
in z on the left-hand side of (3.37), in the form 2%¢log(z). Since no such terms appear on the
right-hand side of , a set of linear relations between elements of the array b are obtained
by setting the coefficient of z%¢log(x) terms to zero. Furthermore, powers of z%¢ that appear
only on the left-hand side can also yield linear relations among elements of b, by setting their
coefficients to zero. We shall call these two sets of relations pure, since they are linear relations
among elements of b with rational numbers as coefficients. These pure relations account for the
determination of a significant part of the two components of the boundary array. Finally for the
undetermined elements of b, several regions usually need to be calculated coming from (3.36)),
although as we will see later in certain cases the pure relations can be enough to determine all
boundary constants. The bO terms, with ¢ indicating the corresponding weight, consist of Zeta
functions ((7), logarithms and GPLs of weight ¢ which have as arguments rational functions of
the underline kinematic variables but not of x.

The above described method is general and straightforward to apply in all cases where a pure
basis is obtained. In practice however, one usually exploits known results for integral sectors
which have already been computed before and are available in the literature. The solution of
after determining all boundary terms can be written up to weight four in the following
compact form,

g = Eob(()o) + E<Z QaMab(()D) + b(()l))
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+é ( > GuMMbY” + > G.M,b{ + b((f))
+é ( > GueMMMbDY + > Gy MM + > G, M, b + bgf“))

et ( > GabeaMaMyMMb(” + >~ Gy MMM, b

+ 57 GuMMbE + 3 G M, b +bg4>) (3.38)
were Gup.. = G(la, ly, - . . ; x) represent the GPLs. Our results are presented in such a way that

cach coefficient of €* has transcendental weight k. If we assign weight —1 to €, then ([3.38))
has uniform weight zero. Extending this solution to higher weights is trivial, assuming one has
obtained the relevant boundary terms up to the desired weight.

3.5.3 Scale reduction

As it was noted previously, the introduction of the x—parameterisation effectively captures the
off-shellness of one external particle. By taking the limit z — 1 we can obtain the solution to
a family of FI with one scale less.

Assuming that we have an integral family with m external massive particles whose solution
we have expressed in the form of ([3.38)), we can obtain the solution for a family with m — 1
external masses through the x — 1 limit of the former.

Firstly, we will exploit the shuffle properties of GPLs to write solution (3.38]) as an expansion
in terms of log(1 — z) as follows

g:Ze Z;cg Mog(1 — z) (3.39)

n>0 =0

with all CE") being finite in the limit z — 1. The next step is to define the regular part of (3.39)

atz =1
reg = Z ecl (3.40)
n>0
and after setting x = 1 explicitly in (3.40) we may define the truncated part of (3.39)),
gtrunc - greg<x - 1) (341)

Having done that, we utilise the residue matrix that corresponds to the letter {1}, M;, and
define the resummation matriz R as follows

R = SeDlogl-0)g ™ (3.42)

were é, D are constructed through the Jordan decomposition of My, i.e. My = éf)g_l. The
resummation matriz R has terms of (1 — x)%¢, with a; being the eigenvalues of M. After
setting all terms (1 — z)%¢ equal to zero, we define the purely numerical matrix Ro. Obtaining
the x — 1 limit of amounts to acting with Ro on (3.41))

g1 = Rogt’runc (343>

Up to now we have calculated the x — 1 limit of the basis of MI g which fully characterises
the integral family with m external massive legs. This special limit however should give us the
solution for the integral family with m — 1 external masses. In general when considering an
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integral family with m — 1 scales we anticipate that it will have fewer MI than the one with m
scales. Therefore, if the integral family with m external masses, denoted as g,,, has N,, MI,
then g, is expected to have N,,_; MI, with N,, > N,,_.

In order to determine which of the N, integrals are the MI for the g,, ; family, i.e. which
of the N,, are linearly independent in the x — 1 limit, there are two ways to proceed:

1. Use IBP identities for the g,, ; integral family.
2. Consider the properties of Ry and study its action on the g,, basis at its x — 1 limit.

Whereas an IBP reduction is a more straightforward path, it is interesting to study the R,
matrix in more detail. It turns out that Ry is an idempotent matrix. Idempotent matrices have
the following properties, all of which are satisfied by Ry:

1. X=X

2. singular except the identity matrix I
3. eigenvalues of X = 0,1

4. Trace(X) = Rank(X)

5. I — X also idempotent

~ ~ 2 ~
Since Ry = R, acting with Ry on g,_,; yields

RO el = RO Strunc

= ﬁogtrunc
=8 (3.44)

This relation, solved as an equation for each row, produces relations that allow us to determine
linearly independent basis elements for the g,, ; family. It should be noted that the outcome
of this method is influenced by the z-parametrization that one uses regarding the number of
linearly independent integrals that one finds. So far we have used two different parametrizations
in all published results, with one z and with two 2’{] Our results so far indicate that the
choice of two x’s is the most optimal for the application of this method, since after defining the
resummation matrix and obtaining its purely numerical form, yields a number of linearly
independent basis elements exactly equal to the number of MI of the problem with one scale
less, i.e. we do not need to perform an IBP reduction to determine the new basis elements.
This can also be seen by computing the rank of the numerical resummation matrix. Exploiting
this fact drastically simplifies the process of extracting a canonical basis for the problem with
one scale less, however it is still yet not clear why the two parametrizations yield so different
results.

!By one and two z’s we mean that in the first case, only one external momentum is parametrized as xp;,
whereas in the latter case we have two external momenta parametrized as zp;.
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Chapter 4

A pedagogical example: two-loop planar
master integrals

In order to showcase the applicability of the computational framework developed in chapter 4
and clarify all arguments made there, we revisit the calculation of the planar family of two-loop
MI with one off-shell leg. This integral family was solved two decades ago |54] and it was among
the first results which exemplified the power of the DE method for multiloop calculations.

4.1 Canonical basis and DE

Our first task is to define the integral family which we will study. For the doublebox with one
massive leg we will use the following configuration:

d d
a. a:e%Ee/dkldk? 1
1yeees 9 id/2 jrd/2 k‘%al (kl + ql)Qag(kl + (]12)2a3</{71 + q123)2a4
1

x 2as5 2 2 2 2 (41)

k3™ (ko — q1)?2 (kg — q12)?%7 (kg — qu23)?as (ky + kg)?e0

with the kinematics being

S=q¢, T=q¢;, m’=qg (4.2)

We use the abbreviations ¢;; = ¢; + ¢; and g = ¢; + ¢; + ¢ and similarly for p later. The
top-sector diagram is shown in figure [4.1]

q1 —q123

@ a3

Figure 4.1: The doublebox graph with one massive leg. All momenta are taken to be incoming.
The double line represents the massive particle.
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We choose the following z-parametrisation for this family:
Q=ap, @=po2-—Tp, G=ps, G=-pos p;=0, » pi=0,

S12 = pfz =2p1p2,  Sa3 = p§3 = 2pops, S =512, T =sp3w, m’= s12(1 — ) (4.3)

With this z-parametrisation the doublebox graph is depicted in figure and (4.1) becomes

o= [ 1 0 1
at,...,a9 id/2 §d/2 k%al (kl + xp1)2a2 (kl +p12)2a3 (kl _|_pl23)2a4

1
X
k§“5(k2 — xp1)?96 (kg — p12)?%7 (ko — p123)228 (k1 + ko)2%

(4.4)

rp1 —P123

p12 — xp1 p3

Figure 4.2: The doublebox graph with one massive leg in the SDE parametrisation.

Now that we have defined our integral family we use IBP identities, implemented in auto-
mated tools like KIRA and FIRE, to identify a pre-canonical basis G of MI. Doing so yields 18
linearly independent MI for this family:

G Z{Go,o,1,o,1,o,0,0,1  G0,1,0,0,0,0,1,0,15 G0,1,0,0,0,0,0,1,15 G0,1,1,0,1,0,0,0,15 G1,0,1,0,0,0,0,1,1
G0,1,1,0,0,0,0,1,1: G0,1,0,0,1,0,1,0,1, G1,0,1,0,1,0,1,0,0, G0,1,1,0,1,0,1,0,0, G1,1,1,0,0,0,0,1,1
G1,1,0,0,00,1,1,1,G0,1,1,0,1,00,1,2, G0,1,1,0,1,0,0,1,1, G0,1,1,0,1,0,1,0,1, G0,1,0,0,1,0,1,1,1

GO,l,l,O,l,O,l,l,la G(1,1,1,0,1,0,1,1,17 Gl,l,l,fl,l,O,l,l,l} (45)

The next step is to identify a canonical basis by studying the leading singularity of the pre-
canonical MI. This task can be performed by studying the maximal cuts of these integrals in
their Baikov representation. Looking for integrals with constant leading singularity yields the
following basis:

g1 = —5126G00201,000.2 (4.6)
g2 = —s12(2 — 1)’ Go.1,0000.20.2 (4.7)
g3 = —523$€2G0,1,0,0,0,0,0,2,2 (4-8)
g4 = —512I€3G0,1,1,0,1,0,0,0,2 (4-9)
g5 = —512€3G1,0,1,0,0,0,0,1,2 (4.10)
g6 = € (—s12(x — 1) — 5232)Go0,1,1,00,0,0,1,2 (4.11)
gr = —5129U€3G0,1,0,0,1,0,1,0,2 (4-12)
gs = 8%2€2G2,0,1,0,2,0,1,0,0 (4'13)
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9o = s1y(x — 1)€°Go 21,020,100 (4.14)
g10 = 5125237€°G1.1.1,0000.1.2 (4.15)
g1 = ve*(—s12 — 523)G1.1,00001.1.1 (4.16)
G2 = 51259376 °G01.1.01.001.2 (4.17)
g13 = 64(—812 — 593%)G0,1,1,0,1,0,0,11 (4.18)
g14 = —812$64G0,1,1,0,1,0,1,0,1 ( )
915 = $125237€° G0.100,1,0,1,1.,2 (4.20)
g6 = S12€" (s12(7 — 1) + 8932)G0.1.1.01.0.1.1.1 (4.21)
G17 = — 51989376 G1.11.0.1,0,1.1.1 (4.22)

(4.23)

77777777

2 4
g18 = $127€ G11,1,-1,1,01,11

which is expressed in terms of a different set of FI than the pre-canonical ones in (4.5)), namely:

G, :{G0,0,2,0,1,0,0,0,2; G0,1,0,0,0,0,2,0,2: G0,1,0,0,0,0,0,2,2, G0,1,1,0,1,0,0,0,2> G1,0,1,0,0,0,0,1,25
G0,1,1,0,0,0,0,1,2: G0,1,0,0,1,0,1,0,2> G2,0,1,0,2,0,1,0,0, G0,2,1,0,2,0,1,0,0, G1,1,1,0,0,0,0,1,25
G1,1,0,0,0,0,1,1,1, G0,1,1,0,1,00,1,2, G0,1,1,0,1,0,0,1,1, G0,1,1,0,1,0,1,0,1, G0,1,0,0,1,0,1,1,25
G011o101117G111010111,G1,1,1,—11011,1} (4.24)

77777777777777777777

The two sets of integrals are connected of course through IBP identities.
The ultimate test that a basis of MI is indeed canonical is if it satisfies a canonical DE. We
proceed therefore by differentiating (4.6|) with respect to x, which yields,

0.8 = 6(2 (xl\ilala>>g (4.25)

a=1

with g being the array of the 18 canonical basis elements in (4.6]), M, are the purely numerical
residue matrices and x — [, the letters of the alphabet, with [, = {0, 1, s12/(S12 + S23), —S23/S12}-

o 0 0 0 00O O0O0OOO0O0DO0O O O0O0OO0O0O

o 0 0 0 00 O0O0OOO0OO0D O OO0 O0O00O

o 0 -2 0 0 0 0O0O0O0OC0O0 OO0 O0 00O

o 0 0 -10 0 00O OO0 O O OO0 00O

o 0 0 0 0O O0O0OOO0O0D O OO0 O O0O0O

o 0o 2 000 0O0OOO0OO0O O OO O0O0O

o 0 0 000 —-10 0000 OO0 O0 00O

o 0 0 00O O0O0OOO0OO0D O OO0 O0 00O

o 0 0 0 0O O0OOO0OO0D O OO0 O0 00O
Mi=1 0 o -4 0 00 0O0O0O0O0O OOO0OO0O00O (426)

o 0 0 0 00 O0O0OOO0O0D O O OO0 O0O0O

-3 0 -2 303 000 00— -3020 000

-2 0 2 202 000 OO0 3 =200 000

o 0 0 000 O0O0OOO0OO0DO0O O 2 0 000

o 0 -2 000 0O0O0OO0O0O0O O O0=-1000

3 3 23 0-3-30-200-2-301 200

o 0 0 000 0O0OOO0O0DT1T 0 0-2000

o 0 0 2 00 -10 0000 0 2 0 000
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(4.29)

N eNeoNeoNeloleoNoeoBoNeNoNeNeNoNeNolo N
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[l eleleoleolBoleleoBolBeoleoBeolelaoBeNelo el
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4.2 Boundary terms and solution

In order to find boundary terms for solving (4.25) we proceed by computing the resummation
matrix R, as discussed in (3.31)-(3.34]). The non-zero parts of the matrix read,

1 —2¢
Riip=1,Ryo=1 R33= x>, Ris=2"Rs5 =1 Re3 = 1 x4 JReg =1, Ry7=a""°,
3 —4Z€ 3 —4€ €
Rgs =1,Rg9 =1, Rio3 = 1 (z7*=1),Rioq0 =1, Ri111 =1, Riay1 = e *(z—1),

3
Rip3 = —11’726 (¢ —1), Rigy = =327 (2° — 1), Rig = 327> (z° — 1),
1 1
Riga2 = 533_26 (32 = 1), Riz13 = —3x7% (¢ =1),Riz1 = —§$_2€ (:E6 + 2% — 3) )

1 3 1
Rizs = §$_26 (@ = 1) (22 + 1), Riza = —§x_2€ (€ —1),Ry36 = 3 (¢ —3)z % +1,

Lo oe/ e 1 o . . 3 ..
INERPES 17 *(x° = 1), Ryzas = —57 *(2°=3), Rigpa = 2°, Ri53 = —5% *(z¢ - 1),
1 3
Ris15 =27, Rig1 = éx_Qe (=62 + 52> —2) 24+ 3) , Rigo = - (2% = 1),
1 3
Rigg = go (27 (62° = 52™ +2) =3)  Riga = jo > (=207 + 2™ + 1),

1
R16,6 =3 - éfL‘_ze (—2276 + 51‘46 + 3) ,R1677 =z - fL‘26, R1679 =1- $26,

Rig12 = _leze (22 + 2" +1), Rigas = —lx*% (22° + 2" — 3) , Rig15 = 11‘76 (% —1),

4 2 3
_2€ - 3 —2€ (€ 2 - 9 —2€ (€ 2 o 3 —2€ (€ 2
Rig16 = 27, Ri7p = 37 (€= 1), Ri73 = 3T (2 =1)", Riza = 57 (€ —=1)7,
3 —2€ (,.€ 1 —2€ —€ 3 —2€ (,.€
Ry76 = Pk 2 (2= 1), Rig1o = 1 (272 =627 +5), Rira3 = 57 2 (2 — 1)%,
Rizis =20 =2, Rz =1, Riga =220 Rigr=a “— 1, Rig1a = 2% — 1, Rigis =1
(4.30)
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Having the R matrix at hand, we can construct the left-hand side of . From the definition
of the canonical basis we can extract the T matrix and using expansion-by-regions construct
the right-hand side of . As discussed there, this equation yields two sets of relations. The
so-called pure relations are,

3b b b b 3b
by =0,b7 = 0,b10 = Tgabn =0,b13 = —Zl - Z3+b6+ 57[714 =0,b15 = 73;
3b 3b b 3b b
616:—f+f+3b6+b9+§,b17:73—%27618:0 (431)
These results leave the following boundary terms undetermined,
{blab2>b37b57b67b87b97b12} (432)

However most of them involve integrals which are already computed using other methods, e.g.
direct integration in the Feynman parameter representation, and are readily available in the
literature, namely

e?1¢(3e — 2)(3e — 1)(—s12) " *T'(1 — €)*T'(2e + 1)

o o) (4.33)
b S (e = 2)(3e - 1?(@3_12;;)%—1“1 — P (2 + 1) (4.34)
by — (B = 2)(3e - 1)F(é82_3)3:F(1 — T2 +1) (4.35)
b — (3 — 1)(—512)—26F(ir—<22e_)1“33 —e)’T'(e+ 1)I'(2e + 1) (4.36)
e — 3%262”6(—812);((?31“2(61)2— )'T(e+1) (4.37)
e _83262’76(—812)526532(61)2_ €)'T(e+1)° (4.38)

This leaves only two boundary terms undetermined, bg and b15. From the second set of relations
produced by (3.37)) we have

1

o 3,0 2

bs = 512€°Gg 11000012 F 1A<3)3236 (4:39)
1

- 31—2e—1 4 ~—2e 312

bz = —5512523€ Go,111.0.1,001,2 — 3512€ G 11.01,00,1,1 — 35126 G0.111,0,0,0,0,1,2
3 2
— ZA(3)8236 (440)

where A(3) is given by

A(3) = e?7¢(3e — 2)(3¢ —812)3£2—Fs(2§)_32(1 —€)°’I'(2e + 1) (4.41)

This means that we have to compute the following four regions

0 —2e —2e —2e—1
{G0,1,1,0,070,O,1,27 G0,1,1,0,0,070,1,27 C7Y0,1,1,0,1,0,0,1,17 G071,1,O,1,0,0,1,2 (442)

These are easily computed in the Feynman parameter representation and their result reads

T2 (—519) > csc(me) esc(2me)I(—e)

G0,1,1,0000,1,2 = 2512 (1 — 3¢) (4.43)
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€27 (—s3) ~2T(—€)*T(2)

G(;,%,El,o,o,o,o,m = 65120 (—3¢) (4.44)
-2 €M (—sg3) T (—€)’T(2e + 1) 5F5(1,1,1 — 6,2 — 2¢,2e + 15 1)
O-LLOLOOLL 4s15(2e — 1)I'(1 — 3e)
m2e? %o (1 — 3e,1 — 26,2 — 4e; 1) (—s93) ~2¢ csc?(2me) T (—e)? (4.45)

s121'(2 — 4e)

3m0/222€e27¢ (—593) ~2 csc(e) csc(2me) T (—€) s Fh(1, —2¢, —€; 1 — 2¢, e + 1;1)

e s12523(1 = 3e)T' (3 — ¢) T(e + 1)
2m2e?7¢ (—s93) ~2¢ csc(me) cse(2me) T (2¢)

512523

(4.46)

We now have determined all necessary boundary terms. A nice by-product in this case is
that all boundary terms are in closed form in e. This allows us to obtain their expansion in
up to any desired order. The hyper-geometric functions present in the boundary terms can be
expanded to any order in € using the HypExp [55], [56] package.

In general, for more complicated integral families obtaining all boundary terms in closed
form is a non-trivial task due to the large number and complexity of the regions that are
required to be computed. In those cases we will use results which are already available in the
literature.

For the problem at hand, we can readily obtain an expansion in € up to order O(e*), which
allows us to obtain solutions of (4.25) up to weight four. The full result of basis element g7
which involves the top-sector scalar integral reads]l]

qgi7 = — 14+ 6(2911 — 2912 + 2L2)

+ 62< - 4gl1,l1 + gll,l2 + 3gl2,l1 + gl3711 - gla,b - 4L2gl1 + 3L2gl2 + Lle3

71_2
+ ngl2 - ngl3 - 2L% + E)

3
+€ (89z1,11,l1 =201 1100 + G oty — 4900000 — 390 15,0+ 390 15,00 — 6G1.00.1

+ 2gl2,ll,l2 - 3glz,lg,l1 + 4gl2,l2,lz + 5glz,l3,l1 - 5g12,l3,l2 - 2g13,l1,l1 + 2g13,l2,l1
- 2gl3,l3,l1 + 2gl3,l3,l2 + 8L2gl1,ll + L2gl1,l2 - SLQQll,lg - 6L2gl2,l1 - 3L2gl2,l2
+ 5L2glg,l3 - 2L2§l3,l1 + 2L2gl3712 - 2L2gl3,l3 - 3ngll,l2 + 3L1gll,l3 + 3L1g12,l2

1 1 1
—5L1Gi, 1, + 201Gy 1y — 672911 - gﬂgg@ + §7T2913 + 413G, — 313G,

Ay Ly 43g(3)>

2L4 8 2
+ 64( — TQ — gglng +2G, L3 + gglng —8G1, 1 L3 — Gi 1, L3 + 3Gy, 1, L5

1
+ 6gl2,l1L§ + Sglg,lng - 5gl2,l3Lg + 2gl3,l1 Lg - 2gl3,lzL§ + 2gl3,l3Lg + _7T2L§

6
1 1 1
+ §7T2gl1 L2 - §W2glgL2 + 671—29[3[/2 - 16gl1,ll,l1L2 - 2gl1,ll,l2L2 + 6gl1,l1,l3L2

- 29[1,[2,[1 L2 - gll,lz,lzLQ + 3gl1,l2,l3L2 + 6gll,l3,l1L2 + 3gl1,lg,lg L2 - 3gl1,lg,l3L2
+ 12gl2,l1,l1L2 - 2gl2,l1,l3L2 + 6gl2,l2,llL2 + 3gl2,l2,l2L2 - 5gl2,l2,l3L2 - 1Ogl2,l3,l1L2

1We use the abbreviations L; = log(—s12), L2 = log(—s23), G 1. = G(la,lp, ... ;).
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+ glg,lg,lQLQ - glg,l3,l3L2 + 4gl3,l1,l1 L2 + 2gl37l1,lzL2 - 4gl3,l17l3L2 - 4gl3,l2,llL2

43((3)L

- 2g13712,l2 L2 + 2g137l2,13L2 + 4gl3,l37l1L2 - 4gl3,l3712L2 + 4913,13713[/2 - %

2 5) 2 5 1 1
- gLi’QZQ + 67T2L1912 — gLi’glg — gﬂleglg + gﬂzgll,ll +3L1G, 1, — §7T2g11,l2

1 1 1 1

- 3L%g11713 + §7T2gl1,l3 - éﬂ-zglmll - SL%glz,ZQ + §W2gl2,l2 + 5L%glz,l3 + 6W2g12,l3

1 1 2
+ 6W2gzs,zl - 672913,12 — 2L1Giy 1, — §7T2gls,ls + 6L1Gu, 13,1, — 6L1G 1105 + IL1G 1o 15

—3L1G1, 1005 — Y1 Gy 00 + 3L1G1y 505 — 401G, 0000 + 201Gy 10 05 — 1101Gyy 1005
+5L1G1y 00,05 + 9L1G15 1300 + L1Gis 1505 — 2L1G150000 + 4L1G1, 0005 + 2L1Giy 1005

— 2L1Gis 005 — 4L1G150505 — 16G1 000000 + 4G0 0000 — 29000 00,00+ 9G04 10,05

+ 6010, 05,0 — 691 110500 — 2900000 — Godite — Gt doiods + 10G0 150000 + 3G1 105,14
= 301 103,05 T 61, 15,00 00+ 391 05,000 — 990 1510,02 — 3911505, 3G 150500 T 12G0, 1001
— 261, 11002 — 3G doids — 2915010501 T+ 2G101 05,00 + 61 10,0000 — Glasloin le T 3G1s 101,10
=126, 130000 = 9G1510,05.01 + 9G15000502 — 10G1 150000 + Glois oty T 900050002 — Gio s ds i
+ Gl s dato T 4G00 0.0 — 2G100 0002 + 2G5 000000 — 280500 1000 — 4G15.00 05,00+ 4G5 01 0.0
— 4G 1010 T 200000000 = 2G15000001 T+ 2G5 10,0000 + 2G5 10,0500 — 2G03,00,05,10 + 4G15.05.00 1
43G;,¢(3) N 19G1,¢(3) m

3 3 + 8G1,¢(3) + m) (4.47)

— 4G5 150500 T 4015050500 — 4015051501, —

4.3 From massive to massless

Taking the  — 1 limit in the case of the doublebox family with one massive leg is the only way
to get a solution for the fully massless doublebox family using the computational framework
that we have developed so far. This serves not only as way of obtaining a solution for a separate
integral family but also as a non-trivial cross-check of our full solution, in case the massless
family is known. For the case at hand, the massless doublebox has also been solved a long time
ago, and a canonical basis was presented for it in [42].

To get the x — 1 limit, we follow at first the steps outlined in egs. — in order to
compute the truncated part of our solution at = 1 and the numerical resummation matrix

Ro.
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(4.48)
Then, according to (3.43), the 2 — 1 limit for the doublebox family with one massive leg is
the result of Ry acting on the truncated part of the solution g at x = 1. As we have already
discussed, this special limit allows us to obtain the massless doublebox family. In order to get

the canonical basis for the massless family from the massive one, we exploit the fact that Ry is
an idempotent matrix, and through ([3.44) we obtain the following relations

92=0 (4.49)
a=-2 (4.50)
2

96 = —% (4.51)
go =10 (4.52)
. 3. .

G2 =5 (91 + g3 — 4d13) (4.53)
. I, N

Guu =7 (=91 — 497) (4.54)

L. . . .
916 = 7 (391 + 393 — 12413 — 4G15) (4.55)

where we denote as g; the x — 1 limit of the i-th basis element. This operation leaves 11
integrals that can form the basis of the massless doublebox, namely

{91, 93, 95, 97, 98, §10, G11, G13, G15, 917, Gas} (4.56)

However as is it known, or as one can easily find out using KIRA[29] or FIRE[28|, the massless
doublebox family has 8 MI. In this particular case, the resulting formulas are compact enough
and one can easily see that the following identities hold

g7 = Gs (4.57)
913 = gu (4.58)
915 = J1o (4.59)
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This leaves exactly 8 linearly independent MI that form the basis for the massless doublebox,
namely

S12 (—62)G0,0,2,0,1,0,0,0,2 ( )

S23 (—62)G0,1,0,0,0,0,0,2,2 ( )

512 (—63)G1,0,1,0,0,0,0,1,2 ( )

S%2€2G2,0,1,0,2,0,1,0,0 ( )

812523€3G1,1,1,0,0,0,0,1,2 (4-64)

(—812 - 823) €4G1,1,0,0,0,0,1,1,1 ( )
2 4

512523 <—€ )G1,1,1,o,1,0,1,1,1 ( )

(4.67)

2 4
$72€ G111,-1,1,01,11

Relations (4.49) and (4.57) can also be verified using IBP identities.
All the results presented here have been cross-checked against results available in the liter-
ature and against numerical results obtained by pySecDec|57| and FIESTA[5§].

4.4 Comparison with the standard approach

It is interesting to compare the solution presented here with the one obtained using the standard
DE method, i.e. by differentiating with respect to all kinematic invariants. A canonical basis
of MI for the doublebox with one off-shell leg was first presented in [59]. There, an alphabet of
six letters was found, involving two variables constructed out of ratios of kinematic variables.
In our analysis we obtained an alphabet with four letters. This reduction in the number of
letters has been observed to all cases where the SDE approach has been applied so far, however
the origin of this behaviour has yet to be determined.
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Chapter 5

Planar three-loop master integrals for the
ladder-box topology

In this chapter we revisit the calculation of the so-called three-loop ladder-box topology with
one off-shell leg, whose MI contribute to scattering amplitudes concerning for example a vector
boson decaying to 3-jets or gg — H + jet in gluon fusion at N3LO. This chapter presents
original research done in collaboration with D. D. Canko and is based mainly on [60], as well
as on [61] for the section regarding the analytic continuation of our results.

5.1 Introduction

It has been twenty years since the calculation of the two-loop FI for 2 — 2 processes involving
massless propagators and one off-shell external particle [54], [62] which established the method
of DE as a powerful technique for the analytic computation of multiloop FI. These studies
developed an approach which in essence is still used today, i.e. using Integration-By-Parts
(IBP) identities [26], [27] to identify a minimal set of FI, known as master integrals (MI),
deriving DE for these integrals by differentiating with respect to kinematic invariants and, if
present, internal masses, and then using IBP identities again to recast the derivatives of the
MI in terms of MI of equal or lower number of propagators.

A few years ago, a first step was taken towards the extension of these results at the three-
loop level, with the calculation of the so-called planar ladder-box topology involving massless
propagators and one off-shell leg [59]. This calculation was made possible through the adoption
of the by now established method of canonical DE [42]. In [42] an observation was made that
one can choose a good basis of MI, such that the DE that they satisfy have only logarithmic
singularities and the dimensional regulator € is fully factorised. The conjecture made in [42]
was that FI with constant leading singularities [43] are good candidates for the construction of
such a basis, which is known as a pure basis of MI.

In [59] a basis of 85 MI was obtained and a canonical DE was derived based on Magnus
series expansions [63]. In this chapter, we will re-calculate the three-loop ladder-box topology
using a variant of the standard DE method, known as the Simplified Differential Equations
(SDE) approach [38]. Our results are given in terms of real-valued GPLs of up to weight six
for Euclidean and physical regions of phase-space. We also present the solution of the massless
ladder-box family as a special limit of the ladder-box family with one massive leg.
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5.2 General set up

5.2.1 Integral families

We begin this section by defining the integral family that will be treated in this chapter. For
the sake of brevity we will call F1 the ladder-box topology [5.1]

a1 a4

/

@ az

Figure 5.1: The F1 top-sector diagram. The double line represents the massive particle and all
external momenta are taken to be incoming.

The corresponding FI are defined throughﬂ
GF1 .:/ <ﬁ e 'k ) (k1 + qi2s) 2 (k2 + qiog) ~>12
aj--ays ° i Jrd/2 (kl + q12) 2a1 (k?g + q12) 2az (k?) + q12) 2a3 (kl _ k2> 2a4
X (k2 + q1) 7202 (ks + qu) 72014 (ky — ky) 7200
(k2 — k3) 295 (ks + quas) 26 k{7 k3% k3% (ky + qv) 2010

with a; being integers and a; < 0 for ¢ = 11,...,15. The external momenta of the considered
2

families obey the following kinematics: Z?:l ¢ =0, ¢ =m? ¢ =0fori=1,3,4 and
S12 = (1 + ¢2)%, S23 = (g2 + ¢3)*, Siz =m* — Siy — Sas.

In this chapter we employ the SDE approach [38] for the analytic computation of family
F1. To do so we parametrise the external momenta by introducing a dimensionless parameter

x in the following manner

(5.1)

G1=1xp1, Q@ =p1+p2—IP1, @3=0DP3, q4=P4 (5.2)

where the new momenta p; are all massless. This parametrisation produces the following
mapping for the kinematic invariants between the two momentum configurations

S12 = 812, Sz = 8937, m® = 512(1 - 33) (5-3)

with s15 = (p1 +p2)2, S23 = (p2 +p3)2~

5.2.2 Scattering kinematics

When considering the analytic solution of multiloop FT in dimensional regularisation, one usu-
ally solves these integrals in the Euclidean region, where all FI are free of branch cuts, and then
analytically continues the results to the physical regions of phase-space. This is the approach
that we will follow as well.

At first, by studying the second Symanzik polynomial [64] for the top-sector integra]ﬂ of
family F1 in its Feynman parameter representation, we can identify the Euclidean region in
terms of the kinematic variables Sy2, Sa3, m? such that

512 < 0, 523 < 0, m2 < 0. (54)

"'Where we use the abbreviation g2 = ¢1 + ¢2 and gi23 = 1 + ¢2 + ¢s.
2By top-sector we mean the integrals with a; = 1 for i = 1,...10 and a; = 0 for i = 11,...15 in (5.1)).
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For scattering kinematics we have three physical regions when considering 2 — 2 processes
with one massive particle. For convenience we will denote them as the s, ¢ and u channels
appropriately:

s-channel : m2 > 0, Slg > m2, 523 < 0, 513 <0
t-channel : m? >0, S12 <0, Sy >m?, S13<0
u-channel : m2 > 0, 512 < 0, 523 < 0, 513 > m2.

Since we will use the SDE approach for the solution of (5.1]), we would like to have the cor-
responding limits for each region of phase-space expressed in terms of the x, s15, So3 variables.
The mapping of allows us to do so, although for reasons that will become clear at a later
stage, we define the ratio y = j% and use the variables x, y, s12. Our approach therefore will
be to compute all MI in terms of real-valued GPLs in the Euclidean region

0<zx<l1l s195<0, 0O0<y<l1 (5.8)

and then, using tools such as HyperInt|65| and PolyLogTools|66|, analytically continue our
solutions in the physical regions

s-channel : 0 <z <1, s;5>0, —-1<y<0 (5.9)
t-channel : 1 <z, s$12<0, y<-—1 (5.10)
u-channel : 1 <z, s15<0, y>0. (5.11)

Performing the reduction to MI using modern IBP tools such as FIRE6 |28] and KIRA2 [29], we
found for this family a set of 83 MI in contrast with [59], where a set of 85 MI was presented.
The two extra MI contained in the set of 85 MI were found to be equal from IBP relations with
two other integrals of the same set, namely 7; = Tg and Ty5 = T4 of [59]. These relations can
also be verified by checking the solutions for the corresponding basis elements, as presented in

[59.

5.3 Canonical differential equations

Having a canonical basis for the studied family [59] we obtained a DE with respect to x which

is of canonical form
oM,
o — @ 12
0.8 6<§ x_li>g (5.12)

i=1
where g is the pure basis and M, are the residue matrices corresponding to each letter [;. All
kinematic dependence is included in the letters [;, leaving the matrices M; to consist solely of
rational numbers. We have found an alphabet consisting of the four following letters

1 1
— g =—-. (5.13)
I+y Y
The simplicity of the alphabet (5.13)) in x allows for a straightforward solution of (5.12)) in
terms of GPLs. The solution can be written in the following compact form up to weight six:

=0 lb=1,13=

+ 66 (bE)G) + Z gijklm,nMiMjMleMnLMnbE)O) + Z gijkl"LMiMijMleb(()l) (514)

+ Z gijklMiMijMlb(()Q) + Z gijkMiMijng) + Z gijMiMjb(()4) + Z giMib65)>
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were Gy = G(lg, lp, . . . ; ) represent the GPLs. The béi) terms represent the boundary terms
that need to be determined, with ¢ indicating the corresponding weight, and consist of Zeta
functions ((i) and logarithms {log(—si2), log(y)} of weight i. Our results are presented in such
a way that each coefficient of €’ has transcendental weight 7. If we assign weight —1 to €, then

(5.14) has uniform weight zero.

5.3.1 Boundary terms

In general we need to calculate the z — 0 limit of each pure basis element. Our first step is to
exploit the canonical SDE at the limit x — 0 and define through it the resummation matrix

R = SePle@g1 (5.15)

where the matrices S, D are obtained through the Jordan decomposition’| of the residue matrix
for the letter {; = 0, My,
M, = SDS™. (5.16)

On the other hand, through IBP reduction, the elements of the pure basis can be related to a
set of FI G,
g =TG. (5.17)

Furthermore using the expansion by regions method [51] as implemented in the asy code which
is shipped along with FIESTA4 [58|, we can obtain information for the asymptotic behaviour of
the FI in terms of which we express the pure basis of MI ((5.17)) in the limit = — 0,
G, H]Zx Gl (5.18)
J
where a; and b; are integers and G; are the individual members of the basis G of FI in (5.17).

This analysis allows us to construct the following relation

Rb = lim TG (5.19)

z—0 o(xOJraje)

where the right-hand side implies that, apart from the terms x%¢ coming from (5.18), we
expand around z = 0, keeping only terms of order z°. Equation (5.19) allows us in principle to
determine all boundary constants b = Z?:o € béi).

More specifically, equation produces two kinds of relations. The first one, called pure
relations in [60], is in the form of linear relations with numerical rational coefficients between
boundary terms b and the second one is in the form of linear relations that contain boundary
terms b and region-integrals ngj T4 iy the Feynman parameter representation.

The pure relations usually determine the boundary terms for the top-sector basis elements,
which are the most non-trivial to compute since they involve the most complicated region-
integrals. For the case of family F1 these pure relations for the three top-sector basis elements
are

by 7by 2_b7 bia bz 2big

-1 2 12 T8 206 L ohy — 2
bgl 18 18 3 + 9 + 12 + 3 + b32 b39 + b41 (5 0)
by = 0 (5.21)
bes = 0. (5.22)

3For an earlier use of the Jordan decomposition method see [67], |68].
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Similar relations are obtained for 59 basis elements in total, leaving the following basis elements
undetermined,

{b1,b2, b3, by, bs, b, by, bs, by, biz, by, big, biz, bus, bug, boo, bar, bag, bsz, bsg, bar, bas, bs1, bsg b (5.23)
Out of those boundary terms, 11 of them are known from the massless solution,
{01, b2, b3, b4, b5, bs, b7, b1z, b, brg, baa } (5.24)
leaving the following 13 genuinely unknown boundary terms to be determined,

{bSa b97 b127 b137 b167 b207 b27; b29; b32; b39; b413 b517 b56} (525)

The second kind of relations allow us to compute the above from expressions such as
b41 = G213531265 + 62/9 - b13/12 — 2b16/3 . (526)

Thus the problem of computing the remaining boundary terms is reduced to the calculation of
the following 13 region-integrals

{Ghard Ghard Ghard Ghard Ghard Ghard Ghard Ghard Ggi,rd Ghard ’ (527)
{G32 ) 39 ) 41 } (528)

where with "hard" we denote the contribution from the z° region.

From the set of the asymptotic limits the calculation of the hard limits was performed in
momentum space with the use of the method of expansion-by-regions and IBP reduction. The
SDE parametrization of the propagators makes it significantly easier in this case. In fact, the
hard asymptotic limits are equal to some of the known MI and thus plugging them back into
the relations between boundaries and asymptotic limits we found some extra relations between
boundaries.

Regarding the =3¢ limits, we employed a strategy depending on the Feynman - parameter
representation of the integrals under consideration, as well as a technique of integrating out
bubble subintegrals inspired by [69]. For the case in point, the three integrals whose regions
we want to compute, contain bubble subintegrals, i.e. each one can be written as a two-loop
integral with a bubble insertion. As explained in [69], one can always integrate out bubble
subintegrals and obtain a lower loop integral with some powers shifted by e. More specifically
we have

/ ddk 1 - F(a — d/2)r(d/2 - al)r(d/Q - a2) (p2)d/2—a (5_29)

w72 (k) (k + )2y (a0 (@)T(d — a)

where a = a; 4+ as. For the cases that we are interested in, a; = 2 and ay = 1, and according
to 69|, after integrating out the bubble subintegral we arrive at a two-loop integral with one
index shifted from 1 to 1 + e.

In the following, we explain in detail the computation of the required region for (G3;. The
remaining regions can be computed in a similar manner. G35 can be written as

Gy — / ddklddkgdd/{ig QSE’YE
%2 (im2)3 k3 (ky — k2)?(ka — k3)?(k1 + pr12)? (k1 + ap1)?(ks + pras)*

The bubble subintegral is

(5.30)

d%k 1
- 5.31
/ ind/2 (ko — ks)?(ks + pi2s)* (531
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By making the shift k3 — k—pi23 we may write it as in . What is left is a two-loop integral
with five propagators. The departure from the usual case is the fact that one propagator is
raised to the power of 1+¢. If one tries to find the regions contributing to the  — 0 limit of this
integral we see that there are two regions, namely (2%, x73¢) as for the full three-loop integral.
We are interested in the 273¢ region, which now is significantly less complicated than the one
resulting from the full three-loop integral analysis. After performing the necessary integrations,
we may assemble the final result by multiplying the result of the bubble integration, namely
for a; = 2 and ay = 1, with the result of the two-loop region and expand up to the
desired power in the dimensional regulator.

The above steps allow us to fix all remaining boundary terms in a purely analytical way.
Interestingly, we find that a general ansatz for all boundary terms can be constructed,

1 1
bi = c(i,0) + elog(y)c(i, 1) + € (2 log?(y)e(4,2,2) + 67720(2', 2, 1))

+63(

1 1 1
+ et <c<3) log(y)e(i, 4,4) + 5 log" (y)e(i,4,3) + 57" log*(y)e(i, 4,2) + gome(is 4, 1))

log3(y)e(i, 3,2) + %WQ log(y)c(i, 3,1) 4+ ¢(3)c(s, 3, 3)>

| =

(GO0 0)eli.5.5) + 135 108" (1)eli.5.3) + g7 log 0)eli 5.2 (532

- %774 log(y)e(i, 5,1) + ¢ (5)e(i, 5,6) + éﬂQC(i’))c(i, 5, 4))

L (ég(s) log®(y)c(i, 6, 6) + log(y) (éﬁg(g)c(i, 6,5) + ¢ (5)c(i, 6, 8)> + 7710 log®(y)c(i, 6, 4)

o0, 6.5) 4 rtlog(g)el e 6.7) 4+ e
+ g™ 108" ()e(i, 6,3) + gorm log™(y)e(i; 6,2) + ¢(3)°e(?, 6,7) + g=me(i, 6,1)

where we have multiplied by (—s12)®9 and expanded up to €% to make the ansatz more compact.

5.4 Massless three-loop ladder-box

It is interesting to see how we can extract the pure basis and solution for the massless three-loop
ladder-box using our results from the massive one. An important feature of the SDE approach
is that by correctly taking the x — 1 limit [60], [70] of the solution of a specific integral family
with n scales, one can arrive at the solution of the corresponding family with n — 1 scales. In
this particular case, taking the £ — 1 limit of the one-mass ladder-box will yield the solution
for the massless one.

5.4.1 The x — 1 limit

Taking the x — 1 limit of the one-mass three-loop ladder-box amounts to performing the
following manipulations. First, we rewrite our solution as an expansion in log(1l — ) in the
following form [60]

g = Ze Z i log"(1 — ) (5.33)

n>0 =0

where all coefficients an) are finite in the limit £ — 1. This can be straightforwardly achieved,
starting from the original solution ([5.14)) and transporting all letters I = 1 of GPLs to the right,
according to their known shuffle properties. Having done that, we may define the regular part
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ofgatx=1as
reg = Z e”c(()") (5.34)

n>0

and through g,.,, the truncated part of g as

gtrunc = greg(l‘ = 1) (535)

If we return to the canonical DE ([5.12)) and single out the part singular at « = 1, then the full
solution of the problem can be written schematically as follows

g = Milog(1-2) ey (5.36)
Because M is by definition a square matrix, we can always find its Jordan matrix decomposition
M, = S;D,;S; % (5.37)

We may then define the resummation matrix R as follows
R = ¢Milog(l-2) _ g oeDilog(i-a)g—1 (5.38)

It is clear from ([5.36]) that when ({5.38) acts on (5.34)) we get the full solution of the problem.
The resummation matrix R has terms (1 — x)%€, with a; the eigenvalues of M. Setting these
terms equal to zero results in a purely numerical matrix Ry

R — Ry. (5.39)
Now, finding the # — 1 limit of the original solution (5.14)) amounts to Ry acting on g;,,,...

o1 = ﬁ'ogtrunc' (54())

5.4.2 From massive to massless

Remember that our goal is to find a pure basis for the massless three-loop ladder-box. From
the massive one, the result of
lim g(z)

z— 1

is an array of 83 pure basis elements. If we look at this result from the perspective of the
massless three-loop ladder-box, some of these basis elements will be the 26 basis elements
for the massless three-loop ladder-box and the rest will be reducible to the 26 massless basis
elements or zero. We may distinguish them using IBP relations but first we may exploit an
interesting feature of the Ry matrix in order to simplify the procedure.

It turns out that Rg is an idempotent matrix. Idempotent matrices have the following
properties, all of which are satisfied by Ry:

1. X =X?

2. singular except the identity matrix I
3. eigenvalues of X = 0,1

4. Trace(X) = Rank(X)

5. I — X also idempotent
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Since Ry = f{?), if we act with Ry on g,_,, yields

~ 2
RO o1 = RO irunc

= Rogtrunc
= 8o1- (5.41)

This relation, solved as an equation for each row, will yield the relations between the reducible
pure basis elements and the massless basis elements as well as those who are equal to zero.
We found 36 relations, which is expected since the rank of the purely numerical resummation
matrix is 36, e.g/]

Goa =0, (5.42)
_ 1, .
Ja9 = 5(2935 — G33), (5.43)
B 1, . . . . . B B
ggo = %(491 — 694 — 4875 + 192G10 + 12814 — 72G15 — 96922

— 12g33 — 19236 + 3ga0 — 12ga2 — 9943 — 8Gas — 24753

— 12§55 + 36G72 — 6g75 — 108G76 — 12G77). (5.44)

The resulting relations can be verified in two ways.
1. Using IBP relations.
2. Using the analytic expressions for the x — 1 limit.

These 36 relations leave 47 basis elements as potential candidates for the 26 basis elements of
the massless three-loop ladder-box, namely

{91, G2 G4, 5, 6, G7+ Gr0, G14, G155 G175 G1s, G19, G225 G305 G31, G33, G355 J365 G537, G38, G405 Jaz, Ga3, Gaa, Gas,

9487 §537 g557 §587 §597 §627 §637 9647 §657 g667 §677 §687 §697 §70a 9717 §727 g757 §767 §777 .6817 §82a ,683}

To distinguish among them we may perform an IBP reduction. Since we want to extract the
basis elements for the massless three-loop ladder-box from the basis elements of the massive
one, we first substitute each b; with its corresponding ¢g; and we set x = 1 explicitly. We now
have a set of 47 pure basis elements written in terms of certain FI. Via IBP reduction, we may
reduce these FI to a set of MI for the massless three-loop ladder-box, and we can see that there
are 26 linearly independent pure basis elements.

5.4.3 Pure basis for the massless three-loop ladder-box

The resulting pure basis for the massless three-loop ladder-box in terms of the ones from the
massive three-loop ladder-box are

{gbg2ag47957967977917;9187919793079317g35>9367937794479537955796%963ag64796579687969798179827983}
which can be written in terms of 26 MI as follows
0 3
g1 = S12€ Go,o,2,2,2,0,1,0,0,0,0,0,0,0,0,

0 _ 3
gy = S23€ GO,O,O,2,2,1,0,0,0,2,0,0,0,0,07

0 2 3
93 = S12€ G0,2727170,072,0,170,0707070,0>

4In the following we use the notation g; to indicate the £ — 1 limit of the corresponding g;.
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g3 = 5126° (26 + 1)G0.1,0,1.1,0,2,0,2,0.0.0.0.0.0,

g? = S1264G1,0,0,2,1,2,1,0,0,0,0,0,0,0,07

98 = 512€4G0,1,0,2,1,271,0,0,0,0,0,0,0,07

9(7) = 8?2€3G2,2,2,o,0,0,1,1,1,0,0,0,0,0,0,

g8 = s12(1 — 26)€* G1,0,1.2,1,0.1,0.1,00,0,0,0,05

98 = S%2€4G2,1,070,1,2,1,1,0,0,0,070,0,0>

g?o = 81282364G1,0,0,2,1,2,1,0,0,1,0,0,0,0,07

9?1 = 65(—512 - 523)G0,1,0,1,1,2,1,0,0,1,0,0,0,0,07

9?2 = 812523€4G0,1,0,2,1,2,0,1,0,1,0,0,0,0,07

1 (46(26 —1)G0.1,021,2,-1,1,0.1,0,0,0,0,0

0
g13 = —S12€
1 e—1

4

0 _ 5
g1y = € (—812 - 523)Go,o,1,1,2,1,1,0,0,1,0,0,0,0,0,

+ G0,0,0,2,2,1,0,0,0,2,0,0,0,0,0) )

9?5 = 812€6G1,0,1,1,1,1,1,1,0,0,0,0,0,0,0,

9?6 = _3%265Gl,O,l,1,1,1,0,2,0,1,0,0,0,0,07

9?7 = 812823€5G1,0,1,2,1,1,0,1,0,1,0,0,0,0,07

9(1)8 = 5%252365G1,1,0,1,1,2,l,1,0,1,0,0,0,0,07

Gl = 819€°(26 — 1)G11,0.1,1,1,1,1,0,1,0,0,0,0,05
gSo = —81266(812 + 823)G1,o,1,1,1,1,1,1,0,1,0,0,0,0,0;
981 = 8%2823€5G1,0,1,1,2,1,1,1,0,1,0,0,0,0,07

Go = S19€°(26 — 1)G10,1,1,1,1,1,0,1,1,0,0,0,0,05
933 = 8%282365G1,0,1,1,2,1,1,0,1,1,0,0,0,0,07

934 = 5?2823€6G1,1,1,1,1,1,1,1,1,1,0,0,0,0,0,

985 = —8?2€6G1,1,1,1,1,1,1,1,1,1,—1,0,070,(),

0 3 6
926 = —572€ G1,1,1,1,1,1,1,1,1,1,0,-1,0,0,0- (5.45)

The chosen normalisation of the FI is

3
. ddkl 63573 )
Ga1,...,a15 ({p_]} 78) = <_512)3 / H ind/2 | D® e with d=4-2¢ (546)
1 -5

=1

with the propagators being the x — 1 limit of (5.1).

5.5 Results

5.5.1 Analytic continuation

As already mentioned, our results are expressed in terms of GPLs up to weight six and thus can
be numerically computed at high precision using automated tools, like GinaC [71]. The weight
W=1...6 is identified as the number of letters I; in G(l;,...;x). For the evaluations to be
fast and efficient the GPLs should not contain letters /; along the integration path connecting
the origin and the argument z, i.e. [; ¢ [0,z]. Although this holds true in the Euclidean
region, this is not the case in the physical regions anymore. One can get over this problem by
using fibration-basis techniques [65], [66] for changing appropriately the arguments of GPLs at
each physical region and making them real-valued. We followed this procedure using HyperInt
[65], aiming to obtain results in terms of real-valued GPLs which can be efficiently evaluated
numerically, thus making them well-suited for phenomenological applications.
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Regions Letters Argument || Letters | Argument
Euclidean || {0,1,—1/y,1/(1 4+ y)} T — —
s-channel | {0,1,-1/y,1/(1+y)} T — —
t-channel {0,1,1+y,—y} 1/x {0,1} —1/y
u-channel {0,1,1+y,—y} 1/z {0,—1} Y

Table 5.1: Structure of GPLs appearing in each of the 4 kinematic regions.

In order to make more clear the form of our solutions, we present in table the arguments
and the letters of the GPLs in the Euclidean and each of the physical regions after using
HyperInt. Note that prior to the use of fibration-basis techniques, no GPLs with arguments
depending on y are present. However, casting each GPL in a fibration basis which contains
real-valued GPLs and explicit imaginary terms, produces GPLs with y-dependent argument as
well.

In table we provide an analysis regarding the number of GPLs that appear in each
transcendental weight, for each kinematic region. In the same table we quote also the total
number of GPLs and the timing for their numerical evaluation using GinaC. The number of
GPLs is the same for the Euclidean and the s-channel due to the fact that the GPLs of the
Euclidean region are already real valued in the s-channel and thus their is no need of using
fibration-basis techniques for them.

Regions | W =1 W=2|W=3|W=4|W=5|W =6 | Total | Timings (sec)
Euclidean 4 14 50 124 367 692 1251 39.0225769
s-channel 4 14 50 124 367 692 1251 39.2172529
t-channel 6 18 58 155 419 603 1259 62.0567800
u-channel 5 16 54 147 403 572 1197 55.1049640

Table 5.2: Number of GPLs per transcendental weight and per kinematic region, and timings
for the numerical evaluation of the total GPLs. The quoted timings are obtained using the

Ginsh command of PolyLogTools, running 1-core in a personal laptop (i7 processor, 8-core,
16GB RAM).

5.5.2 Validation

For the validation of our results we have performed various numerical checks in the Euclidean
and physical regions. More specifically, for the Euclidean region we compared numerically every
MI of each family with pySecDec [57] and Fiesta [58] and the analytic results of mastrolia for
the point

s1go—=> =7, y—3/7,x—1/4 (5.47)

finding perfect agreement within the numerical accuracy provided by these programs.

Regarding our results for physical regions, obtaining numerical results for all MI using
pySecDec or Fiesta can be rather challenging, and in some cases even impossible. To that
end, in order to check that the analytic continuation was correct, we determined a specific set
of low-sector MI (with up to 7 propagators), which contained the total set of GPLs at each
region and we numerically compared them with pySecDec and Fiesta for the points

s-channel : s190 — 2,y —» —1/2, 2 — 1/4 (5.48)
t-channel : s19 = —2, y — —3/2, x — 5/3 (5.49)
u-channel : s;9 — =2, y — 3/2, © — 5/3. (5.50)
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After properly choosing the branch of the analytic continuation, i.e. fixing the values of the
auxiliary functions {6(1/x),6(—1/y),d(y)} either equal to 1 or -1 coming from HyperInt, perfect
agreement was found for every MI that we checked.

Analytic checks were performed against [69] at the limit £ — 1 in the Euclidean regions.
The variable y = 2 introduced earlier is equal to the dimensionless variable z = § used therein.
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Chapter 6

Pentagon integrals to arbitrary order in
the dimensional regulator

We analytically calculate one-loop five-point MI, pentagon integrals, with up to one off-shell leg
to arbitrary order in the dimensional regulator in d = 4—2¢ space-time dimensions. A pure basis
of MI is constructed for the pentagon family with one off-shell leg, satisfying a single-variable
canonical differential equation in the SDE approach. The relevant boundary terms are given in
closed form, including a hypergeometric function which can be expanded to arbitrary order in
the dimensional regulator using the Mathematica package HypExp [56]. Thus one can obtain
solutions of the canonical differential equation in terms of GPLs of arbitrary transcendental
weight. As a special limit of the one-mass pentagon family, we obtain a fully analytic result for
the massless pentagon family in terms of pure and universally transcendental functions. For
both families we provide explicit solutions in terms of GPLs up to weight four. This chapter is
based on original research that first appeared in |72].

6.1 Introduction

The study of one-loop five-point Feynman diagrams, known as pentagon integrals, has a long
history. Their calculation has been treated using various methods and techniques, with results
presented in several different forms. In 73|, analytic results for pentagon integrals with up
to one massive leg were given in d = 4 — 2¢ space-time dimensions in terms of transcendental
functions of up to weight two. In 74|, the pentagon integral with fully massless legs was studied
in d = 6 — 2¢ space-time dimensions in the multi-Regge limit and analytic expressions up to
O(€?) were obtained. Analytic results in terms of Appell hypergeometric functions and Gauss
hypergeometric functions were obtained in 75| for the pentagon with massless internal and
external lines. First results in d = 4 — 2¢ space-time dimensions in terms of GPLs [44] of up
to weight three (or O(e€)) were obtained in [38] for the pentagon with up to one off-shell leg.
One-fold integral representations were obtained in [76] in arbitrary space-time dimensions for
the massless pentagon and in [77] for the pentagon with one off-shell leg in d = 6 — 2¢ space-
time dimensions. More recently the massless pentagon has been implemented as part of the
so-called pentagon functions up to weight four in [78], [79] and numerical results up to weight
four in terms of generalised power-series expansion for the pentagon with one off-shell leg were
presented in [80] for various phase-space points.

In this chapter we analytically calculate pentagon integrals with up to one off-shell leg in
d = 4 — 2¢ space-time dimensions and express them in terms of GPLs of higher weights. We
start with the pentagon with one massive leg and employ the method of differential equations
in its modern, canonical incarnation [42], in conjunction with the SDE approach (SDE) [3§].
This is achieved by constructing a pure basis of MI [40] for the pentagon with one massive
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leg family. We find that all relevant boundary terms required for the solution of the canonical
differential equation are given in closed form. This allows us to straightforwardly express
our results in terms of GPLs of arbitrary transcendental weight. Having the solution of the
pentagon with one off-shell leg at hand, we can obtain in an algorithmic way a fully analytical
solution for the massless pentagon by taking the x — 1 limit of the former result, with x being
a dimensionless parameter that is introduced in the SDE approach. This is a special feature of
the SDE approach first described in [38], [81] and in more details in [60].

With a mind to phenomenological applications of our results, we present explicit solutions
up to transcendental weight four. Our results are complementary to |82, where analytic expres-
sions for all two-loop planar pentabox families with one massive leg were recently presented.
The combination of these results provides a key ingredient for the calculation of two-loop planar
amplitudes for W+2 jets production at the LHC [83], [84].

6.2 Construction of a pure basis

We define the pentagon family with one off-shell leg as

ddk’l eE
Gala2a3a4as :/ ’i7T(d/2) DT1D§2D§3DZ4IDS5 (61)

with

D, = —(kl)Q, Dy = —(/ﬁ + CJ1)2, D3 = —(k1 +q + (]2)2
Dy=—ki+q+q¢+ Q3)2, Ds=—(ki+¢+q+q+ Q4)2- (6.2)

The kinematics consist of the massive momentum {g3, ¢5 = m?} and four massless momenta
{gi, ¢ =0, for i = 1,2,4,5}. In the SDE notation, we parametrise the external momenta by
inserting a dimensionless variable x in the following way[]

1 = TP1, G2 = IP2, Q3 = P123 — TP12, Q4 = —P123, G5 = —P1234 (6.3)

where all p; momenta are now massless. The kinematics of the two momentum configurations
are connected as follows?]

m?* = (x = 1) (S122 — Su5), s12 = Slsz, So3 = So3x — Susx + Sys,
s34 = 2 (S12(x — 1) 4+ S34) , S45 = Sus, 51 = Sm1. (6.4)

For reasons that will become clear shortly, we also define the square root of the Gram deter-

minant of the external momenta as
A5 = \/det[qi . QJ] (65)

Using FIRE6 [28] for the IBP reduction we find that we need 13 MI to completely describe
the vector space which consists of all FI that are included in . For the construction of the
pure basis, the only non-trivial basis element is that of the top sector. The remaining basis
elements can be constructed through the knowledge of the leading singularities of the relevant
one-loop integrals. For the construction of the top sector basis element we follow the consensus
developed in [80], [85], expressed here in the language of the Baikov representation of FI [86],
[87]. More specifically, we choose as a candidate top sector basis element the following

P .
Z:lGlnn (6.6)

'We use the abbreviations Dij = pi +p;j and pijx = p; + pj + pr and similarly for ¢ later.
2We use the abbreviations 845 = qu, Sij = p%j.
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where Piq111 is the Baikov polynomial of G117 and @11111 is the integrand of Gy1111. By
studying the maximal cut of in the Baikov represenation [88|, we can see that it has the
desired properties of being pure and universally transcendental. This result is a strong indicator
that the uncut will satisfy a canonical differential equation. This is due to the fact that
as shown in [40], since cut and uncut integrals satisfy the same system of IBP identities and
hence the same system of differential equations, if one is looking for a system of canonical
differential equations, then the same canonical differential equations have to be satisfied both
by the cut and the uncut integrals. Therefore, a pure master integral of uniform weight that
satisfies a canonical differential equation, has to preserve these properties on its maximal cut.
Thus, when one has identified an integral, or a combination of integrals, which in its maximal
cut is expressed in terms of pure functions of uniform weight, then this integral, or combination
of integrals, is a strong candidate for an element of the desired pure basis.

In [80|, a pure basis for the pentagon family with one off-shell leg is given in the ancillary
files. The top sector basis element is the same as the one given in [80], albeit in a different
notation.

For convenience we choose to express our pure basis in terms of specific FI in the form

g=TG (6.7)

where g is the pure basis, G is our specific choice of FI and T is the matrix that connects the
two bases. The pure basis g is

g1 = 2€551G02,0,0,1 (6.8)
g2 = xe((x — 1)S12 + S34) Go0,2,01 (6.9)
gs = 2°€S12G201,00 (6.10)
91 = €515G2,0,0,1.0 (6.11)
g5 = € (2523 — 2845 + S15) Go2,0,1,0 (6.12)
96 = (37 — 1)e (xS12 — S15) Goo2.10 (6.13)
g7 = 1€ 51255101,1,1,01 (6.14)
g9s = 1€ S15951G 110,11 (6.15)
go = x€® ((x — 1)S12 + S34) S45G1 0,1,1,1 (6.16)

gio = 513'62( — .1'523534 + (SL’ — 1)545534 — (.Z' — 1)545551

+ (z = 1)S12 (x (—S23 + Sa5 + S51) — Su5) ) Goa,1,1,1 (6.17)
g11 = x€* (S12 — Si5) G4 0,1,1,0 (6.18)
gi2 = z’e 512 (35523 — xS45 + 545) G1,1,1,1,0 (6.19)

€2
gi13 = (A G01111+A2G10111+A3G11011+A4G11101+A5G11110+A6G11111>

\/T IETESE ) 5Ly dy sLydsy sLydsdy sdydydy

(6.20)
with
A = 57, (S2s — S51) * + (S23Sa1 + Sas (S51 — Saa)) >
+ 2512 (534545523 + (34 + Su5) S51523 — S33934 + Su5 (S34 — S51) S51) (6.21)
and

Ay = (812523 — S34593 + S34545 — (S12 + Sa5) S51)
X (534 (Sggx — Susx + 545) + S45S551 (a: — 1) — Slg(x — 1) ((—523 + Sus + 551) T — 545)) (6.22)
Ay = S45(S34 (S23934 + Sas (S51 — S34)) — Sta (S23 — Ss51) (x — 1)
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+ S12 (S23534(z — 2) + S34 (= (S5 + 2551) & + S5 + Ss51) — SasSs1(z — 1)) ) (6.2
A3z = —S45551 (S12 (S23(22 — 1) — 2 (Sa5 + S51)  + 2545 + S51) + S23534 + Sas (S51 — S34)) (6.2
X

(

@@
l-l;w
—_ =

Ay = S12551(—x) (S235340 — Sa5S34(x — 2) + 2512545 (x — 1) + Sa5S51(x — 2) + S12 (S51 — S23) )
6.25)

Ag = 512$(534S§3x + 525 (534 — 551) (JU — 1) + S93S545 (—2534I + Ss51 (.SU — 2) + 534)

+ S12 (S%:),(—x) + (545 + S51) Sosx + 545551(1' — 1) — S45523) ) (6.26)
Ag = —28512545 5512 (S34 (S232 — Sasx + Sas) + Sa5S51(z — 1) — S1a(x — 1) ((—S23 + Sas + S51) ¢ — Sus)) -
(6.27)

The particular choice of FI in terms of which the above pure basis is written is the following

G = {G0,2,0,01,G0,0,20,1, G2,0.1,00, G2,0,0,1,0, G0,2,0,1,0, G0,0,2,1,04
G1.1,1,01,G1,1,01,1, G1,01,1,1, Go1,1,1.1, G1,0,1,1,0, G1,1,1,1,0, G1,1,1,1.1 - (6.28)

6.3 Results

The ultimate check that a candidate pure basis of MI has the desired properties is the derivation
of its differential equation [42]. In the SDE approach [38|, we derive differential equations with
respect to the dimensionless parameter x, regardless of the number of scales of the problem.
In this particular case, the candidate pure basis which was constructed in the previous section
leads to the following canonical differential equation

11
M;
0,8 =€ (Zx_l') g (6.29)

=1

where g is the array of 13 pure MI, M, are the residue matrices which consist solely of rational
numbers and [; are the letters of the alphabet. The alphabet of the pentagon family with one
off-shell leg has the following 11 letters,

St — S34 Sas Sas S1a — S34 + S51
l—>0,l—>—,l—>—l—>1l—> lg — ,
! 2 512 5 545 523 4 > 312 6 512

Sas Sas Sia + Sas
l- — g — —,l — =
! —S93 + S5 + Ss1 ® Saa + Sus ’ Sio

VA + S12593 — S23534 — 2512545 + 534545 — S12551 — 5'45551
2515 (Sa3 — S5 — S51)
—V/A + 513593 — S33S34 — 2512545 + S34S45 — S12951 — Si5551

H 2515 (Sa3 — Sis — Ss1) (6.30)

llO —

with A being
A = (523534 + Sa5 (S51 — S34) + S1a (—Sa3 + 2545 + S51)) 2
— 4819545 (S12 — S34 + S51) (—S23 + S5 + S51) - (6.31)

Notice that here we follow [60], [81], [82] for the definition of the letters of the alphabet,
which is different from the standard notation [45|-[47]. Usually the so-called dlog form of a

system of canonical differential equations is given as dg(Z,€) = 6(22 M;d log m(f)> g(Z,e),
where the alphabet W;(Z) is in terms of rational or algebraic functions of the independent

variables. The standard dlog form is equivalent to (6.29)) for W;(Z) = = — [;.
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This differential equation can be solved through recursive iterations up to the desired order
in the dimensional regulator €. The only further input that is required are the boundary terms.
In the SDE approach, we choose as a lower integration boundary = = 0, so that the result can
be expressed directly in terms of GPLs. Thus the necessary boundary terms are given by the
limit © — 0 of our chosen basis of MI.

Using the methods described in chapter [3, we define the resummation matriz R as follows

R = SePlel®g! (6.32)

where D, S are defined through the Jordan decompositionﬂ of the residue matrix corresponding
to the letter {0}, My,
M, = SDS™* (6.33)

Furthermore, using the expansion-by-regions method [51| we obtain information for the z — 0
limit of the FI in terms of which we express the pure basis of MI (6.7,

o bj+aje ~(bjtaze)
Glm_wZ:L‘J e : (6.34)
J

where a; and b; are integers and G, are the individual members of the basis G of FI in (§6.7)),
by making use of the publicly available FIESTA4 [58| code. As explained in chapter [3| we can
construct the relation

Rb = lim TG (6.35)

20 O (20+%)

where b = " | eibéi) are the boundary terms that we need to compute. The right-hand-
side of implies that, apart from the terms x%¢ coming from , we expand around
x = 0, keeping only terms of order z°. From ([6.35)) we can straightforwardly obtain all but
one boundary terms without any further computation. This is due to the fact that all but one
boundary terms are either given in terms of two-point functions or zero. The seventh basis
element requires the computation of the leading region for G111 which corresponds to G~
in the notation of . Through its Feynman parametrization this region can be computed
in terms of a hypergeometric function. All boundary terms in closed form are as follows

evee (—551) 76]_1(]_ — E)ZF(E + ].)

- it (6.36)
T s?zl—e_ri)— )’T'(e+1) (6.37)
by VB (_512)F_(€1F(_12—6>6)2F(6 +1) (6.38)
G (_545)F(61r(_12_6)e)2r(e +1) (6.39)
b Ve (_545)1:(?(_12_6)6)%(6 +1) (6.40)
b O (_545)P(61r(_12—6>e)zf(6 +1) (6.41)
- e (=Sh) "T(—€)’T(e+1) 21 (1, —61—6 %ﬁ&l) (6.42)

['(—2e¢)

3For an earlier use of the Jordan decomposition method see also [67], |68]. We thank Prof. P. Mastrolia for
bringing these references to our attention.
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. 2e7E€ <—S51) _EF(l — E)QF(G —+ 1)

by = T2 (6.43)
. G’YEE (—512) € (2 (—812) € — (Slg — 834) E) (512 — 534) 7EF(1 — E)ZF(E —|— 1)
by = - 29 (6.44)
2e75(S12 — S34) " ((S12 = S34) © = (=551) ) (=551) “T(1 —€)’T(e +1)
bip = (1= 2¢) (6.45)
. evEe (—512) _EF(l — 6)2F<€ -+ 1)
12 = (1 - 26) (6.47)

Using standard algorithms as implemented in e.g. Mathematica, and with the additional
help of the public package HypExp [56] for the series expansion of the hypergeometric function,
we can obtain exact expressions for all boundary terms up to arbitrary order in e. Therefore
we can trivially obtain solutions of in terms of GPLs up to arbitrary weight.

In this particular work, we present explicit results up to weight four, which can be written
in compact form as

g=cb +e ( 3" G.Mb + bg”)
+ e ( 3 GuMMbY + 3G MY + béﬁ’)
e < > GueMMM b + 3 GuM M + 3 G.M,b + bég))
+e ( > GunedM MMM + 3 Gy M M, M,b

+3 " GaMMb + Y G, M,by + bg4>) (6.49)

gab... = g(lm lba s ,ZL')

with the generalisation to higher orders in € being straightforward.

6.4 Massless pentagon family

Using the methods described in chapter 3 we can readily obtain a pure basis of 11 MI for the
massless pentagon family from the x — 1 limit of . The results are by construction in
terms of GPLs up to weight four, however following the arguments of the last section, we can
obtain results in terms of GPLs of arbitrary weight.

To be more specific, the x — 1 limit of the solution for the pentagon with one off-shell leg
can be given by the following formula

8r1 = Rogt’runc (650)
with Rg being a purely numerical matrix which is constructed from the resummation matrix
R = SePloe(i-0g™! (6.51)

after setting all terms of (1 — )% in R equal to zer. The matrices S,D are constructed
through the Jordan decomposition of the residue matrix corresponding to the letter {1}, which

in this case is My, i.e. My = Sf)g_l.

1Here a; = {—1,0} are the eigenvalues of M.
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The second input in (6.50), gunes 1S just the regular part of the solution (6.49) at z — 1
where we have set x = 1 explicitly [60].

6.5 Numerical checks

We have performed various numerical checks of our results. Firstly, for the pentagon family
with one leg off-shell we compared our results with pySecDec [57] for the Euclidean point

1
512 — —2, 523 — —3, Sg4 — —5, S45 — —7, S51 — —11, xr — Z (652)

For numerical results in physical regions, we refer to the detailed discussion in section of
chapter Using the methods described therein, we managed to analytically continue our
results for the pentagon family with one-off shell leg and compare with the numerical results
of [80] for all the physical points that are provided there.

For the massless pentagon family, we have performed numerical checks against pySecDec |57]
for the Euclidean point

512 — —2, 523 — —3, 534 — —5, 545 — —7, S51 — —11 (653)

For the numerical evaluation of the relevant GPLs, we utilised Ginac [71], [89] through
the Mathematica interface provided by PolyLogTools [66]. The latter package was also used
extensively for the manipulation of the resulting GPLs. For all checks that were carried out we
report excellent agreement.

6.6 Conclusions

In this chapter we have presented the analytic calculation of pentagon integrals with up to
one off-shell leg in d = 4 — 2¢ space-time dimensions in terms of GPLs of higher weights. We
constructed a candidate pure basis of MI for the pentagon family with one off-shell leg following
the ideas of [80], [85] and we verified that it satisfies a canonical differential equation [42] in
the SDE approach [38§].

We have demonstrated that all relevant boundary terms are either zero or given in closed
form. This allows one to straightforwardly obtain analytic solutions of the canonical differential
equation for the pentagon family with one off-shell leg in terms of GPLs [44] of arbitrary tran-
scendental weight. As a by-product of this result, we were able to obtain analytic expressions
for the massless pentagon family in terms of GPLs, as well as a pure basis of MI, after taking
the  — 1 limit of the former result in an algorithmic way [60].
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Chapter 7

Two-loop planar Penta-Box master
integrals with one massive leg

We present analytic expressions in terms of polylogarithmic functions for all three families of
planar two-loop five-point Master Integrals with one off-shell leg. The calculation is based on
the Simplified Differential Equations approach. The results are relevant to the study of many
2 — 3 scattering processes of interest at the LHC, especially for the leading-color W + 2 jets
production. This chapter is based on original research done in collaboration with D.D. Canko
and C. G. Papadopoulos and appeared first in [82].

7.1 Introduction

As we advance on the third decade of the 21st century, the established Standard Model of
Particle Physics faces serious and interesting challenges from the domains of Cosmology and
Astrophysics. One of those challenges for example is the particle nature of Dark Matter, and
whether its dynamics can be described through the introduction of one or several new particles,
thus imposing the need to extend our understanding of Particle Physics. The major experiments
of Particle Physics however, spearheaded by the LHC program at CERN, have yet to reveal
any clear signs of New Physics that would require the extension of the established Standard
Model.

To make progress in the current situation, a precision [6] program has been initiated, in
part because it is clear by now that any New Physics at the LHC data will appear in the
form of small deviations from theoretical predictions, but also due to the increased precision
of the accumulated experimental data. Thus the need arises for equally precise theoretical
predictions, in order to be able to exploit the full discovery potential of the LHC and its future
High Luminosity upgrade.

From a theoretical standpoint, it is estimated that the LHC Run 3 and the High Luminos-
ity Run scheduled to commence after it, will require at least Next-to-Next-to-Leading-Order
(NNLO) corrections for the QCD dominated processes [90]-[92]. A major ingredient of these
higher order perturbative corrections is the calculation of the relevant scattering amplitudes
for specific scattering processes, and within these amplitudes, complicated two-loop Feynman
Diagrams need to be computed. Through the Feynman rules of quantum field theory, we can
relate these two-loop Feynman Diagrams to two-loop Feynman Integrals, which are the topic
of this contribution.

The current frontier in two-loop calculations is in 2 — 3 scattering processes. For massless
external particles and massless internal propagators, all planar |81] and non-planar Feynman
Integrals have been calculated [93|. First results for 2 — 3 scattering processes involving one
massive external particle for planar topologies were presented in [81] a few years ago, with
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the full list of all two-loop planar Feynman Integrals relevant to 2 — 3 scattering processes
with one off-shell leg appearing recently using a numerical approach [80|. Here, we will present
analytic results for all planar two-loop Feynman Integrals with one off-shell leg in terms of
polylogarithmic functions up to transcendental weight four [82].

7.2 Integral families and kinematics

There are three families of Master Integrals, labelled as Py, P, and P;, see Fig. [7.1] associ-
ated to planar two-loop five-point amplitudes with one off-shell leg. We adopt the definition
of the scattering kinematics following [80], where external momenta ¢;, ¢ = 1...5 satisfy
Zi’ G =0, ¢ = ps, ¢ =0, i =2...5 and the six independent invariants are given by
{2, 519, 593, 534, 545, 515}, With s;j := (g + ¢;)*.

In the SDE approach [38] the momenta are re-parametrized by introducing a dimensionless
variable x, as follows

¢1 — D123 — TP12, G2 — P4, q3 — —P1234, Q4 — TP (7.1)

where the new momenta p;, ¢ = 1...5 satisfy now Z?pl =0,p? =0, i = 1...5, whereas
pi.j = Dpi + ...+ pj. The set of independent invariants is given by {Si2, Sa3, S34, Su5, S51, 2},
with S;; = (p; + pj)Q. The explicit mapping between the two sets of invariants is given by

q; = (1 — 2)(Ss5 — S127), S12 = (S3a — S12(1 — 7)) @, 893 = Sy5, S34 = Ss517,
Sa5 = S12%%, s15 = Sa5 + (Sa3 — Sus)x (7.2)

and as usual the x = 1 limit corresponds to the on-shell kinematics.
The corresponding Feynman Integrals are defined through

o / k) d'k, 1
ar-aiy - a2 w2 B2 (ky + q1)292 (ky 4 q12) 28 (Fy + qaas) 2
1
> - . 5 2 2 2 2 ) (73)
k3™ (k2 + q123)% (k2 4 qu23a) 7 (k1 — K2)?* (kv 4 qu23a)?* (k2 + q1)*@0 (k2 + q12)0
GP2 — 62’7E6/ ddkl ddk2 L
arann T a2 4w ] (ky — qiasa) 292 (k1 — qa3a) 2 (ky — gsa)?o4
1
X - ” o % 2a 2011’ (7.4)
k3™ (ko — q34)%%0 (k2 — qa)**7 (k1 — k2)?%¢ (k2 — qu234)** (k2 — q234)*10 (k1 — qu)*
GP3 — eQ’YEe/ ddkl ddk2 1
ar-ann a2 42 B2 (B + go)292 (ky + qog)293 (ky + qa34)2%4
1
(7.5)

>< )
k§“5(k2 + q234)%96 (ko — q1)?97 (k1 — k2)?98 (k1 — q1)%99 (ko + q2)%0 (kg + go3)?1t

where ¢; ;' =¢q¢ + ...+ ¢;.

The P; family consists of 74 Master integrals. For P, and Pj the corresponding numbers are
75 and 86. This can easily be verified using standard IBP reduction software, such as FIRE6 |28|
and KIRA [29], [94]. The top-sector integrals are shown in Fig. [7.1]
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Tpo
B —P1234 TPy
—Pi234 P4

P P123 — TP12 P34

s P2~ TPz ap, xpy D193 — TP12 D1

Figure 7.1: The two-loop diagrams representing the top-sector of the planar pentabox family
Py, P, and P3. All external momenta are incoming.

7.3 Canonical basis and Differential Equations

In order to express all integrals given by Eqs., the easiest way is to define a basis
that satisfy a canonical differential equation. By basis we mean a combination of Feynman
Integrals with coefficients depending on the set of invariants and the dimensionality of space-
time d = 4 — 2¢. Let us assume that such a basis is known, then the DE is written in general
as

dj =€y dlog (W,) M,g (7.6)

where ¢ represents a vector containing all elements of the canonical basis, W, are functions of
the kinematics and M, are matrices independent of the kinematical invariants, whose matrix
elements are pure rational numbers. Notice that Eq. is a multi-variable equation and in the
case under consideration the differentiation is understood with respect to the six-dimensional
array of independent kinematical invariants, {¢?, s12, S23, S34, S45, S15}. Since W, are in general
algebraic functions of the kinematical invariants a straightforward integration of Eq. in
terms of generalized poly-logarithms is not an easy task.
In the SDE approach though, Eq. takes the much simpler form

dg 1
— = E Myqg 7.7
¢ Y xr — lb vg ( )

where M, are again rational matrices independent of the kinematics, and the so-called letters, I,
are independent of z, depending only on the five invariants, {Ss, Sa3, S34, Su5, S51 ;. Notice that
the number of letters in z is generally smaller than the number of letters in Eq.(7.6). Since
the Eq. is a Fuchsian system of ordinary differential equations, it is straightforwardly
integrated in terms of Goncharov poly-logarithms, G (1, lp,, - - - ;).

Over the last years much effort has been devoted to construct the canonical basis, or at least
an educated guess of it, and then verify the form of Eq. through standard differentiation
and IBP reduction. We refer to section 4 of reference [80] for a thorough discussion of relevant
work in the literature. In principle the knowledge of the canonical basis is enough within
the SDE approach to derive the form of the corresponding canonical differential equation,
Eq. , by explicitly differentiating with respect to x and using IBP identities to express
the resulting combinations of Feynman integrals in terms of basis elements. In fact, as we will
show later, since the matrices entering in Eq. are independent of the kinematics, one can
use solutions of IBP identities derived by assigning integer values to the kinematics, except x.
Using nowadays packages such as FIRE6 and KIRA the above-mentioned IBP-reduction becomes
a computationally trivial exercise. Notice that there is no need to use rational reconstruction
methods, as far as the derivation of Eq. is concerned.

Knowing from reference [80|, the explicit form of the matrices M, and of the letters W, in
terms of the variables pis, s12, S23, S34, S45, S15 (P1s = ¢2), in Eq. , we simply derive the data
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Ty

S———
P123 — P12

—Pi1234

TPy

Figure 7.2: The two-loop diagram representing the decoupling basis element.

needed in Eq. ((7.7)), based on the following identity,

dlog (W) ~ 1
; — M, = ; — leb (7.8)

making use of Eq. . For P, and P; families Eq. is applicable after eliminating a
special element basis whose leading singularity is proportional to a non-rationalizable square
root in terms of x. The corresponding integral is shown in Fig. and it is the same for
the two families. It is already known from the double-box families with two off-shell legs [95],
Py3. Since our task is to evaluate all basis elements up to O(e?) and since the basis element
expansion of the above integral starts at O(e?), it effectively decouples from the differential
equation Eq. .

The alphabet for the three planar families considered in this chapter consists of 32 letters
in total, namely

S1o + Sag Say Sas Sas
L —=0l—=1l———l41—=1—— ;> —.,lg = —5——F5,
' ? ’ S S’ ” ST Say— Sis
Sas — Sas Sz Ss1 S12 — S34 + S5
l; > ——= g —> —————lg > ———, l1g — ,
! Sia s Saq 4 Sas ? Sia 10 Si2
TN Sas N VAL + 512523 — 523534 + 534545 — 512551 — Su555
H —Sa3 + Sus + Ss1 2 2512593 + 2512534 — 2512551 ’
I, VAL + 512523 — S93534 — 2512545 + 34545 — S12551 — S45551
’ 2512523 — 2512545 — 2512551 ’
Ly — —V/ Ay — 523534 + S34545 — Ss55951 — S12 (Ss1 — Sa3)
2512 (S23 + S34 — S51) ’
Lie —s —V/ Ay — 523534 + S34S45 — Sa55951 — S12 (—Sa23 + 2845 + S51) L s S12545 — VAg
" 2515 (Sa3 — S5 — Ss1) "8 819884 + S12Sus’
lir — VAg 4 512545 lis — VAg 4 512523 — S23534 — 512545 + 534545 — 512551 — Su5551
S12534 4+ S12545° 2512523 — 2512545 — 2512551 ’
—V/ A3 — 523534 + S34545 — Ss5551 — S12 (—Sa3 + Sus + S51) Sz

lig — oo = —5—,

2515 (S23 — Sas — S51) St — Sas

Sas —V/ Ay — 51253 + S23534 — 534545 + 512551 + S45551
loy — =l — )
Ss1 2512551
I VA 4 853534 — 534545 + Sa5551 + S12 (Ss1 — Sa3)
23 — )
2512551
I —V/ Ay + 523534 — S34545 + S45551 + S12 (—S23 + Sas + S51)
24 —7 )
2512551
/ VA4 + 553534 — 534545 + Sa5551 + S12 (—Sa3 + Sus + S51)
25 — 9
2512551
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—V Ay + 523534 — S34545 + S45551 + S12 (—S23 + 2545 + Ss1)
2512 (S12 — S34 + Ss1) ’
VAL + 593534 — S34845 + Sa55951 + Si2 (—Sa3 4+ 2545 + S51)
2515 (S12 — S34 + S51) ’
VA5 + 512545 VA5 — S12545 (S23 — Su5) Sas
128 — ,lg —
S12 (S5 — Sa3)

l26 —

lay

" 50y (S — 1) SuaSas + (o5 — Sae) S

Ly — —28%5 + 2523555 — S345%5 — S51555 + 523534545 — S12 (Ss1 — S23) Sa5 — VA
2 (12523 (S34 + Sus) 4 (S23 — Sus) Sus (Sz4 + Sis) — S12545551) ’

—28% + 25355 — S345%5 — S5157%5 + 523534545 + S12 (S23 — S51) Sas + VAg

{ 7.9
%2 2 (512523 (S34 + Sas) + (S23 — Sas) Sas (S34 + Sas) — S12545551) (7.9)
with
Ay =57, (S23 — S51) * + (S23531 + Sus (S51 — S34)) 2
+ 2515 (45551523 + Ssa (Sus + S51) Sa3 — S33534 + Sus (Ssa — Ss1) S51) (7.10)
Ay =512534545 (—S12 + S34 + Sas) (7.11)
As =52, (—Sg3 + Sys + S51) 2 + (523534 + S5 (S51 — Sa4)) 2
— 28512 (S23 — Sa5 — S51) (523534 — Sas (S34 + S51)) (7.12)

Ay = (S35 — 2(Sa5 + S51) Saz + (Sa5 — S51) %) Sty + (S23534 + Sus (S51 — Ss4)) 2

— 2 (534555 4 5155951923 — S34 (2545 + S51) Sa3 + Sas (S34 — S51) (Sas — Ss1)) S12, (7.13)
As =512593 (S12 + Sa3 — Sus) Sus, (7.14)
Ag =S5 A (7.15)

Each family is characterised by a subset of the full set of letters. In P; the following 19
letters appear,

{lla l2a l3; l4; l57 l67 l77 l87 l97 llO) lll; l127 l137 l147 l15a l167 l177 l187 llg} ) (716)

in P, the following 25 letters appear,

{lh l27 l37 l47 l57 167 l7; l8a l9a llOa l117 l127 l13; l147 l157 l187 l19a l207 l?l) l227 l23a l247 l257 l267 l27} ) (717)

and finally in P; the following 25 letters appear,

{l17 l27 l3; 147 l57 lﬁa l7a l87 llOa lll; l137 l15a l207 l217 l227 l23a l247 l257 l267 l27a l287 l297 l307 l31a l32} . (718)

7.4 Boundary conditions and analytic expressions

Obtaining boundary terms for the solution of the canonical SDE requires the computation of
the z — 0 limit for all basis elements. Following the computational framework as described
in chapter [3] we define the resummation matrix R for each planar family. For families P»
and Ps, despite the fact that two basis elements effectively decouple and are already known in
the literature, we calculate their boundary terms as well, since they contribute to other basis
elements.
Through IBP reduction, we can express the pure basis g in terms of a specific choice of MI
G,
g=TG (7.19)
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Using the method of expansion-by-regions, we can obtain information for the asymptotic be-
haviour of the Feynman integrals in terms of which we express the pure basis of Master integrals
(7.19) in the limit x — 0,

G = Z xbj+ajeGl(bj+%6) (7.20)
J

where a; and b; are integers and G; are the individual members of the basis G of Feynman

integrals in ([7.19). We thus arrive at

Rb = lim TG (7.21)
z—0 O

(x0+aj e)

where the right-hand side implies that, apart from the terms x%€ coming from ([7.20), we
expand around x = 0, keeping only terms of order z°. Notice that since the left-hand side
of the equation contains pure functions with rational coefficients that are independent of the
underlying kinematics S = {S12, Sa3, S34, Sas, S51}, the determination of the matrix T, as a
function of x and d, is based on solutions of IBP identities, using integer values for S. This
results to a significant reduction in complexity and CPU time, taking into account that several
basis elements are given in terms of Baikov polynomials, p11, fto2, 12, and containing FI with
up to fourth power of irreducible inverse propagators.

As indicated in chapter [3| Eq. is a powerful framework allowing to determine all
boundary constants b. First of all in the case the left-hand side contains a logarithmic term in
x, a set of linear relations between elements of the array b are obtained by setting the coefficient
of log (z) to zero. Secondly, powers of x% that appear only in the left-hand side do also produce
relations among elements of b. These two sets of relations account for the determination of a
significant part of the components of the boundary array. The last set of equations requires
the determination of some regions of Master Integrals, Gl(] ), in the limit x+ — 0. Expressions
of these integral-regions in terms of Feynman parameters are obtained using SDExpandAsy in
FIESTA4 [58]|. Their calculation is straightforwardly achieved either by direct integration in
Feynman-parameter space and then by using HypExp [55], [56] to expand the resulting oF}
hypergeometric functions, or in a very few cases, by Mellin-Barnes techniques using the MB [96],
[97], MBSums [98] and XSummer [99] packageqT] All the boundary values are analytically expressed
in terms of poly-logarithmic functions, namely logarithms and Goncharov poly-logarithms as
functions of the reduced kinematical variables {Sis, Sa3, S34, Sus5, S51}-

Although the above described method is general and straightforward, in practice many of
the components of b are obtained by exploiting the known representations of the elements of
the canonical basis as given in the double-box families [95], [100].

After obtaining all boundary terms, the solution of the canonical SDE can be written in the
following compact form up to order O (e*)

g =ebf + e ( > GuMby” + bél))
+é ( > GaM MY + > G.M,bf + bff’)
+é ( > GueMMMbY + > GuMM;bY + > G M, b + bg3>)

+€ ( > GareaM MMM + > G MMM,

!The in-house Mathematica package Gsuite, that automatically process the MBSums output through XSummer,
written by A. Kardos, is used.
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+> " GaMMb + Y G, M,by + bé‘”) (7.22)
gab.‘. = g(laa lba <. a'l')

In order to get an idea of the actual structure of the solutions, we give explicit results for the
non-zero top-sector basis element for each family up to order O ('),

3 S Sio — S
p1_ 3 545 _ 12 34
2 =3 +6{g <5127x) g< S12 ’36)

~3G(0:2) + G(L; ) — log (S1a — Sa) — 2log <—s51>} , (7.23)

9%2 _ 6[39, (512 + 523;37) _ 36 (512 — 534;x>

S Si2
S.
— 3g (5—45, ZL’) + 39(1, $) — 3log (Slg — 534) -+ 310g (—851):| s (724)
12
1 5 S. 3 Sip— S 5 S,
P3 _ — o8 _2g (2P _fgl 2B .
T84 _2+6l2g<512’x) 2g< Sio x) 2g( 523—545’x>

) 3 3

— 29(0, l’) + 59(1, l’) — IOg (—512) — 5 log (512 - 534) + 5 10g (—551):| . (725)

7.5 Numerical Results and Validation

In order to numerically evaluate the solution given in Eq. (7.22)), Goncharov poly-logarithms
up to weight 4 need to be computed. To understand the complexity of the expressions at hand,
we present in Table the number of poly-logarithmic functions entering in the solution. In
parenthesis we give the corresponding number for the non-zero top-sector basis elements. The
weight W=1...4 is identified as the number of letters [, in GP G(l,,...;x).

Family | W=1 | W-2 W=3 W=

Py (gr2) | 17 (14) | 116 (95) | 690 (551) | 2740 (2066)
Ps (g73) | 25 (14) | 170 (140) | 1330 (1061) | 4950 (3734)
Py (gs1) | 22 (12) | 132 (90) | 1196 (692) | 4566 (2488)

Table 7.1: Number of GPLs entering in the solution, as explained in the text.

The computation of GPLs is performed using their implementation in Ginac. This imple-
mentation is capable to evaluate the GPLs at an arbitrary precision. The computational cost
to numerically evaluate a GPL function, depends of course on the number of significant digits
required as well as on their weight and finally on their structure, namely how many of its letters,
Eq. (7.7), satisty I, € [0, z]. We refer to reference [71] for more details.

For the following Euclidean point

1
512 — —2, 523 — —3, 534 — —5, 545 — —7, 551 — —11,x — Z (726)

all GPL functions with real letters are real, namely no letter is in [0, 2], and moreover the
boundary terms are by construction all real. The result is given in Table with timings,
running the GiNaC Interactive Shell ginsh, given by 1.9, 3.3, and 2 seconds for P, P, and P;
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:3/2

1 -2.2514604753379400332169314784961
: -17.910593443812320786572184851867
1 -26.429770706459534336624681550003
: 21.437938934510558345847354772412

: 2.8124788185742741402751457351382
: 5.4813042746593704203645729908938
: 11.590234540689191439870956817546
1 -5.9962816226829136730734255754596
0 1/2

: 3.2780415861887284967738281876762
: 0.11455863130537720411162743574627
: -16.979642659429606120982671925458
: -48.101985355625914648042310964575

P gr2

A . . NN M
= W N = O

P | g3

A . .M
W NN

Py | gs4

M . N D M
NEEJUE S =)

Table 7.2: Numerical results for the non-zero top sector element of each family with 32 signifi-
cant digits.

respectively and for a precision of 32 significant digits. As can be seen also from Table[7.1] the
timing for the evaluation of all GPs in a family, is of the same order as its top-sector element.

In order to obtain results for scattering kinematics, we need to properly analytically continue
the GPs and logarithms involved in our solution. In general, the kinematic variables p;s and
Sij, acquire an infinitesimal imaginary part [101]. This means that S;; as well as the parameter
x, through Eq. , acquire also an infinitesimal imaginary part, i.e. S;; — Si; + 0;;m,
r — x+id,n, with n — 0 [81], [95]. Notice that Eq. implies that for a given assignment of
the kinematic variables p;, and s;;, there are two solutions in S;; and x. In general ¢;; and 0,
should also satisfy the analyticity constraints stemming from the one-scale integrals, known in
closed form in €. These integrals are proportional to (—s;;)", (—p1s)", n = —1, —2, and must
be consistently expressed in terms of S;; and x, through the following equations:

(—534) = (—551) x
(—545)" ¢ = (=S12)”~ g

(_515) 545 1 545 - 523 )

(i) = (1= 2) (- 55)" (1 - )
(=s12)"" = 27(S12 — 534) " (1 - Lx) _6, (7.27)

which constrain the values of d;; and ¢,.
In Table we present results for all top-sector integrals at W = 4, for the first physical
point provided in reference [80], namely
R 22 R 249 R 241 R 377 18 13 Is — 137 (7.28)
s ——. 5 — S —, S —— 5 S — — )
12 52 515 50 02 or 7 934 100’ °45 50 p 50
The timings, running the GiNaC Interactive Shell ginsh, are 5.95 (2.33), 11.98 (4.94) and 8.49
(3.32) seconds for Py, P, and Ps respectively, for Nggs = 32 (16). We have also compared
our results for all families, all basis elements and all physical points with those of reference 80|
and found perfect agreement to the precision used, (Nggis = 16,32). We also checked our
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results, not only at the level of basis elements but also at the level of Master Integrals, against
FIESTA4 [58] and found agreement within the numerical integration errors provided by it.

P | gn 29'.802763651793108812023893217593
+1 273.86627846266515113913295225572
mzz | I 29.802763651793108812023893217593
+1 273.86627846266515113913295225572
Py | grs 44.162165744735300867233118554183
-1 46.218746133850339969944403077557
oz | I 44.162165744735300867233118554183
-1 46.218746133850339969944403077557
Py | g 1‘1.908529680841593329567378444341
-1 143.83838235097336513553728991658
2z | I 11.9085296808415933295673 78444341
-1 143.83838235097336513553728991658

Table 7.3: Numerical results for the non-zero top sector element of each family at weight 4 with
32 significant digits. The notation I; is used in accordance with Table 2 of [80].

For the other physical points, beyond the first one, the number of letters in [0, z] is not
anymore zero. As a consequence the running time is increasing, up to two orders of magnitude,
with the last physical point being the worst case, as for this point the number of letters in [0, x]
amounts to 19 out of a total of 24 letters involved in the non-zero top-sector basis elements. It is
therefore worthwhile to thoroughly investigate the structure of the analytic result, with the aim
to provide alternative representations in terms of Goncharov poly-logarithmic functions that are
manifestly real-valued and thus much faster to compute. Notice that, from the structure of the
analytic representation studied in this chapter (see for instance Table , the computational
time is entirely determined by the W = 4 functions. Therefore, as experience shows [70],
[78], [79], [102], the use of one-dimensional integral representations at W = 4, may lead to a
significant reduction in CPU time.

7.6 Conclusions and outlook

In this chapter we have presented analytic expressions in terms of poly-logarithmic functions,
Goncharov Polylogarithms, of all planar two-loop five-point integrals with a massive external
leg. This has been achieved by using the Simplified Differential Equations approach and the
data for the canonical basis provided in reference [80]. Moreover, the necessary boundary values
of all basis elements have been computed, based mainly on the form of the canonical differential
equation, Eq. and, in few cases, on the expansion by regions approach. The ability to
straightforwardly compute the boundary values at x = 0 and to even more straightforwardly
express the solution in terms of Goncharov Polylogarithms, is based on the unique property of
the SDE approach that the scattering kinematics is effectively simplified and rationalized with
respect to x, in noticeable contradistinction with the standard differential equation approach,
where such an analytic realisation of the solution is prohibitively difficult.

Obviously, the next step, is to extend the work of this chapter in the case of the remaining five
non-planar families, shown in Fig. [8.1] Since on top of the planar penta-box families presented
in this chapter, we have already computed the pure-function solutions in SDE approach, for all
double-box families, planar and non-planar, with up to two external massive legs, we expect
that the construction of the canonical basis of the few remaining non-planar Master Integrals
will be plausible in the near future. Having the corresponding equation, Eq. , for the

68



non-planar families, it should be straightforward to extend the work of this chapter and to
complete the full list of two-loop five-point Feynman Integrals with one massive external leg.
We remind that within the SDE approach, having the analytic representations of two-loop five-
point Master Integrals with one massive external leg in terms of Goncharov poly-logarithmic
functions, allows also to straightforwardly obtain the result for massless external legs in terms
of Goncharov poly-logarithmic functions, by taking the limit z = 1 [70], [81] and making use of
the resummed matrix corresponding to [, = 1 term in Eq. . In summary, when this next
step is completed, a library of all two-loop Master Integrals with internal massless particles and
up to five (four) external legs, among which one (two) massive legs will be provided: this will
constitute a significant milestone towards the knowledge of the full basis of two-loop Feynman
Integrals.

We have also shown how to obtain numerical results for all kinematic configurations, includ-
ing Euclidean and physical regions. With regard to the expected progress in the calculation of
2 — 3 scattering process [83|, [102], |[103|, it would be desirable to adapt our results in different
kinematic regions, using for instance fibration-basis techniques [65], [66].
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Chapter 8

Two-loop non-planar Hexa-Box master
integrals with one massive leg

Based on the Simplified Differential Equations approach, we present results for the two-loop
non-planar hexa-box families of master integrals. We introduce a new approach to obtain the
boundary terms and establish a one-dimensional integral representation of the master integrals
in terms of Generalised Polylogarithms, when the alphabet contains non-factorisable square
roots. The results are relevant to the study of NNLO QCD corrections for W, Z and Higgs-boson
production in association with two hadronic jets. This chapter is based on original research
which appeared first in [104], done in collaboration with A. Kardos, C.G. Papadopoulos, A.V.
Smirnov and C. Wever.

8.1 Introduction

The computation of higher order corrections to Standard Model (SM) scattering processes
and their comparison against data coming from collider experiments remains one of the best
approaches for the study of Nature at its most fundamental level. The discovery of the Higgs
boson at the LHC [4], |5] solidified the mathematical consistency of the SM of Particle Physics
as our best fundamental description of Nature. In the absence of any clear signals for physics
beyond the SM, a detailed study of the properties of the Higgs boson along with a scrutinization
of key SM processes have spearheaded the endeavour to advance our understanding of Particle
Physics [6].

The upcoming High Luminosity upgrade of the LHC will provide us with experimental data
of unprecedented precision. Making sense of the data and exploiting the machine’s full potential
will require theoretical predictions of equally high precision. In recent years, the theoretical
community has made tremendous effort to meet the challenge of performing notoriously difficult
perturbative calculations in Quantum Field Theory. The current precision frontier for the QCD
dominated processes studied at the LHC lies at the Next-to-Next-to-Leading-Order (NNLO)
for massless 2 — 3 scattering with one off-shell external particle [90], [105].

A typical NNLO calculation involves, among other things, the computation of two-loop
Feynman diagrams [106|. The established method for performing such calculations is by solving
first-order differential equations (DE) satisfied by the relevant Feynman integrals (FI) [34]-37].
Working within dimensional regularisation in d = 4 — 2¢ dimensions, allows the derivation of
linear relations in the form of Integration-By-Parts (IBP) identities satisfied by these integrals
[26], which allows one to obtain a minimal and finite set of FI for a specific scattering process,
known as master integrals (MI).

It has been conjectured that FI with constant leading singularities in d dimensions satisfy
a simpler class of DE [40|, known as canonical DE [42]. A basis of MI satisfying canonical DE
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Figure 8.1: The five non-planar families with one external massive leg. The first row corresponds
to the so-called hexabox topologies, whereas the diagrams of the second row are known as
double-pentagons. We label them as follows: N; (top left), Ny (top middle), N3 (top right), Ny
(bottom left), N5 (bottom right). All diagrams have been drawn using Jaxodraw [115].

is known as a pure basis. The study of the special functions which appear in the solutions of
such DE has provided a deeper understanding of their mathematical properties. These special
functions often admit a representation in the form of Chen iterated integrals |[107]. For a large
class of FI, their result can be written in terms of a well studied class of special functions,
known as Multiple of Goncharov polylogarithms (GPLs) [44]-[47]. Several computational tools
have been developed for their algebraic manipulation [66] and numerical evaluation |71], [108].

For the case of two-loop five-point MI with one massive leg, pure bases of MI have been
recently presented in 80| for the planar topologies, which we will call one-mass pentabozes,
and more recently in [109] for some of the non-planar topologies, which we will call one-
mass hexabozes. All one-mass pentaboxes have been computed both numerically 80|, using
generalised power-series expansions [110], [111], as well as analytically in terms of GPLs [82],
by employing the Simplified Differential Equations (SDE) approach [38|. Recently, analytic
results were also obtained in the form of Chen iterated integrals and have been implemented
into the so-called one-mass pentagon functions |[112], similar to the two-loop five-point massless
results [78], [79]. These results, along with fully analytic solutions for the relevant one-loop
integral family |72], have lead to the production of the first phenomenological studies at the
leading-colour approximation for 2 — 3 scattering processes involving one massive particle at
the LHC [84], |113], [114]. For the one-mass hexabox topologies, numerical results were first
presented in |70|, using a method which emulates the Feynman parameter technique, for one
of the non-planar integral families. All three integral families were treated numerically in [109]
using the same methods as in [80].

In this chapter, we employ the SDE approach and obtain semi-analytic results for all one-
mass hexaboxes, using the pure bases presented in [109]. More specifically, we obtain fully
analytic expressions in terms of GPLs of up to weight 4 for the first non-planar family, denoted
as N; in figure 8.1} For families N, and N3, we obtain analytic results for the unknown non-
planar integrals up to weight 2, whereas for weights 3 and 4 we introduce a one-fold integral
representation in terms of GPLs allowing for a straightforward numerical evaluation of our
expressions.

8.2 Hexabox integral families

There are three non-planar families of MI that correspond to the one-mass hexabox topologies,
labelled as Ny, Ny and N3, see figure 8.1 We adopt the definition of the scattering kinematics
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following [109], where external momenta ¢;, i = 1...5 satisfy S20¢; = 0, @@ = pis, ¢¢ =
0, i = 2...5, and the six independent invariants are given by {q?, s12, 23, S34, S5, S15}, With
sij = (4 + ¢)".

In the SDE approach [38] the momenta are parametrized by introducing a dimensionless
variable x, as follows

g1 — D123 — TP12, G2 —> P4, 3 — —Pi1234, ¢4 —> TP1 (8.1)

where the new momenta p;, ¢ = 1...5 satisfy now Z?pl =0,p? =0, i = 1...5, whereas
pi.j = Di + ...+ p;. The set of independent invariants is given by {Si2, S23, S34, Su5, S51, 2},
with S;; = (p; + pj)z. The explicit mapping between the two sets of invariants is given by

Q% = (1 - 17)(545 - 512$), S12 = (534 - 512(1 - 95)) T, So3 = Sas, S34 = S517,
45 = S197%, 815 = Sus + (So3 — Sas)x (8.2)

and as usual the x = 1 limit corresponds to the on-shell kinematics.
The corresponding Feynman Integrals are defined through

o .: 62'YEE/ dy dhy 1
a1 a2 im 2 (3 (ky + q1)2 (k1 4 q12)29 (ki + qra3)204
1
X 2 2a¢ 1.207 2 2 2 2a11’ (83)
(k1 + ko + qu23a)?5 (k1 + k)29 k5" (Ko 4 qa)?28 (ko + q1)2%0 (k1 + qa)?@10 (kg + q12)?01
FNz Q’YEE/ ddkl dde 1
=e . ;
ar--ain a2 4w 2 B (ky — quasa)?92 (k1 — asa)?98 (ky — gsa)?a4
1
x 2 2ag 207 2 2 2 2a1’ 8.4)
(k1 + ko — qa)?5 (ky + k2)296 k5" (kg + q3)?8 (kg — qu234)® (k1 + q3)@10 (kg — go34)?*11
FN3 . ,27Ee ddkl dde 1
ar-ail * € id/2 5 d/2 1.2a1 2az 2a3 2a4
12 a2 kT (ky 4 q2)?%2 (ky + go3)??3 (k1 + qos4)
1
(8.5)

>< )
(k1 + ko + quasa)?® (k1 + k2)2a6/€§a7(k¢2 + q1)%98 (ko + 2)%% (k1 4 q1)?®10 (kg 4 go3)?e11

where ¢; ; = ¢ + ... +q;.

Using FIRE6 [28] we found that the N; family consists of 86 MI out of which 10 MI are
genuinely new, the rest being known from the one-mass planar pentabox [82] or the non-planar
double-box families [95]. For Ny and N3 the corresponding numbers are 86, 13 and 135, 21.

8.2.1 Pure bases and simplified canonical differential equations

We adopt the pure bases presented in [109]. As was the case for the pure bases of the planar
families presented in 80|, a d log form of the relevant differential equations was achieved, whose
alphabet involves several square roots of the kinematic invariants {¢?, s12, S23, S34, S45, 515 }. More
specifically, the following six square roots that appear in the alphabets of the one-mass hexabox
integral families are

= \/)\(pls, 523, 845) (8-6)

72



ro = \/)\(pls, 524, 835) (8 7)
r3 = \/>\(171s, 525, 534) (8 8)
ry = \/detG(q1, q2, g3, Q) (8.9)
rs = /20 (8.10)
Te = E?) (8.11)

with A(x,y, 2) = 22 —22y—222+y*—2yz+2? representing the Kéillen function, G(q1, ¢2, ¢3, q1) =
{2¢i-q;} being the the Gram matrix of the external momenta, and Eél), 2532) are the polynomials

2 = 82, (515 — 523) 2 + (523834 + (515 — 534) 545) 2
+ 2512 (—845575 + S23534515 + (523 + 534) 545515 + 523534 (845 — 523)) (8.12)
2 = (s12 (p1s — 515 + 593) — 523534) % + 575 (D15 — 515 + 534) %
— 2545 (s34 (12 + 523) P1s — 515523 — 812 (515 + $23)) + s12 (P15 — 515) (P15 — 515 + $23) + 823(834) )
8.13

For topology Ni, the square roots r; and 74 appear in its alphabet given in [109]. Introducing
the dimensionless variable x rationalises these two roots through the mapping of (8.2). This
allows us to derive a SDE in canonical form for Ny,

!
0.8 =¢€ (Za:—li) g (8.14)

=1

where g is the pure basis of N, M, are the residue matrices corresponding to each letter ; and
Imaz 18 the length of the alphabet, which for Ny is [,,,, = 21. It is interesting to note here the
significant reduction in the number of letters in comparison with the alphabet of N; given in
[109], where the relevant length of the alphabet is 39. The form of allows for a direct
iterative solution order-by-order in € in terms of GPLs, assuming that the relevant boundary
terms are obtained.

For topologies Ny and N3, the square roots appearing in their respective alphabets [109]
are {ry, ro, r4, 75} and {ry, r3, 74, r¢}. In general all the square roots with the exception of
{rs, r¢} can be rationalised using either the mapping given in or a variant of it [38], [82].
Nevertheless, in order to write an equation in the form of a simultaneous rationalisation
of all square roots is necessary. In fact, the mapping allows for the rationalisation of
r1 and 74 in terms of x, but this is not the case for {ry, r3, 75, 76}. It is thus not possible to
achieve a canonical SDE in the form of for families N, and N3 using the parametrisation
(8.1). This does not mean that the basis elements cannot be cast in the form of GPLs, but
just that such a representation is not straightforwardly obtained based on the simple equation
(8.14). The more general form of the SDE takes the form:

l
— dL,
0.8 6< o a>g (8.15)

a=1

where most of the L, are simple rational functions of z, as in , whereas the rest are
algebraic functions of x involving the non-rationalisable square roots.

A detailed analysis of reveals that these non-rationalisable square roots start ap-
pearing at weight two. In practise this means that we can use the mapping and solve
the respective canonical DE for Ny and N3 by integrating with respect to x up to weight one
in terms of ordinary logarithms. For weight two, analytic expressions in terms of GPLs can
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be achieved due to the fact that the non-rationalisable square roots {rs, r3, 75, r6} appear
decoupled in the DE. In fact, most of the basis elements are straightforwardly expressed in
terms of GPLs by integrating the corresponding DE. For the rest, an educated ansatz can be
constructed involving only specific weight-two GPLs, which are identified by inspecting the DE
in each case where square roots {ry, r3, 75, r¢} appear, modulo the boundary terms that one
needs to compute. Thus analytic expressions in terms of GPLs up to weight two are obtained
for all elements belonging in these families.

To further elaborate on this point let us analyse a rather simple case of a 3-point integral
sector with three off-shell legs, that appears in both Ny and N3 families. This sector comprises
two basis elements and the DE satisfied by those elements includes also two-point MI that are
known in closed form. For instance, in N, the 3-point integrals appear as basis elements number
10 and 11 (see the ancillary file). The element 10 at weight 2, g%), can straightforwardly be
obtained by integrating the and it is expressible in terms of GPLs in the form G(a, b; x)
where a, b are independent of x. On the contrary the element 11 at weight 2, gﬁ), is obtained by
construction of an ansatz. Let us mention that all elements in question, except those involving
the square roots {r5, 76}, namely element 73 in N, and 114 in N3, are known in terms of GPLs
up to weight 4 [82], [95], based though on different variants of the parametrization (8.1)). For
instance element 11 of N, is given as

g =8(26(0,—y) [G(1,9) -G 95 V) +2g (0,28, —G(1,y)log St
512 512 Sl2
545 ‘§45
4l G224 -250,1, 8.16
og(512> <512 y) ( y)) (8.16)

where the new parametrization of the external momenta is given by

q1 — D123 — YD12, Q2 — YD2, 43 —> —D1234, G4 — YP1 (8.17)

with the new momenta p;, ¢« = 1...5 satisfying as usual, 21 pi =0, pl =0, 7=1...5, with
Dij i =Di+ ...+ p] The set of mdependent invariants is given by {Si2, Sas, Ss4, 545, Ss1,y},
with S,] : (pl + pj) The explicit mapping between the two sets of invariants is given by

CZ% = (1 - y)(545 - 312y)7 S12 = 545(1 - y) + S123,% S23 = —Y (S‘12 - 534 + va51) )
$34 = Ss51Y, 845 = Y <523 — Si5 — 5%1) y S15 =Y (§34 — 512(1 — y)) - (8.18)

Notice that the result of (8.16]) is obtained through SDE approach in the parametrization of
(8.17). By identifying f_ =y and f, = y%i, which in terms of (8.2]) are given as

Sys + v (—Sa3 — S34 + 2551 + S1ox) £ 79

f= 2(S12 — S50+ Ss1) @

we can write the DE for this element in the simple and compact form

L = o= 10 - (s i)

The form of the DE makes the determination of the ansatz rather straightforward, with the
result

g1 = —8( —log(f-£) (91, /) = (1, £1)) +26(0.1, f-) = 26(0,1, f+))- (8.19)
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Concerning the other non-rationalisable square root in the family Ns, r5, it also appears
for the first time at weight 2 in the basis element 73 only (see the ancillary file), which is one
of the new integrals to be calculated. Following the same procedure as for the element 11,
namely writing the corresponding DE in a similar form, we find that the expression at weight

2 is similar to that of (8.19),
o = 1610 (/1) (61, £-) = 6(1, £)) = 32(G(0.1, ) =G0, 1. 1)) (8:20)

with
_ Sis (28190 — S34x + S51) + @ (523534 — S12593 + ©512551) £ 75

25,5 (S12 — S34 + S51)

Regarding family N3, there are two 3-point integral sectors with three off-shell legs that
involve square root r4, which is not rationalised in terms of x by , and consist of elements
12, 13 and 16, 17. Similarly to element 11 of family N5, elements 12 and 16 cannot be expressed
in terms of GPLs through a straightforward integration of their respective DE. However, we
can achieve a GPL representation for them at weight 2 similar to (8.19)), where now the f_, f,
functions involve the square root r4 instead of ro. Square root rg appears for the first time at
weight 2 in element 114 similarly to the way square root r5 appears in element 73 in the N,
family, allowing us to obtain an expression at weight 2 as in (8.20]), with the f_, f, functions
involving rg instead of rs.

Studying basis elements that are known in terms of GPLs up to weight 4, proved useful
in constructing an educated ansatz for the unknown integrals at weight 2. It would be very
interesting to further pursue this direction, with the aim to establish a systematic way to
construct representations in terms of GPLs for weights higher than 2. This will allow to
extend the SDE approach to cases where the letters L, in assume a general algebraic
form. Constructing analytic expressions in terms of GPLs beyond weight 2 by applying a more
general procedure following the ideas of [116], [117] is also possible, but it requires a significant
amount of resources and it might well result to a proliferation of GPLs. A more practical
and direct approach, introducing a one-dimensional integral representation will be presented in
detail in section [R.4

fx

8.3 Boundary terms

In this section we will describe the analytic computation of all necessary boundary terms in
terms of GPLs with rational functions of the underline kinematic invariants S;; up to weight 4.
We perform this task for all three non-planar families.

Our main approach is the one introduced in [82] and elaborated in detail in [60]. In general
we need to calculate the x — 0 limit of each pure basis element. At first we exploit the canonical
SDE at the limit x — 0 and define through it the resummation matrix

R = SePlel®)g! (8.21)

where the matrices S, D are obtained through the Jordan decomposition of the residue matrix
for the letter {; = 0, My,
M, = SDS™. (8.22)

Secondly, we can relate the elements of the pure basis to a set of MI G through IBP reduction,

g=TG. (8.23)
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Using the expansion by regions method [51] as implemented in the asy code which is shipped
along with FIESTA4 [58|, we can obtain the  — 0 limit of the MI in terms of which we express

the pure basis (8.23)),
G = Z xbj—i-ajeGl(bj‘*‘%ﬁ) (8.24)
J

where a; and b; are integers and G; are the individual members of the basis G of MI in (8.23).

This analysis allows us to construct the following relation

Rb = lim TG (8.25)

z—0 (9(930+‘1jf)

€

where the right-hand side implies that, apart from the terms x%¢ coming from (8.24), we
expand around z = 0, keeping only terms of order 2°. Equation allows us in principle to
determine all boundary constants b = Z?:o € b((f).

More specifically, in the case where D in is non-diagonal, we will get logarithmic
terms in z on the left-hand side of (8.27)), in the form 2%¢log(z). Since no such terms appear
on the right-hand side of , a set of linear relations between elements of the array b are
obtained by setting the coefficient of x%¢log(x) terms to zero. Furthermore, powers of x%¢
that appear only on the left-hand side can also yield linear relations among elements of b,
by setting their coefficients to zero. We shall call these two sets of relations pure, since they
are linear relations among elements of b with rational numbers as coefficients. These pure
relations account for the determination of a significant part of the two components of the
boundary array. Finally for the undetermined elements of b, several region-integrals ngj ae)
usually need to be calculated coming from .Their calculation is straightforwardly achieved
either by direct integration in Feynman-parameter space and then by using HypExp [55], |56|
to expand the resulting 5 F} hypergeometric functions, or in a very few cases, by Mellin-Barnes
techniques using the MB [96], [97], MBSums [98] and XSummer [99] package. The bg) terms,
with 7 indicating the corresponding weight, consist of Zeta functions ((i), logarithms and GPLs
of weight ¢ which have as arguments rational functions of the underline kinematic variables
{512, Sa3, S34, Sas, Ss1}-

This approach was efficient enough for the determination of all boundary terms for families
Nj and Ns. Specifically for family Vi, where a canonical SDE can be achieved , we can
write a solution in terms of GPLs up to weight 4 in the following compact form

g=cby) +e < > G.M,bY + bgU)
+é ( > GaMMbY + > G.M,bf + bff))
+é ( 3" GueMMMbDY + 3 GuMMb(” + 3 G, M, bl + b((f’))

+e ( 3" GureaMMMMgb” + 3 Gy MMM, b

+> " GaMMbY + Y G M,by + bg4>) (8.26)
were Gap. := G(la, Iy, . . . ; x) represent the GPLs. These results are presented in such a way that

each coefficient of ¢ has transcendental weight 4. If we assign weight —1 to ¢, then (8.26]) has
uniform weight zero.

IThe in-house Mathematica package Gsuite, that automatically process the MBSums output through XSummer
is used.
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For family Ns, eq. (8.25]) resulted in a proliferation of region-integrals, more than 200, that
one would have to calculate in order to obtain boundary terms for several higher-sector basis
elements. More specifically, in order to obtain the following boundary terms

{bl()l; b1037 b1047 blOGa b113> bll?a b1187 b1247 b1257 b126> 61307 b1317 61327 b133} (827)

one would have to calculate 208 region-integrals, with 17 of them having seven Feynman param-
eters to be integrated, making their direct integration highly non-trivial. For all basis elements
apart from (8.27) we were able to obtain boundary terms through (8.25).

To reduce the number of region-integrals for the computation of we have investigated
a different approach. The idea is rather simple and straightforward. The pure basis elements
can be written in general as follows:

/2 5 —d)2 o
(X0 17T
[l D
€S

(8.28)

where D;, ¢ = 1...11, represent the inverse scalar propagators, S the set of indices corresponding
to a given sector, S;;, « the kinematic invariants, P is a polynomial, a; are positive integers and
C a factor depending on S;;, x. This form is usually decomposed in terms of FI, F;,

9=C> ¢i({Sy a}hF

with ¢; being polynomials in S;;,z. The limit = 0, is then obtained, after IBP reduction,
through Feynman parameter representation of the individual MI, as described in the previous
paragraphs. An alternative approach, would be to build-up the Feynman parameter represen-
tation for the whole basis element, by considering the integral in as a tensor integral and
making use of the formulae from the references [118], [119], to bring it in its Feynman parameter
representation. Then, by using the expansion by regions approach [51], [58|, we determine the
regionsﬂ in the limit * = 0. Rescaling the Feynman parameters by appropriate powers of x,
keeping the leading power in z, we then obtain the final result that can be written as follows:

b= ZN,/ I de:Uf FpmL,
I

i€ST

where [ runs over the set of contributing regions, U; and F7 are the limits of the usual Symanzik
polynomials, II; is a polynomial in the Feynman parameters, x;, and the kinematic invariants
Sij, and Sy the subset of surviving Feynman parameters in the limit. In this way a significant
reduction of the number of regions to be calculated is achieved. Notice that in contrast to the
approach described in the previous paragraphs, only the regions 72 and z~%¢ contribute to
the final result. Moreover, this approach overpasses the need for an IBP reduction of the basis
elements in terms of MI.

8.4 Integral representation

After obtaining all boundary terms in section and constructing analytic expressions for
families N, and N3 up to O(€?) in terms of GPLs up to weight two, we will now introduce an
one-fold integral representation for O(e®) and O(e*). This representation will allow us to obtain
numerical results through direct numerical integration [78|, [120].

20nly the corresponding scalar integral of (8.28)) determines the regions.
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Weight 3: The differential equation (8.15]) can be written in the form:
o9y =3 (Oslog La) > ci,9% (8.29)
a J

where a runs over the set of contributing letters, I, J run over the set of basis elements, c}; are

Q—number coefficients read off from the matrices M, and g§2) are the basis elements at weight
2, known in terms of GPLs. Since the lower limit of integration corresponds to x = 0, we need
to subtract the appropriate term so that the integral is explicitly finite. This is achieved as
follows:

= Z % Z c‘bg% + <Z (8 log L, Z cIJg(Q) Z % Z C‘}JQ%) (8.30)
a J a a J

where g% are obtained by expanding g§2) around z = 0 and keeping terms up to order

(’)(log(x)Q), and [, € Q are defined through

0y log L, = % + (9(3:0). (8.31)

The DE (8.30)) can now be integrated from = = 0 to z = Z, and the result is given by

49 = g8 4 /de (Z(axlogLa)ZcUgJ Z Z IJgJ()) (8.32)

a

with bg?’) being the boundary terms at O(e?) and

9532;:/ dz Z Z LJgJO

with the subscript G, indicating that the integral is represented in terms of GPLs (see ancillary
file), following the convention

(8.33)

g

r 1
/dx—g 0,.0,2]1=6G10,..0;z | . (8.34)
x N~ ~—~—

0 n n+1

Weight 4: At weight 4, the differential equation (8.15)) can be written in the form:

9.0y =3 (O:log La) Y i) (8.35)
J

a

which after doubly-subtracting, in order to obtain integrals that are explicitly finite as in (8.30)),
is written as

9,9 Za (log Ly — LL, );C?JQ(JP’)ﬂLZaw(LL“);C” 3 (3) +Z Z €rs9 Jo

(8.36)
where LL, are obtained by expanding log(L,) around x = 0 and keeping terms up to order
O(log(x)), and

g0 =grg+b. (8.37)



Now, by integrating by parts and using (8.30|) we can write the final result as follows:
o <oy (Dot et ) - (S 00 3
a J a J
v l
_ / de Y (log Lo — LL) Y by S 2" gl
0 a J b K
T " lb
- / dz) logL, » cf, (Z (O:log L) Y egid = > ” > chggg}o> (8.38)
0 a J b K

b K

with a,b running over the set of contributing letters, I, J, K running over the set of basis
elements, b(14) being the boundary terms at O(e*) and

v l
4 a a 3
o= [ ae (ST i)

(8.39)
a J

g

where the subscript G indicates that the integral is represented in terms of GPLs (see ancillary

file), following (8.34)).

Implementation: We have implemented the final formulae and in a Mathe-
matica notebook included in the ancillary file. We use NIntegrate to perform the one-
dimensional integrals appearing in the and (8.38)), after expressing all weight-2 func-
tions in terms of classical polylogarithms following reference [121]. For the evaluation of
the terms expressed as GPLs, and (8.39), we use GiNaC [71], [89] as implemented in
PolyLogTools [66]. We have checked against basis elements known in terms of GPLs up to
weight 4, that with this setup, we can obtain numerical results with 32 digit-precision. For
kinematic configurations where there are no singularities in the domain of integration (0, ),
we have checked the new basis elements against numerical results provided by the authors of
reference |109] and found full agreement. For kinematic configurations with singularities in the
domain of integration, we use the standard ie—prescription and obtain again full agreement.
The performance of this simple implementation is quite encouraging: in all cases a few hundreds
of evaluations of the integrand are enough to achieve the 32 digit-precision. Notice that the
integrand expressions involve logarithms and classical polylogarithms Liy, that are evaluated
using very little CPU time, even within our simple Mathematica setup without any optimisa-
tion. We plan to address an optimised implementation, in line with references [79|, [112], in a
forthcoming publication.

8.5 Conclusions

The frontier of precision calculations at NNLO currently concerns 2 — 3 scattering process
involving massless propagators and one massive external particle. At the level of FI, all planar
two-loop MI have been recently computed through the solution of canonical DE both numer-
ically [80], via generalised power series expansions, and analytically in terms of GPLs up to
weight 4 [82], using the SDE approach [38]. More recently, results in terms of Chen iterated
integrals were presented and implemented in the so-called pentagon functions [112].
Concerning the two-loop non-planar topologies, these can be classified into the three so-
called hexabox topologies and two so-called double-pentagons, see figure One of the hex-
abox topologies, denoted as N; in figure [8.1] was calculated numerically a few years ago using
an approach which introduces a Feynman parameter and uses analytic results for the sub-
topologies that are involved [70]. More recently, pure bases for the three hexabox topologies
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satisfying DE in dlog form were presented in reference [109] and solved numerically using the
same methods as in [80].

In this chapter we addressed the calculation of the three two-loop hexabox topologies,
Ny, Ny, Nj in figure 8.1 using the SDE approach. For the N; family results up to weight
4 in terms of GPLs are obtained. For the N, and N3 families we have established an one-
dimensional integral representation involving up to weight-2 GPLs. This allows to extend the
scope of the SDE approach when non-factorisable square roots appear in the alphabet. We have
also introduced a new approach to compute the boundary terms directly for the basis elements,
that significantly reduces the complexity of the problem. With these new developments, we
hope to complete the full set of five-point one-mass two-loop MI families in the near future and
provide a solid implementation for their numerical evaluation.
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Chapter 9

Multiscale pentagon integrals involving
internal masses

We study several multiscale one-loop five-point families of Feynman integrals. More specifically,
we employ the SDE approach to obtain results in terms of GPLs of up to transcendental weight
four for families with two and three massive external legs and massless propagators, as well as
with one massive internal line and up to two massive external legs. This is the first time this
computational approach is applied to cases involving internal masses. This chapter is based on
original research which first appeared in [122].

9.1 Introduction

In recent years the field of precision calculations in collider physics has emerged as a vibrant
and fruitful line of research in our attempt to understand Nature at its most fundamental
level [6]. The basic principle of this research endeavour is to have very precise experimental
measurements of cross sections for Standard Model scattering processes compared against theo-
retical predictions of equally high precision and search for any deviations between them. Should
any such deviations be established, their analysis and physical explanation would require New
Physics, giving us an idea of what lies beyond the Standard Model.

The ever increasing demand for highly precise theoretical predictions for scattering processes
relevant to LHC searches poses a challenge in our ability to perform higher order calculations in
perturbative Quantum Field Theory [90]. Multiloop scattering amplitudes play a fundamental
role in such calculations, encoding within their mathematical structure key information con-
cerning the nature of particle interactions. One major aspect of the calculation of multiloop
scattering amplitudes is the calculation of the relevant Feynman diagrams that are involved,
which can be associated through the corresponding Feynman rules to the so-called Feynman
integrals. In the following we will use the notion of diagrams and integrals interchangeably.

The standard approach for the calculation of these integrals involves obtaining a complete
set of MI through the use of Integration-By-Part identities |26], constructing a pure basis of MI
[40] and then deriving and solving differential equations in canonical form [42]. This approach
has yielded numerous results [123], in part due to the fact that we have a solid understanding
of the special class of functions, known as multiple or GPLs [44|-47], in terms of which many
Feynman integrals can be expressed. In more complicated cases however, this class of functions
is not enough and important steps have been made in getting a better understanding of a more
general class of functions, Elliptic integrals [124]-[130], which appear in solutions of multiloop
Feynman integrals with many scales, especially when several internal masses are introduced.

When considering multiloop Feynman integrals involving many external particles, the cur-
rent frontier lies at two-loop five-point integrals with up to one off-shell leg and massless internal
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lines. For the fully massless case, all MI are by now known up to transcendental weight four
[78], [81], [85], [93], [131]-|133] and their solutions have been implemented in a fast C++ library
known as pentagon functions |[79]. When one of the external particles is considered off-shell,
the planar topologies have been recently solved using two different computational approaches
for the solution of canonical differential equations, numerically [80] and analytically [82]. The
numerical calculation was performed using a generalised power-series method [110], [111], while
the analytical solution was achieved through the use of the SDE approach [38|, with the results
given in terms of GPLs of up to transcendental weight four. These results are relevant to many
2 — 3 scattering processes studied experimentally at the LHC, e.g. W + 2 jets production.
For the computation of the relevant scattering amplitudes, one-loop five-point Feynman inte-
grals with one off-shell leg also have to be known up to transcendental weight four [72|. These
results were recently used for the calculation of two-loop QCD corrections to Wbb production
[84]. First results for one of the non-planar topologies have also appeared using a numerical
approach |70]. More recently the three hexabox topologies were calculated in [109] using the
same approach as in [80].

While staying at the level of five-point Feynman integrals, at some point we will have
to introduce internal masses and consider more than one massive external particle. Judging
from the level of complexity of the so far accumulated results, these Feynman integrals are
expected to be highly non-trivial to be solved using current approaches, especially the genuine
two-loop ones. To that end, we believe that it is instructive to consider first the relevant
one-loop five-point Feynman integrals with more than one off-shell leg and/or with internal
masses. The interest of these Feynman integrals is twofold. From a more formal point of view,
it is interesting to see what kind of functions appear as solutions of the relevant canonical
differential equations and study their structure. This will give us a glimpse of the minimum
mathematical complexities and difficulties we should expect when we consider their two-loop
counterparts. From a phenomenological standpoint, these one-loop integrals will be required
for the computation of two-loop corrections for 2 — 3 scattering processes involving more than
one massive external particle and/or internal massive particles.

In line with the arguments presented above, we consider in this chapter the analytical
calculation of several multiscale one-loop five-point Feynman integrals. More specifically, we
present analytical results in terms of GPLs of up to transcendental weight four for families
with two and three off-shell legs and massless internal lines, as well as for families with one
massive propagator and up to two external massive particles. Our calculation is based on the
SDE approach [38] which introduces an external dimensionless parameter = in such a way that
captures the off-shellness of one massive leg. The system of canonical differential equations
is constructed by differentiating a pure basis of MI in terms of x, regardless of the number
of scales involved in the problem. One special feature of this approach is that by taking the
limit of z — 1 [81] for a family with n massive legs, we can obtain the result for a family
with n — 1 massive legs in an algorithmic way [60]. In Figure we present the families of
Feynman integrals computed through the solution of SDE in canonical form, while in Figure
9.2] we present the families of integrals computed through the x — 1 limit.

The rest of our chapter is structured as follows: in section we introduce basic notation
and the kinematic configuration for each of the studied families of Feynman integrals, in section
[9.3] we construct pure bases and derive and solve SDE in canonical form for all integral families
depicted in Figure (9.1 we present some of the resulting alphabets in z and study their structure,
and solve all integral families depicted in Figure through the z — 1 limit in terms of GPLs
of up to transcendental weight four. In section we provide an analysis of our results, as
well as numerical checks for Euclidean points and in section [9.6| we summarise our findings and
discuss their key features. To the best of our knowledge these families have never before been
considered in the literature, thus their solution constitutes an original contribution. This is
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Figure 9.1: Top-sector diagrams for families computed with the SDE approach. All external
particles are incoming. Bold external (internal) lines represent massive particles.

4 4
5 3 5 3
2 2
(a) D (b) F

Figure 9.2: Top-sector diagrams for families computed through the x — 1 limit. All external
particles are incoming. Bold external (internal) lines represent massive particles.

also the first time that a calculation with the SDE approach involving MI with internal masses
is reported. Along with this chapter we provide all of our results in ancillary files. Explicit
weight-three expressions for the top-sector basis elements of families C' and H are given in

appendix [9.5]

9.2 Notation and kinematics

The integral families are defined through the following parametrization,

ddkfl eVE
Ga1a2a3a4a5 - / ir(d/2) D?lpgngsp?pgsv d=4—2¢ (9-1)

with

D, = (kl)z — N mQ, Dy = (k1 + Q1)2, D3y = (k1 + ¢ + Q2)2
Dy=ki+q+a@+qg) —nm’ Ds=(ki+aq+q@+q+qu) (9.2)

For the families C', D and E we have ny = ny = 0, for the families /' and G n; = 0,n4 = 1 and
finally for the family H n; = 1,n4 = 0. The kinematics for the families depicted in Figure 9.1
is as follows,

83



o CEH: 37 q;=0, 7 =0,i=1,2,4, ¢3 =m}, ¢ = m3
© B Y0 a=0,¢=0,i=24 ¢ =miq} = mi gl = m}
e G: Y0 i=0,2=0,i=1,2,4,5 ¢ =m3.

We introduce the following x—parametrizationﬂ

¢1 = TP1, ¢2 = TP2, g3 = P123 — TP12, G4 = Pa, 5 = —P1234- (9.3)
The kinematics in this underline momentum parametrization is
o C&H: Y0 pi=0,p2=0,i=1,234, p? = m?
o B: 30 pi=0,p2=0,i=234,p}=m} p2=m}
e G: Y pi=0,p?=0,i=1,234,5.

Introducing (9.3) results in a mapping between the kinematic invariants in the original momen-

tum parametrization, ¢;, and the underline momentum parametrization {z, p;} for each of the
families C, F, G, HE|

C&H mg = (2 — 1) (S127 — Sus5) , S12 = S127%, 893 = Sa3x — Sys5 + Sys
s34 = mi(—x) +mZ + x (Si2(x — 1) + Sa4) , 45 = Sas, 515 = mz(—x) + mi + Si5x
E : s19 = 81922, 593 = (m%(:ﬁ -1+ 523) — SusT + Sus,
s34 = m2(—x) +m2 4+ (Spa(x — 1) + Ss4) , 545 = Sus,
si5 = (m}(z — 1) 4+ Si5) + mé(—x) +m2,m; = mjz*,m3 = (v — 1) (Si2x — Si5)
G : 519 = S127%, S93 = So3x — Sy5T + Sus, 834 = T (S12(z — 1) + S34) , S45 = Sas,
s15 = Sz, m; = (v — 1) (S120 — Sys) . (9.4)

For the families depicted in Figuretheir definition through & is obtained by taking
and setting x = 1, and their kinematic configuration is effectively the one produced by
the underline momentum parametrization of the families through which we will calculate them
with the z — 1 limit, therefore we have

o D (l’-) 1 OfE)Z Z?:lpi:o’ p?:07i2273747 p%:m%7p§:m§

e Fz—=10fG): Y0 pi=0p?=0,i=1,234,5.

9.3 Differential equations and pure solutions

In this section we will describe the analytical calculation of the integral families considered in
this chapter. We will construct pure bases for the families C, E/, G, H and use the SDE approach
[38] to compute them in terms of GPLs. We will show how to obtain boundary terms [60], [82]
for these canonical differential equations and present explicit results up to transcendental weight
four. A discussion on the structure of the alphabets in x for families C' and H is also provided,
along with their explicit expressions.

We will also show how by taking the x — 1 limit of the analytic solution of families £
and (G, one can obtain in an algorithmic way analytic results in terms of GPLs for the families
D and F respectively. Additionally, this procedure will allow us to obtain pure bases for the

'We use the abbreviations Dij = pi +p;j and pijx = p; + pj + pr and similarly for ¢ later.
2We use the abbreviations 845 = qu, Sij = p%j.
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families D and F' in a straightforward manner [60]. The results presented here for these last
two families are up to transcendental weight four as well.

It is important to note that introducing one internal mass does not appear to have any effect
on the efficiency of the methods that have been developed for the determination of boundary
terms, as well as taking the x — 1 limit within the SDE approach.

9.3.1 Families C,E,G, H

Constructing pure bases for the families C, F, G, H is by now a trivial exercise. Following the
reasoning of [80], [85], the top sector basis element at the integrand level is of the form

7311111 ~

\/A_5 Glllll (95)

where P;1111 is the Baikov polynomial corresponding to the top sector integral G11111 for each
family, G11111 is the top sector integrand of each family and A; = det]g; - ¢;] is the Gram deter-
minant of the external momenta. The remaining pure basis elements can be constructed through
the study of the leading singularities of their corresponding diagrams [40|. Using Azurite 30|
and KIRA2 [29]| we identify 15, 18, 16 and 18 MI for the families C, E, G, H respectively.

When considering five-point scattering, a number of square roots of the kinematic invariants
enter the differential equations of the corresponding pure bases. These square roots originate
from leading singularities of triangles with three massive leg{’| which are represented by square
roots of the Kéllen function \(z,y, 2) = 22 — 22y — 222 + y* — 2yz + 2? and from square roots
of the Gram determinants of the five-point external momenta. The existence of these square
roots poses a challenge if one wishes to solve the differential equations analytically in terms of
GPLs.

For the families considered in this subsection the following square roots appear:

62

r1 = 1/ A(s12, M2, S45) (9.6)
ro = £/ A(812, $34, m2) (9.7)
r3 =/ A(mi, s23, 545) (9.8)
ry = /A2, m2, s15) (9.9)
rs = \JAY = /af (9.10)
re = \/A»fg (9.11)
rr = \JAG. (9.12)

We should note at this point that not all square roots appear in every family at the same time.
More specifically, in families C' and H we encounter r1, 7o, 75, in family E 7,1y, 73,74, 76 and in
family G rq, r;.

If one tries to compute these families using the standard differential equations approach, i.e.
by differentiating with respect to all kinematic invariants, then the algebraic structure of the
alphabet (i.e. the square roots appearing as letters) of the canonical differential equation for
each family prohibits a straightforward solution in terms of GPLs. In order to achieve a result

3For all integral families considered in this chapter the most complicated triangle Feynman integrals are the
ones with fully massive legs and one massive propagator. This one internal mass however has no effect in the
calculation of the leading singularity of the corresponding integral.
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in such a form we need to find a way to deal with these square roots. Several ideas have been
put forward recently that are able to circumvent this problem and provide solutions in terms of
GPLs [116], |134]-|136] for specific cases, however a universal method to treat the problem of
square roots appearing in the alphabet of canonical differential equations for multiscale families
of Feynman integrals is still missing.

It turns out that for the families C, E, G, H the z-parametrization introduced in and
the resulting mapping of the kinematic invariants rationalises all square roots with respect
to x. This allows us to obtain a canonical differential equation in x for each of the four families

considered in this subsection,
!
max M
0,8 = i 9.13
g=¢ (Z — h) g (9.13)

=1

where g is the pure basis for each family, M, are the residue matrices corresponding to each
letter [; and [, is the length of the alphabetﬂ The kinematic dependence is entirely contained
within the letters [;, leaving the residue matrices M; to be solely constructed by rational
numbers. The length of the alphabet for each of the four families considered in this subsection
is 1€ =14, 1E =19, 19 =22 [4 = 30. The explicit form of the alphabet for each
of the four families is provided in the ancillary files that accompany this chapter. In the next
subsection we will study more closely some of these alphabets.

In order to solve (9.13) we need to provide boundary terms. We will follow closely the
computational framework developed in [60], [82] for the determination of the relevant boundary
terms. We start with the residue matrix corresponding to the letter {0}, M; and through its

Jordan Decomposition we rewrite it as follows,
M, = SDS™.. (9.14)
Then we define the resummation matriz R as follows
R = SePlsl@g-1, (9.15)
The next step is to use IBP identities to write the pure basis g in the following form
g =TG. (9.16)

The list of Feynman integrals G is also provided in electronic form. Furthermore, using the
expansion-by-regions method [51] implemented in the asy code which is shipped along with
FIESTA4 58|, we can obtain information for the asymptotic behaviour of the Feynman integrals
in terms of which we express the pure basis of MI in the limit x — 0,

G =" ghitaseGbitad (9.17)
J

where a; and b; are integers and G; are the individual members of the basis G of Feynman
integrals in (9.16)). As explained in [82], we can construct the relation

Rb = lim TG (9.18)

20 O (20+%)

where b = >"" eib(()i) are the boundary terms that we need to compute. The right-hand-side
of (9.18) implies that, apart from the terms z*¢ coming from ({9.17]), we expand around x = 0,
keeping only terms of order z°.

4Note here that we are following the notation of |60|, [72], |82] when talking about the letters of the alphabet.
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Equation (9.18) allows us to fix all the necessary boundary terms without the need of
any further computation for the families C| ', H while for family G' a few regions had to be
computed. Similarly to [72], the resulting boundary terms for all of the four families considered
in this subsection are in closed form, including some 5 F; Hypergeometric functions which can be
easily expanded to arbitrary powers of the dimensional regulator using HypExp [56]. Therefore
we are able to trivially obtain solutions of for the families C, F, G, H in terms of GPLs
of arbitrary weight.

In this chapter we present explicit results for the families C, E, G, H in terms of GPLs of
up to transcendental weight four, which can be written in the following compact form,

g = e’bV (Z G.M,b\” + b“))
2 ( > GuMMbY” + 3 G.M,b{ + bg2>>

e ( > GueMMMbDY + > GyM M + 3 G, M, b + bEf”)
e{Z%memwm@+Zgwmmmw>

+ Z gabMaMbb(()Q) + Z gaMabé?)) + b(()4)) (919)

were Gup. = G(la,lp, .. .;x) represent the GPLs. The b((f) terms, with ¢ indicating the corre-
sponding weight, consist of Zeta functions ((i), logarithms and GPLs of weight ¢ which have
as arguments rational functions of the underline kinematic variables ;.

Our results are presented in such a way that each coefficient of €* has transcendental weight
k. If we assign weight —1 to €, then has uniform weight zero. The closed-form expressions
of the boundary terms trivialise the extension of to higher transcendental weights (or
higher orders in €).

9.3.2 The alphabet in x

It is instructive to have a closer look at the alphabets for some of these families and see what
lessons can be learned. We will study the alphabets of families C' and H. We choose these
families because they have the same external kinematics but differ on the fact that family H
has one internal mass. Thus it is interesting to see how the introduction of an internal mass
effects the alphabet. The conclusions drawn from the study of these families’ alphabets are
similar to what can be learned from the alphabets of the rest of the families considered in this
chapter.

Family C
The alphabet for this family is

2

mg St + Sas S12 + 515 — S34
—— = [

M-St T T sn T T B

—/A +m5+512—534l VA +m5+512—534l _ m2 — Sy;
2512 T 2512 e m2 — Si5 + Sag — Sus’

m2 — Sys Sus Sus m2S12 — S45S12 + S34545
lg — 5 lio — P G N ’
? @—@—%1°Sm” Sus — Sa3’ m2Sis — S12Sus

ll—>0712—>1713—>

16—>

87



VA, — 2m2S12 — mESas + S15512 — S23512 + 2545512 + S23534 + S15545 — S34545

2512 (mZ — S5 + Sag — Sus) ’
VA, + 2m2Siz + m2Sas — S15512 + S23S12 — 2545512 — S93534 — S15545 + 534545
2512 (m} — S5 + So3 — Sus)

l13—>—

ll4

(9.20)

We notice that two square roots appear, /A1, /Ao, where Ay, Ay are given by the following
expressions

Al = — ng (512 + 534) (m5) (Slg — 534) 5 (921)
Ay = (mgst — 34893 + (S34 — S1s) 545) + 57, (S15 — Sa3) 2
+ 251, (m§523 (S15 — So3 — 2534) — Su5ST5 + 523954515 + (S23 + Ss4) Su5.515
+ 553534 (S45 — Sas) ). (9.22)
These square roots are directly associated with ro and r5 respectively. We would expect a third
square root to appear, namely 71, as mentioned in the previous subsection. However, after
introducing the z-parametrization (9.3), 1 is rational in all variables. More specifically, if we
express these square roots using the first set of relations from (9.4)), we get
r1=(S12 — Su5) @ (9.23)
9 =/ Al T (924)
=/ Ay 2°. (9.25)
The structure of this alphabet is similar in terms of its complexity with the alphabet for the

one-mass pentagon studied in . The difference of course is the presence of an additional
square root of the underline kinematic variables S;; in the present case.

Family H
The alphabet for this family is

m2 \/ \/ 2 512 + 523

l1—>0,l2—>1,l3—>—l4—> ZG—)

Sia’ NES \/51 Sz
m2 + S12 — Sz + VA m2<m§+512—534— VAl)
_)

mg +512 — 834 —V Al

{ [
[ 251 8 251 /b 2m25 ’
, m2 <m§ + S1g — S34 + V/ A1> l m2 , m2 — Sys [ m2
10 — 2m§512 y 11 — ——523 S, 12 — mg = St — S5 13 — 5—457
N Sas s — — Sas L — —S19m? — 812545 + V Az lir — _512m2 + 512545 + V A2
Sz’ Soz — S5’ 2515 (S23 — Sas) ’ 2512 (S23 — Sas) ’
—m2m? + Ssym? + Sysm?* — m2S1a + S12545 — 534545 + V A?,
118 — = 2 )
2512 (m5 - 545)
I m — Sgym? — Syzm?* + m5512 — S12845 + 534545 + V
19 —
2512 (m5 — 845)
m? m2 m2 — Sys S12 4+ S15 — Saa
{ _ —2 ] 2 [
20—>m2—515 21_>m5—515 2 %—515+S23—S45’23_> Si2 ’
I m (m5 — 545) 512m2 + m%Slg -V A4
24 —7

)l —> )
(m§ - 515 + 523 - 545) m? — m§5’23 + 515545 » 2519 (m% - 515)
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Siam? + mﬁSm + vV A4

l )
% 2512 (m% — Sl5>
) —S19815m? + m2Saym? 4 S12S93m? — Sa3Ss4m? — S15S15m? + SsuSism? + VA
27 —7

2512 (M2Sa3 — S15545)
I S19S15m* — mZSagm? — S12S03m? 4 Sp3S54m? 4 S15S45m? — S54Si5m? + \/
28 7 —

2515 (m2Ss3 — S15S545)

I 2m5512 — S15512 + 523512 — 2545512 + m5523 — 523534 — S15545 + 534545 + \/
2 2515 (m} — S15 + Sa3 — Sis)
- —2m2S12 + S15512 — S35t 4 2545512 — mESaz + S93534 + 515545 — S34545 + VA
30 = —

2542 (m5 — S15 + Sa3 — Sys)
(9.26)

The first remark that we can make for this alphabet is that we have six square roots in the

underline kinematic variables S;;, namely Ai, i = 1,...6. The explicit expressions for the
arguments of these square roots are as follows,

Ay = —2m2 (S1a + Ss4) + mt + (S1z — S34) 2, (9.27)
AQ :5’12 (m45'12 + 4777,2523 (Slg + 523) — 2m2 <512 =+ 2523) 845 + 512525) s (928)

Ag :m4 (—mg + 534 + 545) 2 + (mgSlg -+ (534 — Slg) 545) 2
+ 2m?(m3 (—S12) (M2 + Ssa) +m2 (2512 + Ss34) Sas — (S12 + S34) Sis

+ (S12 — S34)S34545) (9.29)
A4 2512 (m45'12 — Qm?)mz (512 =+ 2515 — 2534) + 4m2515 (5’12 + 515 — 534) + méSlg) s (930)
A5 :m4 AG) (931)

Ag = (M2Sa3 — 523934 + (S34 — Si5) Sa5) * + Sty (S15 — So3)
+ 2512 (m§523 (S15 — Saz — 2534) + S15523534 — Si5Su5 + S1s (Sa3 + Ss4) Sas
+ S53534 (S45 — Sas) ). (9.32)

In comparison with (9.20]), we see the same two square roots associated with the leading singu-
larities of the massive three-point functions, ro and with the Gram determinant of the external
momenta, 5, namely

ro=VArz=1/Az (9.33)
rs =v/As2? = \/ Ag 2. (9.34)

We have however four more square roots, v/ AQ, vV Ag, V4 A4, vV A5, which involve the internal
mass m?, and are not directly associated with any leading singularities of any diagram from
this family. We see therefore that the introduction of an internal mass has a major impact on

the complexity of the resulting alphabet.

Final remarks and comparison with other methods

We have seen that introducing an internal mass can significantly increase the complexity of
the algebraic structure of an alphabet. It would be interesting to find an explanation for
the appearance of the additional square roots in ((9.26) which are not directly associated with
a leading singularity. Normally, one would expect that the square roots that appear in the
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alphabet also appear in the definition of the pure basis elements, although in the case of family
H the extra square roots do not appear in the pure basis definition.

On a more general note, whenever the SDE approach has been applied in conjunction with
a pure basis [60], [72], [82], we have observed a reduction in the number of letters that appear
when compared with the alphabets that arise through the usual method of differential equations,
i.e. when one differentiates with respect to all kinematic invariants. It would be interesting to
see the structure of the alphabets for the families studied here when one uses the usual method
of differential equations and whether this feature of alphabets in x with fewer letters still holds.

9.3.3 Families D, I

For these families we will obtain analytic expressions through the results of the families £ and
G. We will follow the procedure of taking the x — 1 limit of our solution for a family with n
massive legs to obtain a pure basis and analytic solution of a family with n — 1 massive legs,
as described in detail in [60].

For families E and G we exploit the shuffle properties of GPLs to write their solution (9.19)
as an expansion in terms of log(1 — ) as follows

g:Ze Zﬁcf ) log (1—2) (9.35)

n>0 =0

with all cgn) being finite in the limit  — 1. The next step is to define the regular part of ((9.35))

atrxr =1
8reg = D "l (9.36)

n>0

and after setting x = 1 explicitly in (9.36]) we may define the truncated part of (9.35)),

Strune = greg(x = 1) (937)

Having done that, we utilise the residue matrix that corresponds to the letter {1}, My, and
define the resummation matriz R as follows

~—1

R = SePls(1-2)g (9.38)

were g, D are constructed through the Jordan decomposition of My, i.e. My = éf)g_l. The
resummation matric R has terms of (1 — x)%¢ with a; being the eigenvalues of M. After

setting all terms (1 — x)%€ equal to zero, we define the purely numerical matrix Ry. Obtaining
the x — 1 limit of (9.19) amounts to acting with Rg on (9.37))

g1 — f{'ogtrunc' (939)

Up to now we have calculated the x — 1 limit for families £ and G. This operation not
only yields the result for a given family of MI with n massive legs at a special limit, but also
allows us to obtain results for an independent family of MI with n — 1 massive legs. In the case
of family F for example, taking the x — 1 limit makes g3 to become massless through ,
thus yielding the kinematics for family D. However, having the x — 1 limit of F means that
we have explicit solutions for the 18 pure basis elements of that family, whereas family D has
16 basis elements. This means that out of the 18 basis elements of family F at this limit, we
need to find the 16 of them that form the pure basis and result for family D, i.e. at x — 1
only 16 of the 18 basis elements of family £ should remain linearly independent. The same
reasoning holds for family G’ which has 16 basis elements while family F' has 15.
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In order to find the pure bases for families D and F' we can either use Integration-By-Part
identities to do the reduction or follow the approach described in [60]. We shall use the latter
method in the following.

In all cases that we have considered so far, Ry is always an idempotent matrix which means
that, among others, it has the following very useful property

R, = Ry. (9.40)

Acting with R on (9.39) and using (9.40) yields the following relation

~ 2
RO el = RO Btrunc

= Rogtrunc

This relation, solved as an equation for each row, produces relations that allow us to determine
the linearly independent basis elements for families D and F'. Therefore, applying (9.41)) to the
pure basis of E and G yields in an algorithmic way the pure bases for families D and F.

9.3.4 On the choice of integral families

The basic rule for choosing which five-point family to consider is to have the one-mass result
[72] as a starting point and add masses, with the condition that their SDE in canonical form
have alphabets rational in x, when one uses parametrization . If the resulting alphabet is
not rational in x, then calculating the integral family through the x — 1 limit of another is
considered. The exception to the above rule is the five-point family with one internal mass and
massless external legs, which in the framework of the SDE can only be calculated through the
x — 1 limit of its corresponding one-mass family.

More specifically, if one tries to calculate family D using and deriving differential
equations in x, then the resulting alphabet is not rational in . Nevertheless, family D can be
expressed in terms of GPLs through the x — 1 limit of family E. Apart from family F there
is another family with massless propagators and three massive legs, the one which all three
masses are adjacent. However, the alphabet of this family is not rational in x, if one uses
to parametrize it.

Introducing an internal mass allows for many more families to be considered. Apart from
the ones presented in this chapter, a family with one internal mass and three massive legs
(i.e. take family H and regard ¢; as massive) was considered, however its alphabet in z is not
rational using .

If the families with non-rational alphabets in x can be rationalised using a parametrization
other than remains an open question.

9.4 Validation

For all families computed in this chapter we have made heavy use of the Mathematica package
PolyLogTools [66] for the manipulation of the resulting GPLs. As shown in , we provide
explicit results up to order O(e?). In Table we provide an analysis of our results for each
family, regarding the number of GPLs that appear in each transcendental weight, where the
weight is counted as the number of [; indices of G(l,, Iy, . ..;z). These numbers are obtained by
gathering all GPLs that appear up to order O(e*) in each integral family, and distinguishing
them according to their corresponding weight. For comparison, we perform the same task for
the top-sector basis element of each family.
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A common feature of our results is that our solutions are dominated by the number of
weight-four polylogarithmic functions. Due to the universally transcendental feature of our
solutions, the O(€*) part is expected to be the most cumbersome to calculate numerically, since
weight-four GPLs take longer to calculate than lower-weight ones. To avoid any misconceptions,
it should be noted that each top-sector basis element starts from O(€®), despite containing
lower-weight polylogarithms.

In section we present explicit formulas for the weight-three part of the pure top-sector
basis elements of families C' and H in order to give an idea of the structure and length of the
resulting expressions, as well as the way the letters of the alphabets studied in subsection [9.3.2]
are introduced in the relevant solutions.

Family | W=1 | W—-2 W=3 W—1 Total
C | 9(0) | 54 (16) | 204 (106) | 605 (272) | 872 (394)
E | 13(0) | 87 (24) | 349 (172) | 1033 (432) | 1482 (628)
G |21 (4) | 163 (50) | 878 (329) | 2160 (884) | 3222 (1267)
H |19 (0) | 195 (42) | 1527 (616) | 5914 (2732) | 7655 (3390)
D | 11(0) | 83 (24) | 393 (192) | 1445 (656) | 1932 (872)
F [ 19 (4) | 151 (50) | 872 (349) | 2356 (1042) | 3398 (1445)

Table 9.1: Number of GPLs entering the solution. Results for the respective top-sector basis
elements are in parenthesis.

Regarding the validation of our results, we have performed numerical checks of our solution
for each family against pySecDec [57| for Euclidean points. All GPLs have been computed
numerically using the Ginsh command of PolyLogTools [66], as well as handyG [108|, which
is a Fortran implementation of the algorithms developed in [71]. For all checks that we have
performed we have found perfect agreement. In Table we also provide numerical results
and timing for the top-sector basis element for each corresponding family. We include timings
using handyG since we found that it is in general faster, although it is restrictive in its precision
compared to PolyLogTools.

Top-Sector | Time (sec) Result
C 0.146897 —0.314547¢* — 0.120811¢€*
E 0.248436 | —0.0332408¢* — 0.0215131¢3
G 0.475048 —0.439003¢* — 0.130267¢*
H 1.89365 —0.0165223¢* — 0.0192393¢*
D 2.15734 —0.127286¢€* — 0.162439¢°
F 0.730996 —0.528266¢* — 0.33331¢

Table 9.2: Numerical computation of GPLs using handyG with double precision. The compu-
tations were performed on a 1,6 GHz Intel Core i5 laptop using a single CPU core.

9.5 Explicit results at weight three

In this appendix we provide explicit results for families C' and H for the weight-three part of
each top-sector pure basis element. Assuming that each top-sector basis element is expressed
in the following manner,

4
ngamily _ Z v gififl)iily (942)
w=3
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we give the explicit expression for the gfgm“y part. We introduce the following shorthand

notations for brevity,

ga,b,... == g(la7 lb7 . ,.CC) ( 43)
L1 = log (—512) ,LQ = log (—545) ,Lg = log (—m?)) s 44)
2_g 2 .2
Ly =log (m2) , Ly = log (m—245> , Lg = log (m—2m5) (9.45)
m m
9.5.1 Top sector of family C
In the following formula note that letters [;, ¢ = {6,7,13,14} contain square roots in the
underline kinematic variables S;;, as shown explicitly in (9.20]).
1 1 1 1 1 1 1
~C
=—L —-L -L —-L —-L -L —-L
915.3 1 10132 1 2G132 + 1 10133 1 30133 1 10136 + 1 3G13,6 1 1G13,7
1 1 1 1 1 1 1
+ ZL3913,7 — ZL2gl3,8 + 1L3g13,8 + ZLle?”g — ZL3913,9 + ZngB,lO — ZLQQBJO
LG+ S LaGisns — 210Guus + S LaGuis — SLiGuas + SLsGuas + 211G
grvsn T lebisn = plabue 7 heGia = 2labuas + plebias 7 liGiae
1 1 1 1 1 1 1
- ZL3g14,6 + ZngM,? - ZL?’QM’? + ZL2g14,8 - ZL3gl4,8 - ZLLQQM,Q + ZL3g14’9
1 1 1 1 1 1 1
— ZngM"lO + ZLQQM’N + ZL1914711 — ZL2914,11 + 5913,2,1 + 591373,1 + Zg13,3,3
1 1 1 1 1 1 1
— 1913,3,6 — ng’?”? - 1913,4,2 - 1913,4,10 + 1913,4,11 — 1913,5,3 + 1913,5,6
1 1 1 1 1 1 1
+ 1913,5,7 — 5913,6,1 — 5913,7,1 + Zg13,8,3 - 1913,8,11 + Zg13,9,2 - 1913,9,6
1 1 1 1 1 1 1
— 1913,977 + 1913,9,10 + 5913,10,1 - 5913,11,1 + 1913,11,2 + 1913,11,10 — 1913,11,11
1 1 1 1 1 1 1
- Zg13,12,2 + 1913,12,6 + 1913,12,7 — 1913,12,10 - 5@14,2,1 — §g14,3,1 - 1914,3,3
1 1 1 1 1 1 1
+ 1914,3,6 + 1914,3,7 + 1914,4,2 + 1914,4,10 — 1914,4,11 + 1914,5,3 - 1914,5,6
1 1 1 1 1 1 1
— 1914,5,7 + 5914,6,1 + 5914,7,1 - 1914,8,3 + Zg14,8,11 - 1914,9,2 + 1914,9,6
1 1 1 1 1 1
+ 1914,9,7 — 1914,9710 - 5@14,10,1 + §g14,11,1 — 191471172 — 1914,11,10
1 1 1 1 1
+ ng’n’n + 1914,12,2 - 1@14,12,6 - 1914,12,7 + Z_Lg14’12’10 (9.46)

9.5.2 Top sector of family H

In the following formula note that letters [;, i = {7,8,9,10,16,17,18,19, 25, 26,27, 28,29, 30}
contain square roots in the underline kinematic variables S;;, as shown explicitly in ({9.26).

1 1 1 1 1 1 1
H
_ 4t L L L L L L
918,3 —4ng27,3 4L4927,3 4L5gz7,3 4L3927,9 + 4L4g27,9 + 4L6927,9 4L3gz7,10

1 1 1 1 1 1 1
-L —L — =L -L -L -L —-L
+ 1 4G27.10 + 1 6G27,10 1 2Ga7,11 + 1 4Gor 11 + 1 5Go711 + 1 202713 1 4G27.13

1 1 1 1 1 1 1

- ZL5927,13 — ZL2Q27,18 + ZL3g27,18 + ZL5g27,18 - ZL6927,18 — ZL2927,19 + ZL?’QW’IQ
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1 1 1 1 1 1 1
+ —L5Go719 — —LeGar,19 + —L3Ga7.20 — ZL4Q27720 — ZLGQW,QO + ZL2927,24 — ZL3927,24

4 4 4
L Goron + SLoGoras — S LoGoss + ~LuGass + ~LoGass + ~LoGoss — 214G
g eYamas T LeGaron — 7 Lobog s o Labass 7 Lsbas s + 7 Labas — 1 Labas
1 1 1 1 1 1 1

— ZLGQQS,E) + ZL3928,10 — ZL4928,10 — ZLGQQSJO + ZLZQQ&H — ZL4928,11 — ZLSQQS,H
1 1 1 1 1 1 1

- ZL2928,13 + ZL4g28,13 + ZL5g28,13 + ZL2Q28,18 - ZL3g28,18 — ZL5g28,18 + ZLGQQ&IB
1 1 1 1 1 1 1

+ ZL2g28,19 — ZLSQQ&M — ZL5g28,19 + ZL6g28,19 — ZL3g28,20 + ZL4g28,20 + ZLﬁgzs,zo
1 1 1 1 1 1 1

- 1L2g28,24 + ZL3Q28,24 + ZL5928,24 - 1L6g28,24 + ZL5Q29,2 - 1L6929,7 — ZL6g29,8
1 1 1 1 1 1 1

- ZLZQZQ’H + ZL3929,12 + ZL5929,14 - ZL5Q29’15 + ZL2g29,18 — ZL3g29,18 - ZL5g29,18
1 1 1 1 1 1 1

+ ZLGQQQ,IS + ZL2929,19 — ZL3929,19 — ZL5Q29719 + ZL6g29,19 + ZLGQQQ,QI + ZLQQQQ,QQ
1 1 1 1 1 1 1

- ZL3929,22 - ZL2929,24 + ZLLBQZQ’M + ZLE’QQQ’% - ZLGQQQ,M — ZL5Q30,2 + ZLGQBOJ

1 1 1 1 1 1

1
+ ZLGQBO,S + ZLQQSO’H — ZL3930,12 — ZLBQSO’M + ZLsgso,ls — Zngz’,o,ls + ZLBQSOJS

1 1 1 1 1 1 1
~L ——-L ——-L ~L —-L ——-L ——-L

+ 1 503018 1 6G30,18 1 2G30,19 + 1 3G30,19 + 1 5G30,19 1 6930,19 1 630,21
L Gans + S LaGioss + ~LaGan st — ~LyGaoot — ~LsGaoat + ~LoGios + ~G
129022 + 7 haYs02e + 7 Labs02e = T LsUs024 — T hsYs024 + 7 LeYs020 F 100782
1 1 1 1 1 1 1

- 1g27,3,4 — 1927,3,5 + 1927,3,14 + 1927,9,4 + 1927,9,5 — 1927,9,7 — Zg27,9,8
1 1 1 1 1 1 1

+ ZQ27,10,4 + é_lg27’10’5 — 1927,10,7 — 1927,10,8 — 1927,11,15 + Zg27,13,2 — 1927,13,4
L s+ 2 L G160 + ~Gomaoa + =G L Gt + ~G
1Y2n1s5 T 7Yom1s14 = 7Ymi62 T 7Ym164 T 7Y27065 — T Ym614 T 7Y27.1615
L G tms + ~Garara + =G L G inia + <G LG 150+ ~G
A 2nin2 T Garana o Grans = pGararaa T Gararas — pGanise T G sy
1 1 1 1 1 1 1

+ Zg27,18,8 - 1927,18,14 — 1927,19,2 + 1927,19,7 + 1927,19,8 - 1927,19,14 + Zg27,20,21

1 1 1 1 1 1 1
+ 1%7724715 - Zg27’24’21 - ZQ27,25,4 - Zlg27’25’5 + 1g27’25’7 + 1927,25,8 - 1927,25,21

1 1 1 1 1 1 1

- 1Q27,26,4 - 1927,26,5 + 1927,26,7 + Zg27,26,8 - Zg27,26,21 + 1927,29,2 - 4—1927,29,7
L G a0s + 10 L G015 + ~Cor o1 + -G s Ls
4 27,29,8 4 27,29,14 4 27,29,15 4 27,29,21 4 27,30,2 4 27,30,7 4 27,30,8

1

1 1 1 1 1 1
+ Z_lg27’30’14 — Zg27’30’15 + Z_lg27’30’21 — Zg28,3,2 + 1928,3,4 + ZQQS,S,S - 1928,3,14

1 1 1 1 1 1 1
— 1%8,9,4 — Zg28,9,5 + 1928,9,7 + Zg28,9,8 — 1928,10,4 — 192&10,5 + 1928,10,7

1 1 1 1 1 1 1
+ 1928,10,8 + 1928,11,15 — Zg28,13,2 + Zg28,13,4 + 1928,13,5 — 1928,13,14 + Zlg28,16,2

1 1 1 1 1 1 1
— Zg28,16,4 — Zg28,16,5 + 1928,16,14 — 1928,16,15 + 1928,17,2 — 1928,17,4 — 1928,17,5
+ig L Gocinis + 10 Ls L G ins + ~Cosreta + G
4 28,17,14 4 28,17,15 4 28,18,2 4 28,18,7 4 28,18,8 4 28,18,14 4 28,19,2
1 1 1 1 1 1 1
— Zg28,19,7 — Zg28,19,8 + 1928,19,14 — Zg28,20,21 — Zg28,24,15 + 4—1%8,24,21 + 1928,25,4
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9.6

The current frontier in the calculation of multiscale multiloop Feynman integrals for 2 — 3
scattering processes relevant to LHC searches lies at two-loop five-point Feynman integrals
with one off-shell leg and massless internal lines. As of this writing, results for all planar two-
loop five-point MI have been obtained using a numerical [80], as well as an analytical approach
[82]. Regarding the analytical results, all planar MI were expressed in terms of GPLs of up to
transcendental weight four. These results, along with analytic results for the relevant one-loop
five-point MI with one off-shell leg [72], were recently used to perform the first fully analytic
calculation of a two-loop scattering amplitude for Wbb production [84]. Furthermore, using
a new method for calculating MI, the authors of |[70] have computed numerically one of the
non-planar two-loop five-point families. More recently, some of the authors of [80] presented

1 1 1 1 1 1 1

+ 1928,25,5 - 1928,25,7 — Zg28,25,8 + 1928,25,21 + Zg28,26,4 + Zg28,26,5 - Zg28,26,7
e + 20 G0 + ~Gagon + G  Grssons + ~G
1928268 T 7U2621 — 7Uw 202 T TUm 207 T TUm 208 — 7 U820.14 T 1U282015
Lg G0z + ~Gas0m + —G st + ~G Lg
19282021 = 7Yw302 T 7Uws07 T TUms08 — T Ym30.14 T TY:3015 — Y3021
1 1 1 1 1 1 1

- Zg29,2,4 - 1929,2,5 + Zg29,6,2 + 1929,6,14 — 1929,6,15 + 1929,7,4 + 1929,7,5
1 1 1 1 1 1 1

+ 1929,8,4 + 1929,8,5 - 1929,12,2 + Zg29’12’7 + Zg29,12,8 - 1929712714 — 1929,14,4
1 1 1 1 1 1 1

— 1929,14,5 — Zg29,16,2 + 1929,16,4 + Zg29,16,5 — 1929,16,14 + 1%9,16,15 — 1929,17,2
1 1 1 1 1 1 1

+ 4_1%9’17’4 + Zg29’17’5 — 1929,17,14 + Zg29’17’15 + 1929,18,2 - 1929,18,7 - Zg29,18,8

+ 16+ 16 Lg oo + ~Gag014 + -G Lg
19200814 T 7020102 = 7020107 = TU2010,8 T T U2000.14 T 70200215 = Y2021
1 1 1 1 1 1 1

- 1929,23,7 - 1929,23,8 + Z_lg29’23’21 - 1929,24,15 + 1929,24,21 — 4_1%9’25’4 — 1929,25,5

+ 1 Gmr+ 16 Lg Lg L o265 + ~Gaozem + ~G
120257 T 7920058 = 7U200591 = Y0264 = 7920265 T 720267 T 720,268
1 1 1 1 1 1 1

- 1929,26,21 + 1930,2,4 + 1930,2,5 — 1930,6,2 - 1930,6,14 + 1930,6,15 - 1930,7,4
1 1 1 1 1 1 1

- 1930,7,5 — 1930,8,4 — 1930,8,5 + Zg30,12,2 — 1930712,7 — 1930,12,8 + 1930,12,14

+ 16 s + 2G5 + 26 lg L Gones + ~G lg
1930144 T 7030145 T 7030062 = 7U0064 = 7Y30165 T 7 U016,14 = 79301615

1 1 1 1 1 1

1
+ Zg30,17,2 - Zg30,17,4 - 1930,17,5 + 1930,17,14 - Zg30,17,15 - 1930,18,2 + 1930,18,7

1 1 1 1 1 1 1
+ Zg30,18,8 - 1930718,14 - 1930,19,2 + 1930,19,7 + ZQBO,IQ,S - 1930,19,14 - 1930,22,15

1

1 1 1 1 1 1
+ 1930,22,21 + 1930,23,7 + Zg30,23,8 — Zg30’23’21 + 1930,24,15 — ZQ30,24,21 + 1930,25,4

1 1 1 1 1 1 1

+ 1930,25,5 - 1930,25,7 — 1930,25,8 + 1930,25,21 + 1930,26,4 + 1930,26,5 - 1930,26,7

1 1

— —G30.26.8 + —F30.26.21
130,268 T 7 930,26,

Conclusions

the three hexabox topologies in |[109] using the same techniques as in [80].

Looking ahead, at some point we will have to consider more complicated Feynman integrals,
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involving more massive external particles and/or massive propagators. One of the expected
challenges when considering such integrals is the introduction of many square roots in the
alphabet of the resulting canonical differential equations. It remains a non-trivial exercise to
find a universal way to handle these roots and achieve a result in terms of GPLs, however
several ideas have been put forward in recent times [116], [134]-[136]. One should also keep
in mind that even if a so-called dlog form of the differential equations is achieved, it does not
guarantee that its solution will be in terms of GPLs [137].

In order to get a glimpse of the complexities that lie beyond the frontier of five-point
scattering involving one off-shell leg and massless internal lines, in this chapter we studied
families of one-loop five-point Feynman integrals with two and three massive external legs and
massless propagators, as well as one-loop five-point families with one massive internal line and
up to two massive external legs.

We used the SDE approach for the construction of canonical differential equations for pure
bases of the families of Figure 0.1 and as a special limit we obtained results for the families of
Figure[9.2] As it turned out, the parametrization was enough to rationalise all square roots
introduced in the alphabet of families C, E, G, H of Figure 9.1l For these families we were also
able to obtain boundary terms for the canonical differential equations in closed form, allowing
us to trivially derive solutions for these families in terms of GPLs of arbitrary transcendental
weight.

For families D, F' of Figure [9.2] we obtained analytic results through a special limit of our
solutions for families £ and G respectively. For all families studied in this chapter we provide
explicit results in terms of GPLs of up to transcendental weight four.

Regarding the structure of the resulting alphabets in x, we saw that when one internal mass
is introduced, square roots involving this mass arise, which are not present in the definition of
the pure basis. Further study of these alphabets is required to pin-point the origin of these
additional square roots, which we leave for future work. It is also interesting to explore in the
future the structure of these alphabets when one employs the standard method of differential
equations, i.e. differentiating with respect to all kinematic variables. A comparison between
the two approaches might further elucidate the effectiveness of the SDE approach in providing
solutions to multiscale Feynman integrals in terms of GPLs, as well as provide an idea of
whether the representation of these integrals in terms of polylogarithmic functions is the best
one for phenomenological applications.
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Epilogue

In this thesis we have presented analytic results for multiloop multiscale Feynman integrals
regarding mostly NNLO virtual corrections to various 2 — 3 scattering processes which are the
subject of experimental studies at the LHC. We also presented a 3-loop calculation for one the
planar families that are relevant to 2 — 2 scattering processes with up to one external massive
particle.

The frontier of precision calculations in perturbative QCD is rapidly expanding. Particularly
in the subject of Feynman integrals, more and more analytical as well as numerical results are
becoming available. Still, there are open problems to consider, such as the calculation of the two
remaining 2-loop 5-point non-planar topologies with one off-shell leg, as well as the calculation
of the as of yet unknown 3-loop 4-point non-planar topologies with one off-shell leg. These
are important problems that need to be addressed in order to increase the precision of the
theoretical predictions for key QCD scattering processes. It is the intent of the author to
contribute to these outstanding problems in the near future.

The mathematical complexity of these problems poses a great challenge in our ability to
provide solutions that are suited for fast and efficient evaluation at the level that is needed
for phenomenological studies. The success of the past years gives us confidence that new
methods and ideas will be developed, allowing us to overcome all issues that may currently
seem insurmountable.
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