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ZUSAMMENFASSUNG

Das Standard Modell und insbesondere die Eigenschaften des Higgs Boson auf die Probe
zu stellen ist eine zentrale Aufgabe der modernen Teilchenphysik, wobei prézise theo-
retische Vorhersagen eine wesentliche Rolle spielen. Feynman-Integrale sind essentielle
Bausteine quantenfeldtheoretischer Prazisionsberechnungen, da sie in der Berechnung
héherer Ordnungen innerhalb der Storungstheorie auftreten. In dieser Arbeit behandle
ich einerseits drei-Schleifen zwei-Punkt Feynman-Integrale, welche zwei unterschiedliche
Massen beinhalten [1], andererseits betrachte ich eine phdnomenologische Anwendung
dieser Integrale'. Die Integrale bilden die vollstindige Menge der Masterintegrale, die
zu der Selbstenergie des Higgs Bosons in der Ordnung O (a2ozs) gehoren, welche W-
Bosonen und Top Quarks beinhaltet. Die Masterintegrale, also Basisintegrale, werden
in drei Systeme aufgeteilt: Integrale relevant fiir Feynman-Diagramme proportional zu
dem Produkt der Yukawakopplungen ypy:, Integrale relevant fiir Feynman-Diagramme
die HW W~ Vertices beinhalten und Integrale relevant fiir Feynman-Diagramme pro-
portional zu dem Produkt der Yukawakopplungen ¥,y,. Innerhalb jedes Systems entste-
hen unterschiedliche Wurzeln. Wir behandeln Feynman-Integrale mit der Methode der
Differentialgleichungen. Wir erstellen und losen Differentialgleichungssysteme fiir jedes
Set von Masterintegrale, indem wir die Gleichungen in e-Form bringen. Dabei kon-
struieren wir Integrale mit einheitlichem transzendentem Gewicht. Alle auftretenden
Wurzeln werden rationalisiert und wir driicken die resultierenden Basisintegrale durch
multiple Polylogarithmen aus. Das optische Theorem verkniipft den Imaginéarteil der
Higgs Boson Selbstenergie mit dessen Zerfallsrate. Daher haben wir alle Integrale bes-
timmt, die fiir die NNLO (next-to-next-to-leading order) QCD-elektroschwache Korrek-
tur mit W-Bosonen oder geladenen Goldstone Bosonen zur Zerfallsrate I (H — bE)
bendétigt werden.

'Noch nicht veroffentlicht.
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ABSTRACT

Probing the standard model and especially properties of the Higgs boson is a central
task of modern particle physics, whereby precise theoretical predictions play a crucial
role. Feynman integrals are essential building blocks of quantum field theoretical pre-
cision calculations, since they emerge in higher-order calculations within perturbation
theory. In this thesis, I derive three-loop two-point Feynman integrals involving two dif-
ferent kinds of internal masses [1] and consider a phenomenological application of them?.
These Feynman integrals amount to the full set of master integrals associated to the
Higgs boson self-energy at O (042045) with internal W-bosons and top quarks. The mas-
ter integrals, i.e. basis integrals, are split into three systems: Integrals relevant to the
Feynman diagrams proportional to the product of Yukawa couplings sy, integrals rele-
vant to Feynman diagrams containing an HW W™ vertex and integrals relevant to the
Feynman diagrams proportional to the product of Yukawa couplings ypys. Fach system
gives rise to different combinations of square roots. We handle the Feynman integrals
with the method of differential equations. We set up and solve systems of differential
equations for each set of master integrals by transforming to an e-form. We thereby con-
struct Feynman integrals of uniform weight. All emerging square roots are rationalised
and we express the resulting basis integrals in terms of multiple polylogarithms. The
optical theorem links the imaginary part of the Higgs boson self-energy directly to its
decay rate. We therefore determined all integrals required for the NNLO (next-to-next-
to-leading order) QCD-electroweak correction involving W-bosons or charged Goldstone
bosons to the decay rate T’ (H — bl_)).

2Not yet published.
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CHAPTER
ONE

INTRODUCTION

The journey of particle physics started in ancient times. Already during the 5th century
BC, Demokrit postulated atoms as fundamental building blocks of everything. In the
beginning of the 19th century, this hypothesis was reinforced by Dalton’s atomic theory,
which states that elements are made from inseparable atoms. The discovery of electrons
and protons in the 19th and 20th century uncovered an even deeper structure of matter.
The prediction [2, 3] as well as the experimental proof [4, 5] of the existence of quarks
in the second half of the 20th century led the way to our modern understanding of the
constituents of nature. Today, strong, weak and electromagnetic interactions are united
within a quantum field theory with

SU@3). x SU(2) x U(l)y,

as underlying gauge groups: The Standard Model of particle physics. Solely one fun-
damental force, namely gravity is described through classical general relativity instead.
The Standard Model is an extraordinarily successful theory, even though it has limita-
tions, like not incorporating gravity, dark matter and dark energy. However, phenomena
like the baryon asymmetry problem or the neutrino oscillations as well as recent mea-
surements regarding the muon’s anomalous magnetic moment [6] or the W-boson mass
[7]' hint at physics beyond the Standard Model.

The Standard Model consists of fermions, divided into leptons and quarks, and bosons,
i.e. gauge bosons and the scalar Higgs boson. Gauge bosons are force carriers of the
fundamental interactions. The Higgs boson plays a special role. The Higgs field has a
non-zero vacuum expectation value, giving mass to fermions and the W and Z gauge
bosons through spontaneous symmetry breaking. Postulated in 1964 [9], the Higgs
boson was finally discovered in 2012 by ATLAS [10] and CMS [11], completing the
mathematical theory of the Standard Model. Consequently, Higgs precision physics be-
came the centrepiece of the experimental LHC program. Furthermore, future colliders
like the high-luminosity (HL-)LHC [12], the ILC [13, 14] or the FCC-hh [15] will en-
able groundbreaking experimental work. However, only the interplay between precision
measurements and precise theoretical predictions drives the the development of particle
physics forward. Accurate predictions of Standard Model attributes and studying in

'Tn disagreement with other measurements [8].



Introduction

particular the properties of the Higgs boson are the foundation for future experimental
efforts [16-20].

A way to handle quantum field theories describing interactions is perturbation theory,
where solutions are expressed as power series in coupling constants. Precise theoreti-
cal predictions require higher-order calculations in perturbation theory. The essential
theoretical building block of measurable cross sections or decay rates are scattering am-
plitudes. A scattering amplitude corresponds to a sum over Feynman diagrams. These
diagrams, developed by Richard Feynman [21, 22] and interpreted by Freeman Dyson
[23, 24], are pictorial representations of particle interactions. Whereas the lowest order in
perturbation theory is usually represented by tree-level diagrams, higher orders require
the derivation of Feynman diagrams involving internal loops. The translation of loop
diagrams into mathematical expressions leads to Feynman integrals; they are integrals
over the momenta flowing inside the loops. Feynman integrals are therefore essential
building blocks of quantum field theoretical precision calculations. Understanding and
deriving them enables not only the evaluation of measurable quantities, but provides
insights into their underlying mathematical structures. It comes as no surprise that
Feynman integrals are an interesting topic of active research.

The complexity of Feynman integrals depends on two main aspects: The number of
loops, which corresponds directly to the order in perturbation theory; and the num-
ber of kinematic variables defined by external kinematics and the masses of internal
particles. Beyond one-loop advanced solution methods are crucial. A set of Feynman
integrals may be reduced to a basis with the help of integration by parts relations [25,
26]. The basis integrals are called master integrals. The standard method for the an-
alytic calculation of master integrals is the method of differential equations [27-30],
which requires the construction and solution of their system of differential equations
with respect to kinematic variables. The e-form of differential equations [31] thereby
simplifies the evaluation of Feynman integrals as expansions in the dimensional regu-
larisation parameter € drastically. In this context, an important and well understood
class of functions are multiple polylogarithms [32-34]. For specific values of the argu-
ments, they evaluate to multiple zeta values. There exist Feynman integrals that are
not expressible in terms of multiple polylogarithms, like elliptic Feynman integrals (see
for example [35-44]). However, in this thesis we are able to express all results in terms
of multiple polylogarithms. Hence, we do not address other classes of Feynman integrals.

The main work of this thesis is the derivation of Feynman integrals corresponding to the
three-loop Higgs boson self-energy involving internal W-boson and top-quark propaga-
tors. Not only three loop integrations, but also two different kinds of internal masses
are involved. Hence, these integrals are an intricate contribution to the Higgs boson
self-energy. The Higgs boson self-energy is a key ingredient for many Standard Model
observables. It enters the Higgs mass definition via renormalisation. In addition to the
derivation of the master integrals, we address one of their phenomenological applica-
tions: the Higgs boson decay rate of its predominant decay mode I' (H — bE), which is
linked to the imaginary part of the self-energy via the optical theorem. The determina-
tion of the three-loop Feynman integrals enables the analytic evaluation of the mixed



QCD-electroweak correction to I' (H — bl_)). Previously, this computation was not ac-
complished analytically but only with the help of Padé approximations [45].

We start this thesis with a review of some important properties of the Standard Model
in chapter 2 and a detailed discussion about Feynman integrals evaluating to multiple
polylogarithms in chapter 3. Sections 2.1, 2.2 will clarify the emergence of Feynman
diagrams and section 3.1 the ensuing emergence of Feynman integrals within precision
calculations. Section 2.3 and section 3.1-3.3 deal with the structure and basic properties
of Feynman integrals. The method of differential equations is elaborated in sections 3.5
and 3.6. It builds upon the techniques considered in sections 3.3 and 3.4.

The foundations covered in these two chapters allow us to formulate a strategy for
the evaluation of the master integrals as well as for the calculation of the decay rate,
which is sketched in chapter 4. Chapter 4 serves equally as guide and framework for this
thesis: As guide, it helps locating sections on specific topics and connects sections on
theoretical background to sections on calculations. As framework it clarifies the overall
workflow of this thesis as well as the positioning of each section within the workflow.
Furthermore, we specify the content of each chapter and required sections on theoretical
background at the beginning of each chapter.

In chapter 5, the full set of master integrals for the three-loop Higgs boson self-energy
involving internal W-boson and top-quarks is derived. We generate pre-canonical master
integrals and construct their system of differential equations with respect to kinematic
variables in section 5.3. In section 5.4, we transform the master integrals to a basis of
Feynman integrals with uniform transcendental weight zero. This builds upon section
5.2, which introduces so-called auxiliary topologies enabling the utilisation of maximal
cuts in Baikov representation. We demonstrate in section 5.4.4 that maximal cuts are
an essential tool for the derivation of Feynman integrals with uniform weight zero. The
variable transformation in section 5.5.1 allows to represent the system of differential
equations via differential one-forms (section 5.5.2). After evaluating boundary values in
section 5.5.3, the found basis integrals (section 5.5) are expressible in terms of multiple
polylogarithms, as described in section 5.5.4.

In chapter 6, we consider the mixed QCD-electroweak correction to the Higgs boson
decay rate into a bottom-quark pair. Chapter 6 presents the evaluation of scattering
amplitudes and Feynman diagrams in quantum field theoretical calculations up to the
point where Feynman integrals enter the game. We demonstrate the application of the
optical theorem in section 6.2 and the translation of Feynman diagrams to mathematical
expressions in sections 6.3, 6.4. Furthermore, we address the handling of divergences
in section 6.5. Eventually, the diagrams depend on the three-loop Feynman integrals
evaluated in chapter 5. We close this thesis with final conclusions in chapter 7.






CHAPTER
TWO

THE STANDARD MODEL OF PARTICLE PHYSICS

Particle physics deals with the most fundamental particles and their interactions. Three
out of the four fundamental forces of nature the strong, the weak and the electromag-
netic interaction are united within the Standard Model of particle physics. The Standard
Model is, therefore, one of the most successful theories of physics. It is based on quan-
tum field theory, a formalism combining classical field theory, quantum mechanics and
relativity. Its defining element is a Lagrangian (or Hamiltonian), which may be sepa-
rated into a part describing free fields £y (Hp) and a part consisting of non-linear terms
accounting for interactions L (Hint),

L= Ly+ Lint,
H = Ho + Hint,
Hint - _ﬁint-

More details on the Standard Model Lagrangian will be given in section 2.2. Field
equations can be derived from the Lagrangian, utilising Hamilton’s principle of least
action which leads to the Euler-Lagrange equations. However, nonlinear field equations
arising out of interacting parts are not solvable beyond two space-time dimensions (ex-
cept in some special cases) [46]. A physical four space-time dimensional quantum field
theory describing interactions is not exactly solvable by currently known methods! An
important method addressing this issue is perturbation theory. The interacting parts of
a Hamiltonian are proportional to coupling constants,

Hint = ANHlpy

If X\ is sufficiently small, the interacting part can be viewed as a small perturbation
relative to the free part Hy and expansions with respect to A yield practical series ap-
proximations. The perturbative series has even a pictorial representation in terms of
Feynman graphs.

This chapter provides by no means a somewhat complete overview of the Standard
Model of particle physics, but just a slight insight. For more details we refer to the
main references of this chapter [46-50]. We only address topics relevant for our pur-
poses. Along that line, we briefly introduce the scattering matrix and the decay rate
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The Standard Model of particle physics

in the following section. We derive the optical theorem in section 2.1.1. In section
2.2, we discuss the Standard Model Lagrangian, which leads to Feynman rules listed in
section 2.2.1. The last section of this chapter explains the necessity of regularisation
and introduces the dimensional regularisation parameter €. The next chapter provides
a theoretical background of the main subject of this thesis, Feynman integrals.

2.1 The scattering matrix

In this thesis we are dealing with Feynman diagrams and the integrals arising there-
from. In this section we define the object, which is calculated by a sum of Feynman
diagrams expressed through Feynman rules: the scattering amplitude, which emerges
out of the scattering or S-matrix. The S-matrix is a key object within quantum field
theories describing interactions. It encapsulates all information about the evolution of
states in time. The S-matrix is a rather abstract object. However, we may relate it to
quantities, which are actually measurable in scattering experiments.

Before we define the S-matrix, we recall from quantum field theory: States, which
may be represented by wave packets, are just mathematical objects. Physical quantities
are given by the expectation values of operators. Consequently, states can be considered
within different pictures. A state in Schrédinger picture is time-dependent,

]X}ﬂzzexp(—dﬁ(t—t@)]X}m), (2.1)
where
H = / 3z H.
The norm of a state is always time-independent,
(@,0[a,0) = (a,t # 0la, t % 0) & (4,00a,0) £ =1t (4]a) = 1 = HT.

An important property of H follows, it has to be hermitian. We may transfer from
Schrodinger picture to Heisenberg picture, where the time-dependence is shifted to op-
erators, via

|X>:@m(uﬂt—anX¢y (2.2)

The scattering matrix transfers states into each other. Assuming interactions happen
within a finite time, we may consider an initial state constructed in the far past |i, —oo)
evolving into a final state in the far future (f, co|, and define the scattering matrix S by

2.2)

(18 1) = (s 00li, —o0) = Tim (f,Tli, ~T) 2 lim (flexp (—iff(21)) |9
= 5= lim exp (—iﬁ(2T)) . (2.3)

The S-matrix is unitary

Sts =1,
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because H is hermitian. The scattering matrix can be related to Green functions. The
n-point Green function is defined by

G (21, xn) = (Q T (z1) ... B(wn) Q) (2.4)

with |©2) being the ground state of the full theory and T the time-ordering operator.
Wicks theorem states that (2.4) is given by the sum of all Feynman diagrams with n ex-
ternal particles, excluding diagrams which are disconnected from all external points [47].

The S-matrix can be separated into a non-interaction part, i.e. 1 and a part describing
interactions, the so-called transfer matrix T,

S=1+:T. (2.5)

The matrix element of 7' between a final |f) and an initial state [i),
(fIT [i) = (20)'6 (pi — py)Ali — 1), (2.6)
consists of an overall momentum conservation p; = py and the scattering amplitude
A — f). (2.7)

The scattering amplitude is given by the truncated n-point Green function in momentum
space. Consequently, we calculate it as we sum up all contributing Feynman diagrams
in the respective orders in coupling constants. Feynman diagrams are then evaluated
through Feynman rules (see section 2.2.1).

The S-matrix and therefore the scattering amplitude is the building block needed to
theoretically calculate measurable quantities from scattering experiments. An impor-
tant measurable quantity is the cross section. It is intrinsic to the colliding particles
under consideration and related to the likelihood of a particular final state. It can be
calculated through phase space integration over squared scattering amplitudes. In this
thesis, we consider another measurable quantity, the decay rate. The decay rate I' of
an unstable particle A is defined as [47]

r— Number of decays per unit time

Number of A particles present

More formally it can be shown, that the decay rate of a one-particle state |A) to a state
| X) is given by

1
I'(A—X)= m/dgo(X)(Zw)454(pA — px)|A(A = X)P, (2.8)
with m 4 being the mass of particle A and
d®p;
(X) = Pi
de =] (27)32E; (29)
i€X

the phase space integration measure. The lifetime of a particle is the inverse of its total
decay rate, i.e. the sum of its decay rates into all possible final states.
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2.1.1 The optical theorem

The optical theorem relates cross sections or decay rates, to the imaginary part of for-
ward scattering amplitudes. It thereby creates an alternative theoretical approach to
the calculation of measurable cross sections and decay rates. In this section, we derive
a version of the optical theorem addressing decay rates as required in this thesis (see
chapter 6) (cf.[48]).

The optical theorem is based on the unitarity of the S-matrix, we encountered in section
2.1,

STS =1. (2.10)

The unitarity of the S-matrix leads to a relation between transfer matrix elements.
Inserting (2.5) into (2.10) and embedding the outcome between final and initial state,
we find

sts =1 1 —iTH +i1) =1 = i1t - T) = TIT
= (fli(T" =T) |i) = (F|T'T |i). (2.11)

The matrix element on the left hand side of (2.11) is given by

(2.6)

T =T 1) B i(2m) 64 i — pp) [AlG = 1) - AG = 5]

Into the right hand side of (2.11), we may insert a resolution of identity in terms of a
complete set of states | X) and find

T = (1T = 3 [ ao (171X (X Ty
X
0 am) 3 [ 05 51— )5 (x — p) ATCX = AG > X)
X

Consequently, the generalised optical theorem emerges out of (2.11) expressed in
terms of matrix elements of M via (2.6),

Al(i = ) = A — f) = —i(2m)* Y / dp M5t (pi = px)ATX = PAG - X).
X
(2.12)

The generalised optical theorem relates the difference of a matrix element between final
and initial state and its adjoint on the left hand side to a momentum conservation and a
product of matrix elements on the right hand side. Additionally, the right hand side is
summed over all possible intermediate states X and integrated over phase space (2.9).
The right hand side is quadratic in matrix elements, contrary to the left hand side.
Furthermore, (2.12) has to hold for any order in perturbation theory. Implying, for
example, that tree level matrix elements on the right hand side correspond to one-loop
level elements on the left hand side.
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A case significant for this thesis occurs if initial and final state are given by the same
one-particle state |A). Replacing initial and final state in (2.12) with |A), we obtain

AVA = A) = A(A — A) = —i2)* S / oM 54 (pa—px) AT(X — A)A(A — X)
X

=—2ilm(A(A—A)) = A(A—=X)|2

& Im(A(A — A) = %(%)4 Z/dgo(x)54(p,4 —px)|AA = X)) (2.13)
X

We immediately recognise the decay rate of a one-particle state |A) to a state |X),

NA— X)=

o [ 4R S s - pOl AU S DR, (21)
ma

with m 4 being the mass of particle A. The decay rate is proportional to a phase space
integral over the matrix element squared, the same holds for the imaginary part of the
two-point amplitude in (2.13). Hence, combining (2.13) and (2.14) relates the imaginary
part of the two-point function of particle A to the sum over its decay rates, i.e. its total
decay rate I' 4 totais

Im(A(A — A)) =ma D T(A = X) =mal4otal- (2.15)
X

This version of the optical theorem (2.15) is the starting point of the calculations
performed in chapter 6.

2.2 The Standard Model Lagrangian

The scattering amplitude, we encountered in the preceding section A(i — f), corre-
sponds to the sum over all required Feynman diagrams. A Feynman diagram is a graph
describing elementary particles. To translate Feynman diagrams into mathematical
expressions, we require Feynman rules describing the propagation of particles (propaga-
tors) as well as interactions among them (vertex rules). All Feynman rules required in
this thesis will be provided in section 2.2.1. The Feynman rules of a theory arise from
its Lagrangian. Propagators arise from terms bilinear in the corresponding field and
vertices from non-linear terms. We, therefore, start this section with a presentation of
the Standard Model Lagrangian. In order to keep this presentation short, we do not
describe intermediate calculations in detail. For more information we refer to [46], [49]
and [50].

The underlying gauge group of the Standard Model is

SU@3)e x SU((2) x U(1)y .
N—— N ———

QCD electroweak theory
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SU(3). gives rise to eight gauge fields GZ with gauge coupling gs. Within the quantised
theory, these gauge fields correspond to gluons, the gauge bosons of quantum chromo-
dynamics (QCD). The fermions participating in strong interactions are quarks. They
carry colour charge ¢ in addition to electric charge. The gauge fields of SU(2) x U(1)
are W}, where a € {1,2,3}, and B,, with gauge couplings g and ¢’. The electric charge
of fermions is Q = I® + % Y is the weak hypercharge. I3 is the third of the weak
isospin. Wﬁzl’Z are related to W-bosons, the charged mediators of weak interactions
W/f, through the Weinberg transformation of gauge fields,

1
Wi =—
V2

Additionally, we may define I = %(I L'+ iI?) in order to obtain the equality

(W, FiWy). (2.16)

LW+ I W, ='W, + W, (2.17)
The Standard Model Lagrangian may be decomposed into

£SM = LFermion + »CYukawa + Egauge + 'CHiggs + fcfia: + [’Ghosts- (2'18)

LFermion (2.19) describes (massless) fermions and their interactions with gauge fields.
Masses are obtained within Ly ykawa (2.21) as fermions couple to a field with non-zero
vacuum expectation value, the Higgs field. The Higgs field, introduced in Lpigqs (2.27)
causes spontaneous symmetry breaking

SU2) x Uy = U(1)em,

and, thereby, yields masses for the vector bosons, originally constructed in Lgquge
(2.26). The gauge fixing Lagrangian L, (2.28) and the ghost Lagrangian Lgnosts
are present if we work in general R gauge. In the following, we first combine £ rermion
and Ly ykawae to obtain a Lagrangian describing quarks and their interactions with the
Higgs boson, charged W-bosons and charged Goldstone bosons. Afterwards we consider
Lgauge, LHiggs and L., determining bosons and interactions among them. We do not
need Lapests here.

L permion inherits the kinetic terms for fermions, including their interactions with gauge
fields. We are only interested in the parts of Lrermion describing quarks,

LFrermion = Z (Q]Li’YMDuQ]L + ﬂfi’y“DuUf + in'VMDudf) (2.19)

J
+ leptonic parts.

The Lagrangian inherits a sum over all three families. In correspondence, the left-handed
quark field isospin doublets Q%, and right-handed singlets ¢ are

L uf
QJ - < ]L> )y Uj = Ue, Ce, te, d] = de; 8¢, be,
j
1 1
¢" = (1 =), ¢ = S(1+75)q.
2 2
10
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Ordinary partial derivatives account for the propagation of (massless) quarks. The
covariant derivatives in (2.19) not only contain partial derivatives, but also gauge fields
facilitating interactions with them. They are defined as

Y
D,Q" = (a# — igT"Wyi — ig' 5 By — igsT¢ GZ) Q"
R Y - beb ) R
Dﬂq = al/« — 19 §BN — Y/QSTS GM q,

with T? = /\;, b € {1,...,8}, being the generators of SU(3). represented by the Gell-
Mann matrices \p and 7% = %a, a € {1,2, 3}, being the generators of SU(2) represented
by Pauli matrices og.

The gauge bosons we encounter in this thesis are gluons and charged W-bosons. Whereas
interactions of quarks with gluons GZ arise more or less straightforwardly from the co-
variant derivative in Lpermion, we need to perform the Weinberg transformation (2.16)
to find interactions with W-bosons. These correspond to the part of £permion (2.19) con-
taining charged currents. Performing the Weinberg transformation (2.16), using (2.17)
and bringing the quarks into their mass basis, we find

basis change .o g T -7 T yvrr—
(2.19) = Louarks = W (d,5,b) y*(1 — )V (u, c,t) W,
+ =L (3,6, 7" (1 = )V (d,5,b)" W1 (2.20)

2v2

The coupling of quarks to W-bosons becomes off-diagonal, with V being the
Cabibbo-Kobayashi-Maskawa-matrix (CKM-matrix).

To complete interactions of quarks and derive their mass terms, we introduce the com-
plex Higgs doublet

B OF ()
“\ B+ H) +ix(@) |
B - ()

with non-zero vacuum expectation value v = QmTW. Quarks couple to the complex Higgs
doublet via

_ 3 A W [ B0
Ly ukawa :Z - [(u]'7 dj)L (cgk) <<P0> dkR + cgk) <—<I>_> uf)] + h.c. (2.21)
jk

+ leptonic parts.

We may diagonalise the coupling matrices ¢9 within Ly urewe (2.21) and shift the
variables respectively, i.e. we bring the quarks into their mass basis. Finally, we obtain

11
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mass terms for the quarks as well as interaction terms with the Higgs boson H from
»CYukawa

basis ch iggs— H -
(2.21) Prtgenee plliggs—quarks _ _ <1 + 2‘7qnw> S [@mauy + djmady] . (2.22)

Furthermore, another off-diagonal coupling arises in the Yukawa Lagrangian (2.21), the
coupling of quarks to charged Goldstone bosons ®*, &~

(221> basisglange
h.GB.—quarks 9§ + m My, \
‘C;uk’awaquar *= ﬁ |:(I> ((1 + VS)miwj/ - (1 — 75)mW> Uivzjd]
— mq, My, .
+@ ((1 - 75)%]/ -1+ mmw) uivijdj}, (2.23)

with mass matrices M,, = diag(my,, m¢, my), Mg = diag(mg, ms, my).

Collecting the first part of (2.19), as well as (2.22), (2.20) and (2.23) adds up to a
Lagrangian, which describes quarks and their interactions needed for the calculation
performed in this thesis,

Higgs—quarks
»CFermion +L

Yukawa
d
. gH cc h.GB.—quark
‘Cquarks =q <’L’7“D# — My <1 + m)) q + ﬁquarks + Ei’ukawa quares

_ . _ am _
= G (i7" 0 —myq) ¢ —95sq (V'GLT?) ¢ —2m;/ Haq

—quark propagator interaction with gluon

interaction with Higgs

g * 7 — — +
+Tﬂ [’Y“(l =) (Vi3 W, + @ Vijd;W,S)

interaction with W-bosons

md mui —
+ o+ ((1 +795)—= — (1 —s) > u; Vijd;

mw mw

mq. m.,. _
o ((1- i (1 ui d] 2.24
#1902 — (14 90) 22 ) iV, (2:24)

interactions with Goldstone bosons

We deduce, the Feynman rules of the quark propagator and the interaction vertices with
a gluon, Higgs boson, W-boson as well as with the charged Goldstone bosons can be
obtained from Lgyqrks (2.24). They will be listed in section 2.2.1. To give an example,
we explicitly construct the quark propagator from

Equm‘ks - q_(i/y'ua,u - mq) q. (225)
—_———

=P(z)

12
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The desired propagator in momentum space is given by the Fourier transform of the
inverse of P(x) times i, where the inverse is defined by

Z Pyj(x) Pyl (x — y) = 0id*(z — y),

and its Fourier transform by

‘We construct

d'k —tk.x p—1 L efik-m
( )/ et (k) = / (em)*
d*k ikr 5—1 1 d'k —ik.x _
“ / (2m)* (K —mg) e P (k) = / (277)46 s (F= k),
= (f —mg) P~H(k) = 1,
(kj:;nq) 5 1(/{3) k{itn;;

The quark propagator follows,

.%—i—mq
Zi]{:z—mg'

We return to the Standard Model Lagrangian: The gauge field Lagrangian
1 Ci C 1 a a aoc (&
Loange == 704Gy — 0,Gly + g5 [*GLGY)? = (0, W) — 0, W) + ge™ W, W)?
1
— 1 (0uBy — 9, B,)?, (2.26)
with transformations (2.16) and
B,\ _ [cos(Ow) —sin(Ow)\ (A
w2) — \sin(Ow) cos(Ow) Z,)’
and the Higgs Lagrangian
A
Lttiggs = (Du®) (D, ®) — Z(!‘I’\Z)Q + 12|, (2.27)
with
- rayra Y
D@ = (0, —igT*" W —ig §Bu)¢'7

and furthermore the gauge fixing Lagrangian in R¢-gauges

1 1 1
Lpiz == 5 ("G} = 5 (0" AW — 5 (02 — Egmzx)”
2, 26a 287 (2.28)
L |

(8“Wj — imeW(I)—i_)(a“W/: +imeWCI)_),
Ew

13
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give rise to boson propagators as well as interactions among them. We will not go into
details here. However, we note that as above the Weinberg transformation of gauge
fields (2.16) has to be performed. Afterwards, we uncover that the Higgs Lagrangian
produces mass terms for the gauge bosons

1
(Du®) (D @) — m Wi W+ + §m2ZZuZ“,

v v
mZ:§\/ 2+g/27 mW:giv mA:O‘

Furthermore, the gauge fixing Lagrangian cancels mixed quadratic terms involving a

gauge and a Goldstone field appearing in Lriggs (2.27) at the cost of adding terms

proportional to gauge fixing parameters €4, &z, &w,

’ﬁx =Ltz + mixed quadratic terms in Lyggs

1 1
— T (ABreN2 o 2
(0" G1)? — 5 (0 4)

2¢,
(0" Z,) + (EzmzX)?) ("W O"W,F + Ehymiy @~ @),

1
287 W

After inspecting the Standard Model Lagrangian, we are able to obtain all Feynman
rules required in this thesis. They are listed in the following subsection.

2.2.1 Feynman rules

In this subsection, we list the Feynman rules obtainable from the Standard Model La-
grangian (2.18) discussed above. Feynman rules enable the translation of Feynman
diagrams into mathematical expressions and therefore the calculation of scattering am-
plitudes. A Feynman diagram is a graph describing the propagation and interaction of
elementary particles. A graph consists of edges connecting vertices. An edge is drawn
as a line. The edge of a Feynman graph represents a propagating particle, hence, it car-
ries its mass and momentum. Strictly speaking, also vertices only attached to one edge
(external vertices) and vertices attached to two edges (dots) are vertices of a graph.
Usually, we only call internal vertices connecting at least three edges “vertex”, since
those represent the interaction among particles. Feynman diagrams are translated into
mathematical expressions as edges and vertices are expressed in Feynman rules. Corre-
spondingly, each edge is associated with one propagator obtained from Feynman rules
and each vertex with a vertex rule proportional to a coupling constant. In addition
every vertex must obey momentum conservation. In this thesis we are dealing with
Feynman diagrams containing closed loops as we consider higher orders in perturbation
theory. These loops require special attention since they carry momenta, which are not
determined by momentum conservation. Hence, these momenta are understood as inte-
gration variables. In this way Feynman integrals enter the game. We will discuss them
in chapter 3. Note, within the context of Feynman rules the phrase “propagator” refers
to the complete mathematical expression of an edge, whereas in the context of Feynman
integrals (section 3.1) it solely refers to the part in the denominator.

14
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In addition to the translation of edges and vertices the following rules have to be taken
into account:

1) Momentum conservation at each vertex must hold.

2) There must be an integration over each loop-momentum k, i.e. each undetermined

momentum,
dPk
/ W . (2.29)

3) For each closed fermion loop an additional factor of (—1) appears and the trace
has to be taken.

In (2.29) we consider a D-dimensional loop momentum as opposed to the physical four
space-time dimensions. The shift to general D dimensions will be explained and verified
in section 2.3. Now, we list all propagators and vertex-rules required in this thesis, they
agree with the Feynman rules and conventions of [46-50] (for an overview on Feynman
rules and sign conventions see [51]). For definitions/notations we refer to the preceding
section.

Propagators:

e The quark propagator for a quark with momentum k and mass my,

Q>mq

.%+mq

k Yz 2
a

e The gluon propagator:

g
0000000000 i v krE”
wa  k v, b 2 <—9“ +(1—-¢) ER dab

e The W-boson propagator:

w . v
AN N T S, A

e The Goldstone-boson propagator:

Vertex-rules:

e A gluon g and two quarks:
[, @

15
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A Higgs boson H and two quarks:

H
| . gMygq

—1
/\ 2myy

A Higgs boson H and two W-bosons

H.

: »
wF W igmwg

A Higgs boson H and two Goldstone-bosons

H
| 2
o 9

o+ B 2 my

e A W-boson W1/~ and two quarks:

s 9 L=
/\ ZEV 5 Vij
Us dj
2 9 .17
. — 5y x
z\ﬁv" 5 Vi
di Uy

e A charged Goldstone-boson ®*/~ and two quarks:

. g md; M,
1—— (1 + L —(1- I]Vi'
P () (=g | v
(7 dj
. g mgq. My,
i—— | (1 — L —(1+ L\ v
/\ e {( %) 75)mw] f
di Uj
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2.3 Divergences in quantum field theories

Now, we established how amplitudes are given by sums of Feynman diagrams, which
may be expressed via Feynman rules. In this thesis we are interested in higher pertur-
bative orders and, hence, in Feynman diagrams with loops. A certain Feynman rule
deals with the emergence of loops: Undetermined loop momenta k& must be integrated
(;ljrl)ﬂ (see (2.29)). A physical momentum has four dimensions, one time and three
space dimensions. We have already mentioned how the physical four dimensions may be
modified to general D dimensions, demanding us to take an integration measure (;l:)kD
for every loop momentum. In the following we will provide an explanation for this proce-
dure, known as dimensional regularisation. Dimensional regularisation [52-54] handles
integrals which are divergent in four-dimensional space-time, through the modification

of space-time itself.

over

We provide two examples to motivate regularisation given by the easiest types of Feyn-
man diagrams with loops. Both of them will be investigated more carefully in section
3.2. For now we may take results thereof. The simplest example of a loop diagram is
the one-loop tadpole diagram shown in fig.2.1. The tadpole diagram represents a single
loop given by a single propagator without external influences. We may express it in the
physical four-dimensional case by

N/ d*k 1
(27_‘_)4 (k? _ mQ)V'

Figure 2.1: One-loop tadpole diagram.

k denotes the loop momentum and m the mass. We place an exponent v € IN in the
denominator, whereas v = 1 gives fig.2.1, v = 2 implies an additional internal vertex
attached to two edges only, i.e. a propagator with a dot, » = 3 implies two additional
internal vertices, etc.

Attaching two external legs to a tadpole diagram results in the one-loop bubble dia-
gram displayed in fig.2.2.

D P N/ d*k 1
2m)* (K2)" ((k —p)2)”"

Figure 2.2: One-loop bubble diagram.

All Feynman diagrams were created with Inkscape [55], unless stated otherwise.
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The external momentum of the bubble diagram is denoted by p and similar to before
v1, v9 € IN. Here, we take the bubble diagram as massless.

Now, we investigate the behaviour of both diagrams at k> — oo and at k> — 0. For
large momentum the tadpole integral behaves like

[ e [ L
(27T)4 (kZ _ mQ)V (27r)4 (k,2)1"

We see, that this integral diverges for v < 2. We call divergences appearing at k? — oo
ultraviolet divergences. The massless bubble diagram also develops an ultraviolet
divergence if v; + vo < 2, since

/ d*k 1 K v / d'k 1
(271_)4 (kQ)Vl ((k _ p)Z)VQ (271')4 (kQ)V1+V2 :

A second kind of divergences appears in the massless case of the tadpole integral

d*k 1
/ e (2.30)

This integral not only diverges at large momenta if v < 2 but also at k* — 0 if v > 2.
We call the second kind of divergence infrared divergence. We note how the existence
of a mass in the tadpole integral prevents infrared divergences. Similarly, we find for
the massless bubble integral at small momenta an infrared divergence if vo > 2, since

/ d4kj 1 k2_4)>0 / d4k 1
(271')4 (kQ)Vl ((k — ]))Q)V2 (27‘()4 (kQ)V2 :

We see how divergences may occur in the calculation of Feynman integrals. Regularisa-
tion provides a way of handling this problem, because it generates well defined integrals.
In this thesis, we will utilise a standard regularisation method, namely dimensional reg-
ularisation [53, 54, 56]. In dimensional regularisation the four-dimensional vector
space of momentum vectors is exchanged for a D-dimensional vector space, which is
divided into an integer part Dy and a non-integer part D — Dy,

4 — D = Dy — 2,
k= (ko, k1, ko, k3)' = k= (ko,...,kp_1)",
d*k R dPk
@em?*  (@en)?

(2.31)

We call
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the dimensional regularisation parameter. We recover the physical case if we set
Dy = 4 and take the limit ¢ — 0, hence, we usually set

D =4 — 2e.

Properties of integration like linearity, invariance under translation or rotation and
scaling behaviour are preserved under the transition to D dimensions (see [57] section
2.4.2). The integration measure is normalised such that

/dee“k2 — C)? .

We may translate our investigations on the tadpole and the bubble integral to D di-
mensions and find

e k2 — 00: The tadpole and bubble integral have an ultraviolet divergence if D > 2v
and D > 2(v; + 1), respectively.

e k> — 0: The massless tadpole and massless bubble integral have an infrared
divergence if D < 2v and D < 2u», respectively.

o (k— p)2 — 0: The massless bubble integral has an infrared divergence if D < 2.

We handle ultraviolet divergences with dimensional regularisation as we set D < 2v
(D < 2(v1 4+ v2)). Theoretically, infrared divergences are handled with the help of an-
other regulator, for example through the introduction of small masses. After performing
the integration in the ultraviolet convergent domain, we may analytically continue the
result to all values of D and especially to D > 2v (D > 2(v; 4+ v2)). Here, the integral
is infrared finite and we remove the additional regulator. Both divergences, ultraviolet
and infrared, are then regulated by dimensional regularisation.

A Feynman integral I in D dimensions has a Laurent expansion around € = 0
I; = Z Ii(j Vel
J

In practice, ultraviolet and infrared divergences in four dimensions, therefore, become
apparent as poles in € in D dimensions. Ultraviolet divergences give rise to poles up to
¢! and infrared divergences up to ¢ 2, where [ denotes the number of loops, i.e. the
number of integration variables. The tadpole integral with v = 1, for example, inherits
a pole in € as it amounts to (see (3.21) and (3.22))

b =4—2¢
/ (;lw)kD (k2 - m?) o ‘% (m*) + (In (m*) = 1) (m*) + O(e).

We stress this point a bit further by looking at our second example. In section 3.3.1 (see
3.39) we will express the massless bubble diagram in terms of Euler’s Gamma function
I (3.16),

dPk 1 — 2+ (v1tr2)
/ )P F (=) )
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(a4 ) = B)T (B = m) T (5 - )

F(Vl)F(VQ) T (D — (1/1 =+ UQ))
p=1-2 L (11 +12) = (2—-€)T(2—€) —1)I'((2—¢) —11)
[(1)T(12) I((4—2€)— (v1 + 1))

Here, we do not need to introduce Euler’s gamma function in its full generality, it is
sufficient to note that
1
I'(e) = el + O(e).
For v = 19 =1, i.e. 4 > 2(v1 + 12), the ultraviolet divergence becomes visible as pole
in € in the first gamma function of the numerator

T (1 +wm)—(2-6)"27'T(e).

The pole in € of the infrared divergence v > 2 appears in the second gamma function
of the numerator

T((2—¢€) —ws) "E2T (—¢).

Poles in € are handled different regarding their origin in an infrared or an ultraviolet
divergence. Infrared divergences are handled with the Kinoshita-Lee-Nauenberg theo-
rem, ultraviolet divergences by renormalisation. Here, we will not describe the former
in detail. We only note the following: A detector has a finite resolution, hence, two
particles close to each other in phase space are indistinguishable and will be detected as
if they were one particle. The Kinoshita-Lee-Nauenberg [58, 59] theorem assures that
all infrared divergences cancel by summing over all degenerated states, i.e. by taking
all virtual loops as well as real emitted particles into account.

Renormalisation redefines a finite number of parameters and fields in order to ab-
sorb occurring ultraviolet divergences. “Bare” fields and parameters are defined to be a
renormalisation constant times a renormalised field/parameter. For instance, the quark
field ¢ and its mass m, may be redefined as follows

Gbare = Z2Q7"ena
Mgbare = ZmMqren-

The renormalisation constants Zy, Z,, absorb ultraviolet divergences by construction,
leaving a finite renormalised field/parameter gren/mgren behind. As a consequence, a
Lagrangian may be separated into a part containing all physical parameters and fields
of the theory L enormatised = Lren and a part yielding the cancellation of divergences
ACCounterTerms = LCTa

L — Lysre = Lyen + LoT- (2.32)

The part of the Standard Model Lagrangian yielding the quark propagator (2.25), for
example, is separated like

L = q(iv"0, — mq)q = Liare = Z2Gren (170 — ZmMg ren)Gren
= Lyen + Lo,
Lren = Gren (17" 0 — Mg ren)Qren,
Lot = Gren((Z2 — 1)in" 0y — (Z2Zm — 1)Mgren)Qren-
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3. Divergences in quantum field theories

Figure 2.3: Illustrative example of two-loop Feynman diagram and corresponding dia-
grams with counterterm insertions.

We see, we gain additional Feynman rules from Lor which may be utilised to express
Feynman diagrams with counterterm insertions. Ultraviolet divergences, which arise
in the calculation of a Feynman diagram with Feynman rules obtained from Lpgy e,
are cancelled by Feynman diagrams with appropriate counterterm insertions. Those
are found as loops of the original diagram are pinched and counterterm insertions are
placed instead. A counterterm insertion is indicated by a cross in the graph. We give
an illustrative example of a not further specified two-loop graph, whose divergent parts
may be cancelled through one-loop and tree graphs in fig.2.3.

The choice of renormalisation constants is not unique. Different renormalisation schemes
reflect different choices. Within the minimal subtraction scheme renormalisation
constants are designed to absorb nothing more than exactly the poles in €. As Euler’s
constant vg and the logarithm In (47) accompany each pole in ¢, the renormalisation
constants within modified minimal subtraction absorb

1
277E+1n(47r).

Within the on-shell scheme, renormalisation constants are defined via conditions
found as particles are set on-shell (p2 = mZ).

We close this chapter with the conclusion that physical measurable quantities describing
particle interactions like decay rates are theoretically derived from scattering amplitudes
(see section 2.1). Scattering amplitudes correspond to sums of Feynman diagrams, which
are calculated via Feynman rules (section 2.2.1). Feynman diagrams with loops yield
integrations. Since Feynman integrals in four dimensions can be ill-defined, we apply di-
mensional regularisation and consider D = (4 — 2¢) space-time dimensions. Divergences
become explicit as poles in the dimensional regularisation parameter. We are left with
the question: How can we compute D-dimensional Feynman integrals? We address this
question in the following chapters. Chapter 3 provides an introduction into the topic
of Feynman integrals and develops methods for their calculation. Chapter 5 shows new
results as integrals for the three-loop Higgs self-energy are found.
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CHAPTER
THREE

FEYNMAN INTEGRALS

Perturbation theory demands us to calculate scattering amplitudes and thereby measur-
able quantities describing particle interactions order by order in coupling constants. As
a consequence, precision calculations in quantum field theory require the derivation of
high orders in perturbation theory, represented by the calculation of Feynman diagrams
with multiple loops. Loop diagrams create Feynman integrals, which are therefore es-
sential building blocks of quantum field theoretical precision calculations. This chapter
starts the discussion on Feynman integrals with an introduction, which demonstrates
the emergence of Feynman integrals. Along the way, we define basic properties and
concepts like scalar integrals, auxiliary topologies and the momentum representation of
Feynman integrals. Section 3.2 can be considered as an extension to the introduction,
since it investigates one-loop diagrams more closely. Sections 3.3 and 3.4 prepare the
calculation of higher loop integrals. The former defines representations of Feynman in-
tegrals required in this thesis. The latter discusses ordering as well as relations between
different integrals and thereby enables the construction of master integrals. Section 3.5
introduces a solution technique for loop integrals, the method of differential equations.
Tools required to utilise this method successfully, like maximal cuts of Feynman inte-
grals, will be given in section 3.6. The main references of this chapter are [57, 60] (see
also [61, 62]), further references will be provided as needed.

3.1 Introduction

Feynman diagrams with loops naturally arise during the calculation of higher orders in
perturbative quantum field theory. We acquired in section 2.2 the Feynman rules needed
to translate those diagrams into mathematical expressions. Loops particularly give
rise to integrations, namely integrations over the undetermined loop momenta. These
integrals need to be regularised. As discussed in section 2.3, dimensional regularisation
constitutes an appropriate regularisation scheme. Hence, momenta are taken to be
D-dimensional. Expressing a Feynman diagram with [ loops and n internal edges via
Feynman rules leads to a Feynman integral of the following form:

n

l
I:/H a7k N(, . sgt,my,...ymy,) HL (3.1)
41 (27T)D 1> v 4dn> 9 9 n J (q_?_m?)’

Jj=1
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Feynman integrals

where k;, @ = 1, ...l are the loop momenta, g;, j = 1,...n are the internal momenta, which
can be expressed in terms of loop momenta and external momenta due to momentum
conservation, and m;, j = 1,...n are the internal masses. In the context of Feynman
integrals, we call (qj2 - m?) (internal) propagator. The numerator A in (3.1) gets
determined through the internal edges and vertices of the diagram. It may contain
vectors, axial-vectors and tensors in contrast to the denominator solely depending on

scalars. Additionally, it absorbs any prefactors arising from Feynman rules.

Figure 3.1: Two-point one-loop diagram H — qq — H. The dotted line carries mass
mpy and the solid line carries mass my.

To gain further insights into the possible structures of (3.1), we look at an example:
H — gq — H, a one-loop contribution to the Higgs-boson self-energy depicted in
fig.3.1. The internal edges represent a quark ¢ and an antiquark g. The quark carries
an undetermined loop momentum k£ and due to momentum conservation the antiquark
carries momentum (k — p) if p denotes the Higgs-boson’s momentum. In correspondence,
we may assign to the quark’s edge P = (k:2 — mg) which we call first propagator and to
the other edge P, = ((k: —p)? - mg) which we call second propagator. Both propagators
form the topology corresponding to fig.3.1. The kinematic invariants are the quark mass
m, and the squared external momentum p? = s. Expressing figure 3.1 with the help of
Feynman rules from section 2.2.1 yields

_/ dPk megTr ((%—l—mq)(k—p-i-mq)) (3.2)
(2m)P 4m3y, (k* —m2) ((k —p)? — m32)
B / dPk g*m? (k* —k-p+m?) (33
2m)P my, (k2 —m2) ((k—p)>—m2) .
The trace in (3.2) is evaluated using the following properties from Dirac algebra
{27} = 29", Kk =k?, Tr(1) = 4,
Tr(y*) =Tr (y* ... 4#*"+1) =0, Vn € IN, (3.4)

which leads to the following numerator

g2m2
N =SS0 k)~ (B kep ).

We see, that numerators of Feynman integrals can depend on loop momenta. This type
of loop integral is called tensor integral. We would like to deal with scalar integrals
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1. Introduction

only, i.e. integrals in which loop momenta solely appear as components of propagators,
to enable the use of various techniques helpful for solving Feynman integrals. A scalar
integral can be represented in the following way:

l n
dPk; 1
JN/H i A (3.5)
P (2m)P i (qj2 — mjz)l’a J

To transfer (3.1) into a (sum of) scalar integrals, loop momenta inside scalar products
as well as loop momenta appearing as vectors have to be eliminated from N . Here,
“elimination” of scalar products refers to expressing them in terms of propagators and
kinematic invariants.

In the example (3.3) k% and k - p appear inside A/. The number of propagators and
the number of independent scalar products involving loop momenta matches, as always
in the case of one-loop diagrams. Since the first propagator depends on k2 and the
quark mass, k? can be expressed through P; and mg. Similarly, p - £ can be rewritten
in terms of both propagators and s,

PL=kK—-mi=k =P +m,
1
P2:(k—p)z—m2:k~p:§(P1—P2+s). (3.6)

Inserting those linear combinations into (3.3) gives

[ N o [ 4O (i (PP )

2m)P PPy (2m)P m2, PPy
Sy R R
omy, (2m)D 2P Py (2m)P 2P, (27)D 2P,
2,2
g m s 1 1
= — — q <<2m2 — 5) 111 + 5[10 + 2]01) . (37)
w

In the last step, we introduced a notation

dPk 1
I,,,,E o ND DV pV2? .
= | G e @)

which identifies each scalar integral through the exponents of its propagators P; and
P;. Three scalar integrals remain. We will see their evaluation in section 3.2. The set
of integrals I,,,, with arbitrary exponents vq, v» is called integral family (belonging
to the diagram in fig.3.1).

In general, for [ loop momenta k; and e independent external momenta p,,, the scalar
products

kzkjy kzpm; Pm - Pn, Zaj:17la m,n = 17'“67
arise in the numerator of the Feynman integral. That amounts to

1(1+1)

Nsep = +e-l (3.9)
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independent scalar products involving loop momenta. If the number of internal edges
and therefore the number of propagators equals NV, each scalar product involving a loop
momentum can uniquely be expressed through a linear combination of propagators and
kinematic variables.

It follows, that we may replace scalar products inside the numerator with linear combi-
nations of propagators. We cancel the propagators with the corresponding propagators
in the denominator and obtain a sum of different scalar integrals (3.5). These integrals
can be identified through the exponents of their propagators, which are at this stage
either one or zero, as seen in (3.7) and (3.8). Diagrams with less propagators than re-
quired by (3.9) can be interpreted as sub-graphs of graphs with an appropriate number
of edges. In this way an auxiliary topology, namely the topology belonging to the
larger graph, can be found and utilised for each diagram. The auxiliary propagators
that did not appear in the original diagram emerge in the denominators of integrals
only with negative exponents. The construction of an auxiliary topology will be shown
in practice in section 5.2.

The closed fermion loop in the above example led to a trace in the integral, hence,
no vectors survived. In general, the numerator of (3.1) can contain vectors, which are
not contracted. If each independent scalar product involving a loop momentum can
uniquely be expressed by a linear combination of propagators, we can eliminate the
dependencies on vector like loop momenta through the Passarino-Veltman reduc-
tion technique [63]. The evaluated integral of a scalar function times loop momenta
carrying indices must be equal to a tensor structure carrying these respective indices.
Furthermore, this tensor structure has to be constituted of the fixed external momenta
and the metric tensor g,,. In the case of one loop momentum k and one external
momentum p follows

/dek“f(k):p“-B, BeC,

where f(k) is an arbitrary scalar function. Through contraction with p,, the constant
B can be rewritten,

% [ Pk 1) = pur - B,
& [dkp k1) =1 B,
&B= plQ/dep-kf(k).
After inserting the result, we obtain for the original integral
/de kM f(k) = Z;/dep- k f(k).
Now, the integration is solely over scalars. We replace p - k with an appropriate linear

combination of propagators and obtain a scalar integral. In a similar manner, integrals
containing more vectors can be transformed to scalar integrals. We will see another
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1. Introduction

application of the Passarino-Veltman reduction technique in (6.17), section 6.4.

After obtaining scalar integrals out of (3.1), we are left with a set of integrals which
can be written in the momentum representation of Feynman integrals. In D space-time
dimensions, the momentum representation of a Feynman integral corresponding
to an [-loop diagram with n internal edges is defined by

el 2\v—2 l de’L Tl 2 2
Ty, =€ vE (,U ) 2 /HZ D/2 Pl Pj = (_Qj +mj)7 (310)
=1 T j=1"17J

where k;, © = 1,...l are the loop momenta and ¢;, j = 1,...n is the internal momentum
flowing through the edge j which carries mass m;. Furthermore, v; € Z is the exponent
of the propagator P;, whereby

W is an arbitrary parameter with mass dimension one, vg is Euler’s constant and

_ Dy-D

DyeN
2 ) o €N,

€

is the dimensional regularisation parameter. Note, that any scalar factors that emerged
during the transformation from the original expression of the Feynman diagram (3.1)
are written in front of the obtained integrals. Note further, that this transformation
includes the compensation of the extra factor 72 (uz)y_% and the replacement from
(2m)P in (3.1) with (i7”/2) as well as the change of the overall signs of propagators.
We will justify the use of the latter conventions in section 3.2 (see especially (3.14)
and (3.15)). The factor e?7® removes Euler’s constant from the evaluated integral (see
(3.26)). The renormalisation scale y is introduced to render the integrals dimensionless.
Dimensional power counting,

dPky..dPk; ~ (mP)’
PUL P~ (m2)”

reveals a mass dimension of DI —2v = —2(v — %D) for an [-loop integral in D dimensions

_D
and, hence, verifies that the factor (u%)”” 2 ensures (3.10) to be dimensionless.

Due to the insertion of u, the integral depends on scalar, dimensionless kinematic
variables

2
bl g (3.11)
M Iz
where p;, 4,7 = 1,..., e are linear independent external momenta and m, are internal

masses (see e.g. (3.19)). The products of external momenta in (3.11) are usually rewrit-
ten in terms of Mandelstam variables. One kinematic variable can be set to one, which
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fixes ;2 to be either a squared mass or a Mandelstam variable. As a consequence, the
number of independent kinematic variables is given by
e(e—1)

Ny = =+ — 1, (3.12)

where n,, <n is the number of different internal masses.

Summarising, any Feynman graph G with loops gives rise to a certain Feynman in-
tegral (3.1). After evaluating its numerator, it is reduced to a sum of scalar Feynman
integrals, thereby, an appropriate auxiliary topology is found if necessary. The number
of edges of the auxiliary graph has to be equal to the number of independent scalar
products containing a loop momentum Ny, (3.9). The remaining integrals are identi-
fied through the exponents of their propagators: I, ,,..,. They can be expressed in
the momentum representation of Feynman integrals (3.10). The set of integrals I,,,,.. .,
with arbitrary exponents vy, v, ..., v, is called family of Feynman integrals associated
to G. The integral family includes sub-graphs of G which correspond to an integral
1, 0,...,, With one or more zero exponents v; = 0. Here, the sub-graph is obtained from
G through pinching the appropriate edge(s) i.

The Feynman integrals of a family are not independent, instead, linear relations among
them can be found and used to obtain a basis of this family. The basis integrals are also
called master integrals. We will learn more about master integrals and their evaluation
in sections 3.4 and 3.5, but first we will look at the easiest type of Feynman integrals,
namely integrals corresponding to one-loop diagrams.

3.2 One-loop diagrams

In this section we investigate one-loop diagrams and integrals. For this purpose, we
return to the two-point one-loop example H — ¢q¢ — H from fig.3.1. We encounter
and solve two important one-loop integrals, namely, the tadpole (3.13) and the bubble
integral (3.24) which are expressible through Euler’s gamma (3.16) and beta function
(3.20). On the way, we find a general procedure for calculating one-loop diagrams.

After expressing the one-loop diagram from fig.3.1 through scalar integrals (3.6), the
calculation proceeds as we write it in terms of Feynman integrals in momentum repre-
sentation (3.7).

B / APk g*m2 Tr ((k+mg)(k — p+my))
(2m)P 4m3, (k:2 - mg) ((k: —p)?— mg)
ie='E g*my

D D
= 2)7 2 <_2 2 f)j 1281 Lo+ T
oD% mi, <(M) Mt g) g () (ot o) )

where the integrals are defined by

_D dPk 1
2\ V
Ly, = €F (ﬂ ) ’ /MWW’
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2. One-loop diagrams

Py=—k+m}, Py=—(k-p)?+m

Since Ip; can be transformed into I1¢ through a variable transformation k — k=k—np,
two integrals Ip1, I11 remain to be evaluated.

Figure 3.2: One-loop tadpole diagram.

We start with the easier integral I1y which is also known as one-loop tadpole integral
T}, due to its diagrammatic depiction (fig.3.2),

Lo =T (D,m]),

) v—D [ dPk 1
T, (D,m?) = e (42)" 2 / P ¥ e e (3.13)

The tadpole integral depends on the loop momentum k = (ko,k1,...,kp_1)T solely
through its square. Note, it depends not only on the dimension D, but also explicitly
on the dimensional regularisation parameter ¢ through the prefactor e’2. However,
we write T, (D,m2) instead of T, (D,e,mQ), since this prefactor is always the same
by definition. As a first step in the evaluation of the tadpole integral, we change from
Minkowski space,

2 =k2— ki — ... — k% 4,
to Euclidean space,
K=K+ Ki+...+K% 4,

through a Wick rotation [64]. The integration contour of the Wick rotation is given

by the closed contour in fig.3.3.
\ Re(ko)

Figure 3.3: Integration contour of the Wick rotation. Small semicircles on the real axis
circumvent the poles.

Im(ko)
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The poles of the propagator on that contour are bypassed by Feynman’s id-prescription,

i
K2+ m2—id

which is usually not written down explicitly, but always implied. It follows, that the
integration over the first component of the loop momentum kg along the closed contour
vanishes. Additionally, the integrations along the quarter-circles at infinity vanish too
if no singularities are on the quarter-circles. Hence, only the integration along the axes
are left and we can find a relation among them,

0= ygdk:of(ko) = /OO dko f (ko) + /_iC>O dko f(ko),

= /_i:;}of(/{(]) = — /:wo dko f (ko).

Using this relation we obtain a loop momentum with Euclidean signature if we change
the time component ky = iKy and leave the space components as they are k; = Kj, for
0<j<D-1,
k? = -K? d°k = id"K,
dPk 1 d°K 1

- inD/2 (—k2 + m2)” = D2 (K2 +m2)” (3.14)

Here, we see the reason for changing the signs of the propagators and placing an ¢ in
the denominator of the momentum representation of Feynman integrals (3.10).

In the next step, we introduce generalised spherical coordinates (see appendix A.1)
to split the integration into an angular and a radial part, since the integration variable
appears only squared. The measure is d’ K = KP~1dKdQp. The angular integration,

D
22
dQlp = o (3.15)
/ r'(3)
validates the convention — in (3.10), since this factor cancels now. Here,
T2
oo
I(z) = / e 't*at (3.16)
0

is Euler’s gamma function which has various properties (see for example [57] section
2.4.2) such as

The tadpole integral becomes
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2. One-loop diagrams

2\ Wick rot. o v—L d°K 1
T, (D, m?) Wi g (,2)Y /WD/Q R (3.17)
D—1
: 2\ "3
angular int. VE 2 y—g 2 / (K)
= e dK ————. 3.18
('u) F(%) (K2+m2>u ( )
Changing the variable,
KQ m2
K = K= a2
—t -~ =d dtQK,
leads to
D _ D
m2\2 " 1 tz !
1 ) e ()7L
D
m2\2 " 1 D D
= — ——~ Bl =, v—"= . 3.19
(5) (D) (37-%) (319

We see how the renormalisation scale p yields a dimensionless integral. Furthermore,
we recognise Euler’s beta function

o) tzl—l 1 r T
B(z1, ) z/ ——————dt = / 1711 — )27t = Llz0)I(z2) (3.20)
0 (t + 1) ! 2 0 F(zl + 22)

We are therefore able to express the tadpole integral in terms of gamma functions

and obtain in D = 4 — 2¢ dimensions

m2
mg . mg —eln(—q)
Ly=T 4—26,F =M — e #IT(e—1) (3.22)

In addition, we may set

and find

T1(4—2¢) =e"PI'(e — 1) (3.23)
_ o (d +(te -t 2+ 0()
= 562 et {36 — 50 € €’).
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We encounter the tadpole integral with a general mass and with a mass equal to u?
again in section 5.4.3 in (5.39) and (5.38). There, the tadpole is taken in D = (2 — 2¢)-
dimensions in order to find an integral of uniform weight (see section 3.5.1 and section
3.5.2 for definitions of weight properties).

The second integral of the two-point one-loop example H — gqg — H is named one-loop

bubble B,,,,(p?, m?, m2), again after its diagrammatic depiction (fig.3.4).

Figure 3.4: One-loop bubble diagram.

The one-loop bubble integral is defined by

Iy = B (D, p*,m2,m),

o [ 4Pk 1
2,2 2\ — eve (,,2\V7
By, (D, p?,mi,m3) = e7* (%) / w2 (<2 4 m2) (—(k — p)2 +m2)™
(3.24)

As in the case of the tadpole integral, we do not point out the bubble integrals’ depen-
dence on €. In contrast to the tadpole, the dependency of the one-loop bubble on the
loop momentum is not solely through its square. Prior to performing a Wick rotation
and shifting to spherical coordinates, we have to complete the square. We therefore have
to find an appropriate integration variable. First, we convert the product of propagators
in the denominator into a sum with the help of Feynman’s trick, which will be given
in its full generality in (3.37) in section 3.3. Here, we only need the special case of two
propagators Py, Ps,

1 1 1
= da . 3.25
PPy /0 (aP; + (1 —a)P,)? (3.25)

Feynman’s trick introduces a so-called Feynman parameter a. Unfortunately, the conver-
sion to a product comes with an additional integration over a. Alternatively, Schwinger’s
trick could be utilised, which introduces additional integrations over Schwinger param-
eters. Applying (3.25) to the integrand of I1; and reordering the result such that k is
placed inside a squared term gives

1 1

1
(=K% +mg) (—(k - p)* + mg) :/o A apP tata - D +mg
\—v—’

D D
R L -
imP/2 k2 4+ a(a—1)p2+m2

32



2. One-loop diagrams

After shifting the integration variable to k, the integration over k can be performed with
the help of a Wick rotation and D-dimensional spherical coordinates, just as before.
Looking at the definition of the tadpole (3.13) we can transfer its result (3.21) if we set
m = a(a—1)p* 4+ mZ. For D =4 — 2¢, we obtain

1
1
I = 9B 2€Fe/da -
11 1% () 0 (a(a—l)p2+m2)

In the massless case, we can identify Euler’s beta function again

1
Bi1 (D,p*,0,0) = e 1> T (e) / da (a(a—1)p*)""
0

— e () 0 [daac (- a0y
(G) ro

B(1—¢,1—¢)
2 —€
_ ew (TP F(1—eT'(1—¢)
‘ ( R YO
9
- % I (;;) +24 0(e). (3.26)

Here, we see how the series expansion of e7F cancels vg coming from I'(e€) = % -7 +
O(e). In section 3.3.1 we obtain an expression for the massless bubble depending on
general indices vq, 5 (3.39). The calculation with non-zero masses will not be shown
here, we simply give the result in the appendix A.2.

The massive bubble will occur again in section 5.4.3 (see (5.42)) together with the
massive tadpole, both taken in D = (2 — 2¢)-dimensions. There, we develop versions
of the bubble and the tadpole integral, which are more suited within the context of
differential equations of Feynman integrals (section 3.5).

In summary, the one-loop example H — ¢¢ — H from fig.3.1 becomes in D = 4 — 2¢
dimensions

2

q

4 2—e 2
2 2em my,

((MQ)_E (—ng + %) By (D, p?, mg,mg) + (/ﬂ)l_E Ti (4 — 2, mﬁ)) , (3.27)

e €VE ng

where the tadpole is given by (3.22) and the bubble by (A.1).

The methods we used for the example can be transferred to general one-loop integrals
as calculations of one-loop diagrams all follow the same pattern:

1. After translating the diagram via Feynman rules, the resulting tensor integrals
are reduced to scalar integrals, for example through Passarino-Veltman reduction.
Scalar products containing the loop momentum in the numerator can be replaced
with appropriate linear combinations of propagators and kinematic invariants.
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2. Independent integrals have to be evaluated. Utilising Feynman’s or Schwinger’s
trick transforms the product of propagators in their denominators into a sum. The
integration variable is shifted, such that the integrand only depends on its square.

3. After Wick rotation, D-dimensional spherical coordinates come into play. The
angular integration is trivial and for the radial integration Euler’s gamma and
beta functions are recognised.

4. The integration over Feynman or Schwinger parameter’s remains.

As the procedure for 3. is always the same, it can be summarised in a formula (cf. [57],
eq.(2.133)),

Pk (-k)*  T(2+a)T(v-2-a) -5
/iﬂ'D/Q (—UK2+ V)" FQ(g) I‘(i) e (3.28)

where a is a scalar and U, V are polynomials independent of k.

3.3 Representations of Feynman integrals

In the preceding section, we derived a strategy to calculate one-loop integrals. Un-
fortunately, the evaluation of higher loop integrals is trickier. In preparation for the
discussion of a widely used solution strategy, namely the method of differential equa-
tions, we will first take a look at different representations of Feynman integrals.

We have already seen the momentum representation of Feynman integrals (3.10) which
more or less arises out of the application of Feynman rules. It will be the starting
point for each representation introduced here. Hence, we quickly recapitulate it and
we will keep its accompanying notation. Accordingly, each representation introduced
and utilised in the following will be equivalent to (3.10) (and (3.29)). We work with !
loops, n internal edges and in D = Dy — 2¢ dimensions where Dy € N. The momentum
representation is given by

I e (127 Phivr L p H
vz = €77 (1) I 5:1l5m B=Ca+m (3.29)
i—1 j=1"7

where k;, ¢ = 1, ...l are the loop momenta and ¢;, m;, j = 1,...n are the internal mo-
menta and masses corresponding to the propagators P; which carry exponents v; € Z,

whereby v = 37",

one and g is Euler’s constant.

v;. Furthermore, p is the renormalisation scale with mass dimension

Additionally, we already gained an insight into the Feynman parameter representation of
integrals in the previous section. We treated the integration over the loop momentum for
an integration over a Feynman parameter as we applied Feynman’s trick and evaluated
the simplified momentum integration. In the upcoming subsection we briefly introduce
the Schwinger and Feynman parameter representation in their full generality. Along
the way, we encounter the graph polynomials I/, F, which play an essential role within
the method of differential equations. The graph polynomial I/ enables the construction
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of dimensional shift relations between integrals and F helps constructing derivatives of
Feynman integrals. Afterwards, we deal with another important representation of Feyn-
man integrals, namely the Baikov representation. The Baikov representation as well as
dimensional shift relations play a crucial role in the method of differential equations, as
we will see later.

3.3.1 Schwinger and Feynman parameter representation

Schwinger and Feynman parameter representation of Feynman integrals simplify the
integration over loop momenta at the cost of introducing auxiliary integrations. Both
can be obtained from the momentum representation (3.29) through the application
of either Schwinger’s or Feynman’s trick. The trick is applied to every propagator

P; = <—q]2- + m?), trading the product of propagators in the denominator of (3.29) for
a sum. In the case of Schwinger’s trick

1 1 > 1 —aP;
= | daa’leh, (3.30)
P T() Jo

which follows from the definition of Euler’s gamma function (3.16), this sum of propa-
gators emerges in an exponential,

1 AT2

(3.30) - L dPk; -
I / d"a H a;rl exp | — Z aj (- +m3) | . (3.31)
a; >0 . . F

1=

Now, each propagator is accompanied by an auxiliary integration variable, called Schwinger
parameters «;, j = 1,...,n. The sum in the exponential is sorted by the dependence
on loop momenta creating an [ X [ -matrix M, an [-dimensional vector v with linear
combinations of the d-dimensional external momenta as entries and a scalar J,

l l l

Doaj (=g +mi) == "> kiMinkn + Y 2ki-vi+J. (3.32)
J

i=1 m=1 i=1

This enables the use of (3.33) (cf. [57] eq.(2.158)), which simplifies the integration over
loop momenta in (3.31),

o
/ dyy...dypexp (—§ Af + 207§ + ¢) = 75 det A2 exp (@AM + ¢), (3.33)

—00

where A is an n X n -matrix and ¥ is an n-dimensional vector.

Before we give the resulting representation, we define the graph polynomials in terms
of M, v and J found in (3.32),

U =det (M),
F = thMEM) (J+ov"m ). (3.34)

U, also called 1% Symanzik polynomial, is a homogeneous polynomial of degree [ in the
Schwinger parameter’s, whereas F, the 2"¢ Symanzik polynomial, is of degree [ + 1.
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Finally, the Schwinger parameter representation of a Feynman diagram with [
loops and n internal edges is given by

eel’yE

[ el i () o
Vi

J=1

where o; are the Schwinger parameters and, as before, v; is the exponent of the gt
propagator, € is the dimensional regularisation parameter and g is Euler’s constant.

The Feynman parameter representation of a diagram with [ loops and n inter-
nal edges is defined by

Gl’YEI‘ ) (1+1)D
r="— v=7) / d"ad |1 —Za] ™! % (3.36)
[Tren i T
j=1

where a;, j = 1,..,n are called Feynman parameters. Similar to the Schwinger param-
eter representation, it can be derived from momentum representation (3.29) with the
help of Feynman’s trick

n ) n HT}ZI alfj—l
H = / d'ad |1-Y a;| —F—2L . (3.37)
o by H v;) " 20 =1 (Z;g aij)

Alternatively, (3.36) can be constructed from Schwinger parameter representation through

the insertion of 1 = [ 6 (t - 2?21 ozj) dt and the variable substitution a; = L.

Alternative ways of constructing the Symanzik polynomials exist. We mention a graph-
ical approach here (cf. [65]). The result reveals the structures of the polynomials. U can
be obtained from the spanning trees and F from the spanning 2-forests of the respec-
tive graph. A spanning tree T is a connected sub-graph without loops, that contains
all vertices of the original graph. If a graph has [ loops, | edges must be removed to
obtain a spanning tree. Removing [ edges in all possible ways, such that no vertices are
lost, gives the set of spanning trees 77. If the deletion of [ 4+ 1 internal edges results in
two connected tree-graphs (instead of one), we call it a spanning 2-forest (77,7%). The
corresponding set of all spanning 2-forests is denoted by 72. The Symanzik polynomials
are given by

u=3 T

Te’TleigT
_ n 2
= S | I @ <S<T;’T2>)+u<a>zai”’g, (3.38)
(T1,T5)€Ts \ei¢(T1,T2) H = M
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3. Representations of Feynman integrals

where a; is the Feynman parameter corresponding to the deleted edge e; and s, 1)
gives the square of the momenta flowing through all deleted edges of the respective
spanning 2-forest. Now, we clearly see, that U is a homogeneous polynomial of degree [
in Schwinger/Feynman parameters and F one of degree [+ 1. Additionally, we see, that
U depends linearly on each Schwinger/Feynman parameter. This property plays a role
in the construction of dimensional shift operators (see section 5.3). F is linear in the

. . . —s 2 . . . . .
kinematic variables %, :'Zg , which plays a role in the construction of a differential

equation (see section 5.3.1).

We complete this subsection with an example, namely the one-loop bubble (fig.3.4)
we already investigated in the prior subsection,

dPk 1
i D72 (<k2 4 md)”™ (—(k = p)? + m3)"™

Buyus (0% m2,m3) = e ()" 7 /

The Feynman parameter representation of the one-loop bubble is given by

BVlVQ(p m1> )
E’YEF Q v—D
D SO / daq / das 9 1 _ al + a2)) vi— 1a;2 1 &D’
v2) Fla)'~2
Z/{ = ai + ag,

2

—-p mi mo
F =aiap < > + (a1 + a2) <a1+a2> :
I I p

Here, we found the graph polynomials ¢/ and F with the just described method. In the
massless case, we easily calculate the Feynman representation of the bubble integral,

D
eVET .2\ 32 Y poo 1 VD
BVIVZ(p27070) = ( ( ) ( ; ) / daq ayl 1(1 —al)VQ_l (a’l + al)
0

_ D
2

FT(m) \ 2 E a3

D
E’YE]__‘ (V %) ( >2V /OO 27171}2 D
= dai a? (1—ap)2 17,
F)l()  \ p? 0 '
5(%-rnBn)

We recognise Euler’s beta function (3.20) and, therefore, find a general solution for the
massless one-loop bubble,

—p? %_VGEVEF v—2\T (L —uv))T (2 —v
Bant0.0 = () T T e

3.3.2 Baikov representation of Feynman integrals

In addition to momentum, Feynman and Schwinger parameter representation, we in-
troduce a last representation of Feynman integrals, the Baikov representation [66]. The
Baikov representation may be utilised to determine the maximal cut of a Feynman in-
tegral, which plays a key role in the solution strategy within the method of differential
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equations applied in this thesis. We will discuss the method of differential equations de-
signed for calculating Feynman integrals in section 3.5 and maximal cuts in section 3.6.1.

The Baikov representation treats the integration over loop momenta for the integration
over propagators. This transition is split into a change from momentum integration to
integration over scalar products involving loop momenta and a subsequent change to
integration over propagators to simplify the development of the Baikov representation.
We summarise the independent scalar products involving loop momenta in

g = (0—17"'70—N5(;p) = (—]Cl -kl,—kl -k‘g,...,—]{}l ~kl,—k1 -pl,...,—kl 'pe)-
The number of scalar products N, i.e. the length of o was given in the beginning of
this chapter in (3.9). A propagator belonging to edge i is given by
2 = —%2 + my,
where m; denotes the mass of edge i and ¢; its momentum. As we seek for an integration
over propagators, we call z; a Baikov variable. The number of Baikov variables is given

by the number of internal edges n. We may summarise our strategy for the derivation
of the Baikov representation as

dPk; — dNsero — d"2.

The second transition requires a topology where every o; is uniquely expressible in terms
of propagators (see (3.40)). The Baikov representation is, therefore, only applicable for
topologies which have the same amount of propagators as independent scalar products
involving loop momenta,
!
n = Ngcp.

In the beginning of this chapter we discussed, how we may always find an auxiliary
topology with appropriate propagators if the original number of edges deceeds Ny¢p. In
this way we are always able to stretch our starting conditions and, thus, convert to the
Baikov representation.

In the beginning of this chapter we also discussed how scalar products involving loop
momenta are expressible in terms of propagators. In correspondence, we may write

Zi = Cijo-j + fi, (340)
with an invertible n X n-dimensional matrix C' and an n-dimensional vector f free of

loop momenta.

Now, we are able to determine the Baikov representation for the one-loop case
o= (k- -k,—k-p1,...,—k-De).

The multi-loop case can then be obtained through iterative application of the one-loop
procedure. To find the Baikov representation from an integral in momentum represen-

tation,
dPk I -,
I /iﬂ-D/Q HZJ ’
j=1
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we first seek for a transfer from the integration over loop momenta to an integration
over . We decompose the loop momentum into a part parallel to the space spanned
by external momenta and an orthogonal part,

k:kH—l-kJ_, k||€<p1,~~7pe>7

in order to treat them separately. Additionally, we go to Euclidean space, implying for
the measure

dPk = d°kydP k) = id°K;d” K,

where e is the number of independent external momenta and consequently the dimension
of the parallel space. A scalar product of the orthogonal part of the loop momentum
with external momenta vanishes by definition, hence, the orthogonal part survives only
as a square in the integrand. Accordingly, it is natural to switch to spherical coordinates.
The angular integrations in orthogonal space is then performed straightforwardly,
7TD2_ < D—e—2
dP=°K,| = T (K1) 2 dK7.

Additionally, we may trade the integration over Ki for the integration over oy = K2,
dK? = doy,
and express the squared orthogonal part in terms of scalar products,

o detGUN (K P P detGlkpr, )
L7 detGevd-(Py,...,P)  detG(pi,...,pe)

Here, the Gram determinant detG and the Euclidean Gram determinant detGe%c
are defined by

detG(qi,...,q.) = det (—¢; - qj) = det (Q; - Q) = detG(Qy, ..., Qo). (3.41)

The parallel part remains. We may change integration variables in parallel space to
(0’2,...,08+1) = (K-Pl,...,K~Pe),

d°K)| = detJ 'doy ... doet1,

_ 8(0% s 7Je+1) _
det.J = det (8([(0, R T VdetG(p1, ..., pe).

In the final step, we change variables from scalar products o to Baikov variables z with
the help of (3.40), which yields a Jacobian detC' = %. For the complete measure we
obtain

—D+e+1
2 D—e—2
2

dPk _detG (p1,...,pe)

= detG (k,p1,...,pe
in3 75 (detO)l (252) (a1, e)

dNser ., (3.42)

In the one loop case, the number of Baikov variables is given by Ny, = e+ 1. To
emphasise, that Gram determinants are expressed in terms of Baikov variables, we
replace

B(Z) = detG (k17---;kl;p17-~-,pe> (343)
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and call B Baikov polynomial. The variable z represents all Baikov variables

Z1y+ -+ ZNaep-

The [-loop Baikov representation may be developed iteratively from (3.42), it amounts
to

_1D —D+e+1
e (12)Y 72 detG oy n
e e ey e— s
Ly = () 1, Pe) &z B(z)" 7 [[ 2. (3.44)

73D det(C Hr( _GH_Z) ‘ i=1

The rather complicated integration domain is given by

C=CinCyn...NCy,

detG(k',u~7kl7p1)"'7p6) }
C; = J >05. 3.45
{detG(kj+1,...,kjl,pl;-"vpe) ( )

3.4 Master integrals and the Laporta algorithm

After the introduction of the graph polynomials (3.34),(3.38) and the Baikov represen-
tation (3.44), we proceed with the calculation of Feynman integrals beyond one-loop.
We already discussed the concept of auxiliary topologies and the Passarino-Veltman
reduction technique in the beginning of this chapter. Both are utilised in a first sim-
plification step of the calculation process, namely the conversion of tensor integrals
obtained from Feynman rules to scalar integrals. This conversion may generate a huge
number of scalar integrals. We have seen in the one-loop example from the beginning
of this chapter (fig.3.1), how one tensor integral gave rise to three scalar integrals (3.7).
Beyond one-loop the numbers become far greater (see for example section 6.4, page 145).

Before we actually calculate any Feynman integrals we want to reduce their number.
This can be achieved with the help of the Laporta algorithm [67], which starts with
a set of scalar Feynman integrals and returns a smaller set of so-called master inte-
grals. It constructs relations between integrals, such that “more complicated” integrals
can be erased in favour of “simpler” integrals. To define simplicity in the context of
Feynman integrals, we introduce some classifying variables in the following subsection.
Afterwards, we discuss how integration by parts helps relating integrals to “simpler”
integrals.

3.4.1 Sectors

We recall, that any scalar Feynman integral I,,,,. ., of a certain integral family is
completely determined by its indices v;, which are the exponents of its n propagators.
A set of integrals with common propagators in the denominator, i.e. with a common set
{vi > 0}, is called a sector. Each sector can be drawn as a graph consisting of all edges
1 that correspond to v; > 0. In section 3.6, we will see how sectors appear as blocks
inside the system of differential equations of master integrals. Integrals within a sector
differ by their irreducible scalar products, i.e. propagators with negative exponents, and
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4. Master integrals and the Laporta algorithm

the actual values of their positive indices. The sector identity

n - 1
Sip — ;23 o (,,j ~ 2) 7 (3.46)

characterises each sector and simplifies the assignment of integrals. © is the Heaviside
step-function. If we refer to a sector by a number we always talk about its sector identity.
The number of propagators with positive powers

= 1
Norop = Y _© <Vj - 2) : (3.47)
j=1

gives the length of the set {v; > 0}. In the calculation of a Feynman diagram, the
transition from tensor integrals to scalar integrals naturally gives rise to sub-sectors of
the diagram of interest. The diagram of interest defines the top sector, possessing the
largest set of positive indices,

Nprop,top sector — Nprop,maXa

SID,top sector — SID,rnax-

A sub-sector is obtained as propagators and thereby edges of the graph get pinched,
manifested through zero indices in the integral representation. Every sub-sector is,
therefore, defined through a subset {; > 0} of the original set and corresponds to a
sub-graph of the original graph.

The Laporta algorithm demands a sorting of integrals according to their simplicity.
Hence, we have to define criteria for simplicity. Integrals with more propagators, i.e.
a greater Nprop, are naturally more difficult. We deduce, that integrals from the top
sector are most challenging. We further deduce, that N, gives a good first sorting
criterion. Sectors with the same amount of propagators can be arranged according to
their sector identity, where we choose to start with the smallest Sip.

In order to be able to sort integrals within their sectors, we introduce the following
variables:

r= Z v;© <I/j - ;) , (3.48)
j=1

. 1
s = Z lvj|© <—I/j + 2) ; (3.49)
j=1

r sums all positive and s all negative indices. Integrals with smaller propagator powers
within one sector give rise to smaller r or s and are considered simpler. It follows that
integrals can be ordered lexicographically, for example with respect to

(NpropaSIDaT787"')' (350)
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3.4.2 Integration by parts

The second main ingredient of Laporta’s algorithm besides the classification of integrals
are relations among the integrals, which can be found from integration by parts identities
or symmetry relations. Integration by parts identities [25, 26] rely on the fact that the
integral of a total derivative vanishes within dimensional regularisation,

/deaakuv“f(k,pi) =0, (3.51)

where v# = k#, pl' or any linear combination thereof, implying the absence of boundary
terms. For Feynman integrals,

w P a 1
elvg 2\V— / ? 12 . 0 3 52
e W - v — , .
() 11_11 inP/2 Ok}’ ]1_[1 (—q; +m3)"s (3.52)

follows right away, with v* being any vector consisting of loop and external momenta.
Inserting different sets {v;} and vectors v# into (3.52) yields various relations between
integrals, which are then called integration by parts identities.

After obtaining all integration by parts identities (and symmetry relations) of a set
of Feynman integrals, each integral can be replaced by combinations of simpler integrals
according to the ordering relation (3.50). Only a small subset of integrals is left behind.
These are called master integrals. The substitutions have the following structure,

Nt

L=yl (3.53)
j

where I; is the integral which gets expressed in terms of master integrals I J’-, and Njr
denotes the number of master integrals. The rational coefficients ¢; ; depend on prod-
ucts of masses, the invariant external momenta squared and the dimension D.

The master integrals form a basis, hence their number Nj;; is fixed. However, the
choice of basis is not unique. The numbering of edges as well as the specified order
criteria influence the gained basis. For example, swapping r and s in (3.50) also leads to
a possible order relation, but results into different master integrals. Viewing the ordered
set of master integrals as a vector

r=(r,.... Iy )",
transformations between different bases are written as
I'=0UJ, (3.54)

with U being an Njsr X Njsr-dimensional transformation matrix. Some bases are easier
to evaluate then others. Finding a suitable basis J of master integrals is one of the main
tasks during the evaluation of Feynman diagrams. A canonical basis is particularly
suited, as we will see in the following section. There, we will explore the method of
differential equations. This method relies on the ability to reduce Feynman integrals to
a small set of master integrals, i.e. it relies on integration by parts reduction techniques.
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5. The method of differential equations

3.5 The method of differential equations

In the previous section we deduced that several scalar Feynman integrals, which emerged
during the evaluation of Feynman diagrams, can be eliminated in favour of a minimal set
of integrals. These master integrals are found with the help of the Laporta algorithm.
The ordered set of master integrals is usually denoted by a vector

T=(I,.... In,,)".

The calculation of I remains to be done. A particularly efficient method of deriving
master integrals is the method of differential equations [27-30], which circumvents the
need of direct integration over loop momenta. As reflected by the method’s name, a
system of first order differential equations of master integrals with respect to kinematic
variables is set up and solved.

The first step within the method of differential equations is clearly setting up differ-
ential equations with respect to kinematic variables. Each master integral kinematically
depends on internal masses and products of external momenta. We remember from
(3.10) and (3.11) that scaling the integrals with the renormalisation constant pu? yields
dimensionless kinematic variables,

Pi - Py m

12 is set to be either an internal mass squared or a product of external momenta, more
specifically a mandelstam variable, reducing the number of kinematic variables by one
(see (3.12)). In the following we call the kinematic variables

L1y y TN, -

2
A derivative with respect to a variable corresponding to a mass, like x; = %, is derived
as follows. We recall the momentum representation of Feynman integrals from (3.29),

V_f dPk, 1
I'=1u, v, = ed’YE /H z7rD/2 q +ms ) ’ (3‘55)

2

where v = Z? vj. If only one propagator carries m; we deduce

0 0
ol

D
_ GZ'YE 1/—‘,—1—— d k a
‘ /l_ImD/2 (8 2 (- q2+m 1;[ q]+m

_D dPr —V; 1
= e (42 PR / — < - > VR T
() ,Hl iwP/2 \ (—q? + mZ)vit! g (—q? +m?)¥s

=—vi I _(y11)...- (3.56)
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We introduce the raising operator j1, which raises the power of the j-th propagator
by one and multiplies by its previous power v;,

.+I

J =V L (41),.- (3.57)

cesVgyene

Afterwards, equation (3.56) can be summarised as

0
27 — _itr
6m '

The extension to multiple propagators carrying mf utilises the product rule. The deriva-
tive is expressed as a sum over all edges j which carry mass m?. These edges are collected
in the set J,2, and we obtain

lﬂi _ Z itI.

EJQ
'L

This equation is true for every integral from the same family of Feynman integrals,
hence, we write for the basis integrals I = (I3, ... ,INMI)T

u f =— Y jtIL (3.58)
jed,, 2

If different topologies, i.e. different sets of propagators, are joined within one vector of
master integrals the sets J,,2 have to be chosen accordingly.

The integrals appearing in the sum on the right hand side of (3.58) have additional
dots compared to the basis integrals, but they are again expressible as linear combina-
tions of master integrals via the Laporta algorithm (see section 3.4). Equation (3.58)
can be rewritten,

I Al (3.59)

where A, 2 is an Nysr X Njsr- dimensional matrix, containing kinematic variables and
1
the dimension D.

Setting up differential equations with respect to variables, which do not correspond
to a mass, will be described as needed in section 5.3.1 (see especially (5.13)). In the
end, any differential equation of the master integrals with respect to a variable x; can
be displayed as

0

8xi

I=A,(D,x,...,a5,)1, (3.60)

with A,, being an Njs; X Njsr- dimensional matrix, containing kinematic variables and
the dimension D. The matrices A,, are lower block-triangular matrices if the master
integrals are ordered according to the order relation (for example (3.50)) within the La-
porta algorithm. The order relation primarily sorts integrals by their number of edges
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and their sectors, such that the first few integrals in the vector I belong to the simplest
sector. Hence, reductions of integrals and their derivatives within the lowest sector only
generate integrals in the same sector. In other words, differential equations of the mas-
ter integrals belonging to the first sector are homogeneous. This gives rise to a block
matrix in the upper left corner of the differential equation of the full vector I. In accor-
dance, all sectors appear as blocks on the diagonal of A,,. The matrices become lower
block-triangular, since the reductions of integrals in higher sectors include integrals of
simpler sectors.

All differential equations (3.60) of the master integrals I= (I,... ,INMI)T with respect

to each kinematic variable zi,...,xy, are combined into the system of first-order
differential equations

dI = AT, (3.61)

where the matrix-valued one-form A is defined by
Ny
A= ZAmi(D,l'l,. ..,xNU) d.’L‘Z', (3.62)

and the total derivative is given by

N,
* (Ol
dI; = Z < aa:j) dz;. (3.63)
J

The system (3.61) is integrable, hence, the following integrability condition must
hold,

Oz, Az, — 03, Az, — [Az, s Az, ] =0, nym=1,...,N,, (3.64)
where [, ] denotes the commutator,
[A,B]=A-B-B-A.

A general solution to (3.61) can be written as an infinite series, where the j-th term is
given by a j-fold iterated integral (cf. [31, 57]),

I = Pexp [/ A} I, (3.65)
gl

P denotes the path ordering operator with respect to an integration contour ~. Iy de-
notes the value of I at the boundary point determined by . However, due to the lack of
a truncation criterion the infinite series in (3.65) yields no practical solution to (3.61).
It follows, that we seek a solution strategy providing an appropriate truncation criterion.

Before we discuss such a solution strategy for (3.61) in the next subsection, we want
to make a note on the dependence of the matrices A, on kinematic variables x follow-

ing [60] especially chapters 2.3&4.1 and [57] chapter 7.1.5. The differential equations
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(3.60) are build up from Feynman integrals, hence, their properties put restrictions on
A,. Singular points xj in the differential equation must arise from singularities of the
original integrals. The leading behaviour of Feynman integrals is expected to grow like
~ (x— ar:k)j for some j. In correspondence, the differential equations should only have
regular singularities and the series expansion of Feynman integrals should only have a
finite number of terms with negative exponent. If A, depends rationally on z, we may
write

Ozk

1
A, = Z Z Awk’jm + terms non-singular in z, (3.66)
— Lk

TRES J
where A, ; denote matrices free of x and rational in the dimension, S the set of all
singular points and o,, the order of the pole at x;. Under conditions which are usu-
ally fulfilled in the context of Feynman integrals, the poles in (3.66) may be removed
successively utilising Moser’s algorithm [68-70]. Hence, the rational matrix A, can be
transformed to Fuchsian form,

1
A, = E Ay 11— 3.67
ko1 (.7} — l'k) ( )
TRES

3.5.1 The canonical form of differential equations

Now, the first step of the method of differential equations, namely setting up a system
of first-order differential equations with respect to kinematic variables (3.61), is com-
pleted. The second step consists of finding a solution for the system and, therefore,
for the master integrals. In the following, we discuss a key method within the context
of solving differential equations of Feynman integrals. The main idea is the conversion
of differential equations into canonical differential equations, which are linear in the
dimensional regularisation parameter [31]. The homogeneous solution of a canonical
differential equation is trivial in the limit € = % — 0. This reduces the problem of
finding a solution to the problem of finding an appropriate basis of master integrals
which transforms the differential equation accordingly. (Box 1 in section 3.6 provides a
concise summary on the transformation to canonical differential equations.)

After starting this section with a short motivation, we bring a system of differential
equations into e-form via basis transformations and variable transformations. We define
the e-form, which is determined by its letters. Furthermore, we sketch a solution process
leading to iterated integrals and give a first notion on weight properties.

We recall, that master integrals are functions of kinematic variables and the dimensional
regularisation parameter e. We may motivate the technique of canonical differential
equations as we look at the general solution of (non-canonical) differential equations
(3.58). The general solution consists of an infinite series of iterated integrals, which
lacks an appropriate truncation criterion. However, under a conversion to a differential
equation with linear dependence on e,

A(e,l’l,...,(l}]\[v) — eA(xl,...,a;Nv),
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the general solution transforms as

I = Pexp [/A(e,xl,...)} Iy — J=Pexp [/ e[l(xl,...)] Jo, (3.68)
g v

again P denotes the path ordering operator with respect to an integration contour ~.
1:6 / j6 denote values of I, / J at the boundary point determined by ~. The series becomes
a series in €, hence, an appropriate truncation criterion is determined by the required
order in €! Before we go into details, we already observe an important property of
the transformed general solution. Each series coefficient consists of iterated integrals of
same transcendental weight, i.e. iterated integrals of same depth.

Let us look at the details of such a transformation. We start with the set of Ny,
master integrals I and their system of differential equations, that we found in the pre-
ceding section

dl = AT,
Ny
A= Agfear,... zy,) du;.
We apply a basis transformation given by a Nj;; X Npsr- dimensional matrix U,
which depends (rationally) on € and the kinematic variables,
fz U(e,ml,...,xN,U) j
= d(U™T) = a (U7t
= (UdU™Y) J+dJ = (VAU T
=dJ=AJ, (3.69)
where the transformed matrix-valued one-form is given by
A =UAU ' —UdU L. (3.70)

In accordance with our motivation, we search for a transformation which yields a matrix
A’ purely linear in the dimensional regularisation parameter,

Ae,xq,...,xNn,) = €A(x1,...,2N,).
If A additionally fulfils

A= Z Ciwi, (3.71)

where C; are Npj;r X Npsr- dimensional matrices consisting of algebraic numbers and
w; are differential one-forms containing only simple poles, we call J a canonical basis
of master integrals. Furthermore, the non-zero boundary constants of A have to be
of uniform weight zero (description further on). The resulting system of differential
equations

dj: 6A($1,...,$Nv>j: eZC’iwif (3.72)
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is named a canonical or e-form of differential equations.

The differential 0ne—f~0rms w; are called letters and the set of all independent letters
sufficient to express A is called alphabet. A simple but frequently occurring example of
a letter is

w=—.
x

It has only a single pole as required and can, therefore, be expressed in terms of a

dlog-form

w = dlog (x) . (3.73)

In general, we seek for an alphabet completely consisting of dlog-forms, i.e. letters of
the form

w; =dlog (fi (z1,...,2N,)), (3.74)

where f; denotes rational functions depending on the kinematic variables.

It may happen, that only a non-rational basis transformation U (3.69) causing a lin-

ear dependence in € can be found. This leads to square roots in arguments of some

dlog-forms. The condition of differential one-forms which have only simple poles is not

fulfilled. To solve this issue, a coordinate transformation must be applied. This vari-

able transformation has to rationalise all square roots, i.e. it has to lead to a square
under each square root. An example is given by

(1 — $/ 2 1— x/2

r=y—-z(d-z) — :13:(7,) s =

x

In section 3.6.2 we will obtain this example explicitly (see especially (3.96)), as we will
describe a general method to find appropriate variable transformations.

The e-form of differential equations is particularly nice, since it can be solved straight-
forwardly order by order in e. For this purpose, the master integrals J = (Ji, ..., Jn,,,)
are expanded as a Laurent-series in €,

Ji — Z JZ(])EJ — ejminJi(jmin) + .. . (375)
J=Jmin

where junin, might be negative, but finite. The starting term is explicitly written to
demonstrate, that we can force the expansion of any master integral to start with an
e’-term, simply through a redefinition J; — ¢ Jmin J;. Now the set of canonical master
integrals can be viewed as

. eOJl(O) + eJl(l) + eQJl(Z) + ...
J = . (3.76)
QI +edy) + eI+

MI N
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Inserting (3.76) into the differential equation (3.72), we find

eoJl(O) + elJl(l) + €2J1(2) + ... €1J1(0) + 62J1(1) + 63J1(2) + ...
d cee = Z Ciwi cee
o 7(0) 1 (1) 2 7(2) i 1 7(0) 2 7(1) 3 7(2)
€ JNMI + € ‘]NMI + € JNMI + ... € JNMI + € JNMI + € JNMI —i—( |
3.77

The resulting system of differential equations is solved order by order in €, starting with
€. We see, that the right hand side of (3.77) has no ’-terms as opposed to the left
hand side,

dJO = 0.

Hence, the integrations of dJZ-(O) yield constants. These are determined by boundary
conditions, i.e. values of the master integrals at specific kinematic configurations:
One kinematic variable is set to be a certain value, making the calculation of boundary
conditions simpler. Next, we compare the terms proportional to € on the left and right
hand side of (3.77) and conclude

dj(q+1) = Z C’iwi ﬂq) (3.78)

7

Since we know J ) we can find J through integration. The result is an iterated inte-
gral of depth one plus an integration constant, which is again determined by boundary
conditions (see for example (3.81)). Proceeding with the integration of d.J?) using the
result obtained for J° (M) we successively find solutions for all J@ in terms of iterated
integrals of depth < 1.

The iterated integrals, appearing in the solutions of f, are specified by ordered se-
quences of letters w;,

/ 01 = / Fo (b)) dty . o (bn) dt, (3.79)
7:[0,1]— M 0<t1 <...<tn <1

where M is a smooth manifold over R, and f; (¢;) dt; denotes the pull back of w; to the
interval [0, 1] (cf. [71]). n corresponds to the depth of the iterated integral. If n = 0 the
integral equals 1 by definition. To give a simple example we return to (3.73)

dx
Wy = —.
X

The iterated integral
/ wo = log(x) — log(o)
~

solely depends on the endpoints of 7, namely 7(0) = z¢ and v(1) = . We elaborate

[T v ——

r times
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which follows from the so-called shuffle product. A shuffle product for iterated inte-
grals (3.79) is defined by

/wl...wi/wi_,_l...wr:Z/wo(l)...wo(r), (3.80)
¢! v

o Y

where o “shuffles” the sets (1,...,7) and (i+1,...,7), i.e. it permutes all indices
without changing the internal order of (1,...,7) and (i +1,...,7), respectively. The
shuffle product of a one-fold and a two-fold integral is, for example, given by

/wl/w2w3 = /w1w2w3+/w2w1w3—|—/w2cu3w1.
v v v v v

One condition on the e-form (3.72) requires the non-zero boundary constants to be
of uniform weight zero. This condition originates from the observation we made earlier,
the series coefficients of (3.68) consist of iterated integrals of same weight. We discussed
that (solutions of) master integrals are series expansions in € (3.76). The same holds for
integrals on boundary points. The request for uniform transcendental weight zero
puts a constraint on every term in the series, every term must have weight zero. Here,
rational numbers are assigned weight zero as opposed to transcendental numbers like 7,
which has weight one, and zeta values

00 2

Cn = Z -inv <2 = %7

=17
which have weight n. Weights are summed if factors are multiplied. It follows, that
weights can be balanced if ¢ is assigned weight —1. If a series starts at order €, the
parts proportional to ¢/ must have weight j to produce uniform weight zero (see also
end of section 3.5.2).

In the next section, we will derive the solution to a canonical differential equation in
more details. We thereby present the solution in terms of a special class of functions,
multiple polylogarithms, and put more emphasise on weight properties. Beforehand, we
want to emphasise the advantages of the just described method. Verifying if a differen-
tial equation is in e-form is straightforward, since the dependence on ¢ is easily checked.
As demonstrated, the solution of the e-form is easily determined. The only requirements
are the existence of appropriate boundary terms. The tricky part within this method
is, therefore, not solving a differential equation, but finding transformations. We seek
for a basis transformation to a canonical basis (3.69), (3.70) and if necessary a variable
transformation to rationalise appearing square roots. Unfortunately, no general method
of finding such a canonical basis is known. We will explore a systematic approach, which
utilises the properties of maximal cuts on Feynman integrals throughout this thesis (see
section 5.4.4). Maximal cuts are usually found within the Baikov representation, which
was described in section 3.3.2. We will define them in section 3.6.1.

3.5.2 Multiple polylogarithms in the solution of differential equations

Now, we explain an important class of iterated integrals, which are fundamental blocks
of the solution of canonical differential equations, namely multiple polylogarithms [32—
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34]. Subsequent to the previous subsection, we illustratively sketch their emergence in
the solution of canonical differential equations. For simplicity, we look at a toy example
consisting of one kinematic variable x and one master integral. The emergence of mul-
tiple polylogarithms in more complex cases proceeds similarly (see for example section
5.5.4, especially (5.105)). Afterwards, we will define multiple polylogarithms in detail.

In the preceding subsection we started with pre-canonical master integrals and, after
applying a basis transformation, the system of differential equations became canonical
(see (3.72)),

dJ = €A (z) J = Cwl.

C'is an algebraic number and the letter w has only a simple pole. With regards to (3.67)
we may consider

dx

r—z

w= =dlog (z — 2),

where z is constant with respect to . The master integral can be expanded in a Taylor
series in € (3.76),

J=€eJO0 4 eg® 4 25@ 4

which is inserted into the canonical differential equation to find in correspondence with
(3.78)

dJ© =0,
aya) — o @),
xr—2z
The solution for J(© follows immediately,
= JO = pO)

where B and all B(® that will appear in the following calculation are constants de-
termined by boundary conditions. The next order in € becomes

~ a0~ goo 4T

x—z

Choosing integration boundaries from 0 to z,

JV =nB 0/
.Z‘—Z

BOClog(z' — 2)‘0 +BW, (3.81)
—_——
=log(1-%)

we can simultaneously interpret J() as a logarithm and as a one-fold iterated integral.
We set

Gz ] = /Ox /dm’ = log (1 - g) , (3.82)
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and write
JU = BOC G[z;2] + BWY.

The second order in € follows

J<2>:B<o>c2/z da’ /"” da” _,_B(l)c/w dr’ | pe)
0 0

T —z ' — z ' —z

x / R
= J@ = B<0>02/ W + BOC G 2;2] + BD. (3.83)
0 _

The solution to the second order contains a two-fold iterated integral. Similar to (3.82),
we set

/

dx//

G x| = 3.84
[21, 22; x] /0 pa— /0 72y ( )

and find
J® = BOC? Gz, z;2] + BOC G [z;2] + B?.

A pattern in the solution becomes visible, the j-th order gives rise to iterated integrals
of depth < j, which can be written in terms of G-functions. Both G’s we encountered
(3.82), (3.84) belong to the same class of functions. The one-fold G-function (3.82) is
equivalent to a logarithm. Accordingly, the class of functions is called multiple poly-
logarithms. As indicated in (3.83), a multiple polylogarithm of depth n is naturally
defined recursively

dzrq

Glz1,29,. .., 2n; ] :/ Glza, ..., 2n;21], (3.85)
0o ¥1— 2
whereby
1 n
G[0,...,0:2] = n(f) . (3.86)
—— n!

n times

For z, # 0, we conclude

T g 1 d Tp_1 d
Glz1,22, .., 2n; ] :/ 7 / 2 / I (3.87)
0 T1—21Jg T2 %22 0 Ty — Zn

The depth of the iterated integral, which is n in the above equation, also defines the
weight of a multiple polylogarithm. Multiple polylogarithms with z, # 0 additionally
fulfil a scaling relation

G[ZluzQV--vZn;m] :G[y217y227"'7yzn;yx]7 Zn,Y € C\{O} (388)

In the context of multiple polylogarithms, we may take 21 ...z, as letters and obtain
a shuffle product in correspondence with (3.80),

Glat,. .oy 2i52] G lzig1, oy 203 0] = ZG [Zo(1)s - -+ Zo(n); 2] » (3.89)
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where o permutes all indices without changing the internal order of (1,...,7) and
(i4+1,...,n). Multiple polylogarithms, therefore, obey a shuffle algebra.

The shuffle product of multiple polylogarithms (3.89) makes it possible to remove so-
called trailing zeros, i.e. z,—;_1 # 0 and 2z,_; = ... = 2, = 0. We find for example

G[0;2] G [2132] = G [0, z152] + G [21, 05 2],
= G [21,0;2] = -G [0, z1; 2] + G [0; 2] G [21; 7]
=—G0,z1;2] + In[2] G [21; 2] .

For our toy example, the general solution of the i-th order in epsilon J® can be given
in terms of multiple polylogarithms,

JO = Ot Glz,...,z;z] + BWt=1) Glz,...,z;x]

SN—— N——
i times (i—1)times
+ B@ -2 Glz,...,2;x]+...+ BYo @ [2; 2] + BW.
(A_z)“t.

Implying for the full solution

J(x)=BO ¢ <B<O>C Glza] + B<1>)
+ €2 (B(O)C'2 Gz, 22+ BVC Gz 2] + B(2))

+é (3(0)03 Glz, 2, z;2) + BOC? G [z, z;2] + BAC G [z 2] + B(?’)) +O(e).

We know, that the solution to a canonical differential equation has uniform weight, more
specifically uniform weight zero if its series starts with an e’-term. With a rational
number C, this determines the weight of all constants in the solution. We know that €’
has weight (—j) and G [z1,. .., zj; x] weight j. It follows, that a non-zero constant BY)
must have weight j as well to ensure uniform weight. Boundary constants are determined
by boundary conditions. A boundary condition could, for example, be found at x = 0,
where J amounts to

J(0) = a® 4+ eaV + 2a® + a4 ...

The definition of the e-form (3.72) places the requirement on its non-zero boundary con-
stants to be of uniform weight. Hence, each a?) has to be either a transcendental number
of weight j or zero. Every BU) has to be equal to a¥), yielding correct weight properties.

We demonstrated that multiple polylogarithms are a class of functions sufficient to
express the solution of a differential equation in e-form possessing an alphabet free of
non-rational functions. We gave a definition in terms of iterated integrals (3.87). Mul-
tiple polylogarithms have also a sum representation, for more information we refer to
[57] chapter 8.
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3.6 On the solution strategy for the system of differential
equations

In section 3.5, we introduced the method of differential equations as a solution strategy
for a set of master integrals. The e-form of differential equations (3.72) is thereby an
especially desirable form, as discussed in the last two subsections. Its solution may be
written as Taylor series in €. Each series coefficient consists of iterated integrals, or more
specifically multiple polylogarithms (see section 3.5.2). Furthermore, the j-th series co-
efficient has weight j yielding a solution of uniform weight zero. Hence, we search for
integrals of uniform weight while searching for a canonical basis.

At the beginning of section 3.5.1 we started with an arbitrary basis of master integrals

I = (I1,...,1 NM[)T and its system of differential equations with respect to kinematic
variables z1,...,xn,. Afterwards, we performed a transformation to obtain a canonical
basis J = (Jy,..., JNMI)T. As mentioned in section 3.5.1, it may happen that a basis

transformation U causes a linear dependence in €, but leads to square roots in arguments
of some dlog-forms w;. To solve this issue, a variable transformation rationalising all
square roots can be applied. A summary of the complete procedure is sketched in box
1.

Box 1: Canonical master integrals as solution strategy
within the framework of differential equations

A pre-canonical basis of master integrals I = (I, ... In,, I)T, depending on kine-
matic variables (z1,...,zy,) may be solved within the framework of differential
equations:
NU
Pre-canonical [ — i — .
system of differential equations: dl = A (6’ Llyeees J:Nv) I’ A= Z szd:nl
i
\
Basis transformation: I =Ul(exy,...,zn,)J — factor out €
\
Variable transformation: (:cl, ce, T Nv) — (a;’l, . ,x?vv) — rationalise roots
\
Canonical T — A (s "\ T A— L
system of differential equations: dJ =eA (1117 ce ’xN'u) J, A= Z Ciwi
i
\
Solve order by order in e —  expressible in G [z1,.. ., zp; 2] (see (3.87))

Here, A;, and C; are Nasr X Npsr-dimensional matrices. A,, may depend on kinematic
variables and € = %, whereas C; purely consists of rational numbers. w; are dlog-forms

containing rational functions of the kinematic variables.
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Clearly, the main task within the method of differential equations is the search for a
canonical basis j, i.e. the search for an appropriate transformation U. And, if necessary
the search for a variable transformation. Unfortunately, no general method for finding
U is known. Deterministic algorithms exist [68-70, 72-74], however they cannot handle
complex problems like the one considered in this thesis. In this thesis we use a heuristic
method, which will be discussed in section 5.4.4. In this section we introduce a main
tool regarding this method as well as an algorithm determining variable transformations.

Before we actually try to find a canonical basis, we may simplify our problem, util-
ising the structure of matrices within the system of differential equations,

N R S S
fSeCQ A1x2) A2 0 fseCQ
I_'sec3 = A(1><3) A(2><3) A(S) f8603 5 (390)

Ny
A(J) - ZAi(F]z)dx“ %fsecj — A;{;)I_’secj7

I%¢% denotes the set of master integrals belonging to sector j. Agi), Ag:(j ) denote
matrices with dimensions determined by the length of I°¢% or the length of I°¢“! and
15°% respectively.

1 2 3 4 5

Figure 3.5: Block decomposition: Illustrative sketch of workflow regarding a system
with three sectors containing 2, 2 and 1 master integral, respectively.

We observe, that A, are lower block-triangular matrices. This results from the fact,
that master integrals are ordered starting with those belonging to the simplest sector,
as described in section 3.5 on page 44. Sectors manifest themselves as blocks on the
diagonal, sub-sectors contributions appear to their left. Hence, we may divide the
complete differential equation into equations for each sector,

8‘9 Poees = A Joees 1 37 4G9 e,
X
I<j
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and treat each block in (3.90) individually.

We may transform the complete matrix by transforming its blocks moving from its
top to its bottom and from right to left as illustrated in fig.3.5. Thereby, we must not
change blocks we already transformed, but we may change blocks we did not investigate
yet. Details on this procedure will be given in section 5.4.2.

An important tool for the study of diagonal blocks is introduced in the following sub-
section, namely maximal cuts of Feynman integrals. Afterwards, in section 3.6.2, we
discuss a rationalisation algorithm most helpful in constructing appropriate variable
transformations.

3.6.1 Maximal Cuts

Previously, we stressed the fact that matrices of a system of differential equations are
lower block triangular and we may find appropriate transformations for each block indi-
vidually. In this section we discuss an operation that projects a differential equation onto
its homogeneous part, allowing the dedicated study of diagonal blocks [75]. This op-
eration refers to taking the maximal cut of a Feynman integral in Baikov representation.

We recall the Baikov representation of Feynman integrals

oo = K/ =Bz [[57) (3.91)
C ’
J=1

where z; are Baikov variables, i.e. essentially the propagators of the regarded integral,
the v; € Z their exponents and B(z) denotes the Baikov polynomial (3.43). (I is the
number of loops, e the number of independent external momenta and D the dimension.)
The prefactor K and the integration domain C' can be read off from (3.44) and (3.45),
but are of no importance here. We only need to remember that C' was rather compli-
cated.

In the following, we first discuss the cut of a single edge ¢ with a propagator raised
to power one, v; = 1. In order to cut a propagator z; with v; = 1 of I, we may view the
integral as

(@)

c “i

dziv

IVla“-,Vi:L--an

where f(z) ~ B(z) o [T, zj_yj. To cut z; we replace the integration contour by a

small anti-clockwise circle around z; = 0, which amounts to taking the residue at z; = 0,

IV17--~7V1'=1,~~~,Vn - CUt|i (IV1,~~-,V¢=17--~7Vn) )

(2) dz; — ﬁdzi = 271 res <

c “i 2z=0 i

f(2)

Zq

 Zi —0> = 27ri/f(z)5(zi)dzi. (3.92)

We deduce, that in practice, we may perform a cut of a propagator raised to power one
through a substitution in the integrand

i—>27ri5(zi),

Zi

56



6. On the solution strategy for the system of differential equations

n
Cutls (L, =1, ) = 270 K / &z 6 (=) B(z) 7 [[ 2" (3.93)
C X
Jj=1
JF

The integration of a delta function is carried out straightforwardly and corresponds to
a simplification of the Baikov polynomial

B(2) = B(2)|2—o.

Now, we discuss the case v; # 1, i.e. the cut of a propagator raised to powers greater
or smaller than one. If v; > 1, we may expand the integral in a Laurent series around
z; = 0 and find its residue as the coefficient of the Z%_—term. If v; <0, the integral has
no residue in z; = 0 and the cut of z; gives zero,

CUt’Z (I.‘.,l/i_l,o,llzq_l,.‘.) = 0

On the one hand, cutting an edge of an integral simplifies the integration over its
propagators drastically. On the other hand, important properties of the original integral
like integration by parts relations are preserved: For a set of master integrals fulfilling

dl = AT,

we may take cuts of I without invalidating the differential equation [75],
acut () = A Cut (7).

This is especially useful if we cut an integral not only once, but wherever possible. The
maximal cut is defined by the simultaneous cut of all propagators z; with positive
exponents v; > 0. We remember how we may divide differential equations of a sector
1%°% into a homogeneous part and sub-sector contributions,

o - . -

= peeci — A(])IseCj A(ZXJ)Isecl' 3.94

o 2 (3.94)

<y

A sector is defined by a certain set of propagators {z;} with positive indices {v; > 0}.
Any sub-sector consists of a subset of these, hence every integral from sub-sectors in
(3.94) misses at least one of the propagators from {z;}. Cutting this missing propagator
forces the sub-sector integral to vanish. Applying the maximal cut onto (3.94), i.e.
cutting all {2;}, therefore, results into

0 o « -

8—MaXCut (I“CJ) = AUV MaxCut (Isecj) +0.
x

The sub-sector contributions vanish, we are left with a simpler differential equation. We

see, the maximal cut is a solution to the homogeneous part of (3.94).

Furthermore, it is important to note, that uniform weight properties are preserved under
the maximal cut. Solutions to canonical differential equations are integrals of uniform
weight, hence, their maximal cuts also have uniform weight. To gain information about
weight properties of an integral, we therefore might study the simpler maximally cut
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integral first. As we will explain in details in section 5.4.4 (see especially box 2), we may
modify the integration contour and the integrand of a maximally cut integral, such that
the leading term of its e-expansion is a constant of weight zero. After modifying the
integrand of the original integral accordingly, we have an ansatz for a canonical integral.

We see, maximal cuts allow the dedicated study of diagonal blocks and are an essential
tool in the search for integrals of uniform weight. However, we not only have to deal
with basis transformations, but also with variable transformations, hence, we will look
at them in the next subsection.

3.6.2 Rationalisation algorithm

We aim at solving a differential equation and the corresponding set of master integrals
in terms of multiple polylogarithms. Finding a canonical differential equation is thereby
the most convenient way to achieve this goal. A canonical differential equation is linear
in € and expressible through dlog-forms containing only rational functions. In section
3.5.1, we mentioned how we might only find a non-rational transformation U for a set
of pre-canonical master integrals I to cause a linear dependence in e,

-

I=UJ = dJ=€A(zy,...,zn,) J.

If the resulting matrix A can not be turned into a rational matrix, it is not expressible in
terms of dlog-forms which contain only rational functions. As a result, the master inte-
grals J are not easily expressible in terms of multiple polylogarithms. However, A might
be turned into a rational matrix through an appropriate variable transformation. The
variable transformation has to lead to a square under each square root, rationalising all
square roots. Note, that such a rationalisation is not always possible [76]. Note further,
that examples of Feynman integrals with singularities involving unrationalisable roots
which are still expressible in terms of multiple polylogarithms exist [77].

In the following we will sketch an algorithmic approach to the problem of rationali-
sation, which was introduced in [78], in a manner understandable without knowledge
about its theoretical background from algebraic geometry. For further information and
detailed definitions we refer to [78, 79] and to [57] section 7.2.

We consider a square root

q1
= )
q2
which depends on the ratio of two polynomials ¢ (z1,...,zn,), g2(x1,...,2N,), Where
x1,...,xnN, is the set of kinematic variables. We seek a transformation
r— or(xp, ..., Ty,
zi = Gpy (20, ..., @y,),
such that ¢, is rational in 2/, ..., z),. We may search for an appropriate variable trans-

formation in the following way:
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1. Define f(r,71,...,2N,) = q2 - 7*> — ¢1 and identify the degree d of f.

2. Find a point p = (ag,...,an,) of multiplicity m = d — 1, i.e. determine p such
that all partial derivatives of f of order < m vanish at p, but ensure that at least
one none-vanishing m-th partial derivative exists.

3. Set g(r,z1,...,zN,) = f(r +ao,z1 + a1,...,xN, + an,) and collect terms with
common degree: ¢(r,z1,...,2N,) = ga(r,x1,...,2N,)+9a-1(r, 21, ..., zN,). Here,
g; denotes a homogeneous polynomial of degree j.

4. Now, the desired transformations are found to be

Ga—1(xh, - Ty )
ry — xh, ..., ] = —xf =+ q
1 (bT( 0 ) Nv) 0 gd(g:a,...’x?\]v) 0,
Ga—1(xq, ..., @y )
T = ¢, (T, .., TN = —1 “+a; (3.95)
[ x 0 ’ » 7 gd(x{),-u,z{;vv) (2]

whereby a single «, typically z, is set to one.

This algorithm only holds if p is not infinity. However, it may be extended to include
points at infinity (see [57] section 7.2.).

We illustrate the algorithm described above, while deriving a rationalisation for
ry =+ —v(4—v).
1. The defining function f = r% + v(4 — v) has degree 2.

2. Hence, we determine a point p with multiplicity one. p = (r = 0,v = 0) fulfills
. . 0
the requirements, since f(p) = 0 and a%(p) =4 0.

.22
3. Weset f(r+0,v4+0)=r"—v"+ 4v .
=g2 =g1

4. With 2, = 1, 2 = 2/, we find the transformations

g1(1,2) 4z’
1.2 )=-22222 4 0= —
ér(1,2") g(1,2) + 1— 2’
1,2') 42"
1.72) = — /u 0= —— .
¢xl( 7$) T 92(17:[;/) + 1_x/2

We constructed an appropriate variable transformation,

4:17/2

L )
4/

TE T

Alternatively, we may work with the transformation that we obtain after including the
substitution
r_ 1—=2

1+2’

X
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and choosing the opposite sign of the square root,

—(1 = 2)2
1—a?
= =

X

Another, more involved application of the algorithmic approach will be demonstrated
in section 5.5.1, see (5.79), (5.80). There, we rationalise multiple square roots simulta-
neously. If multiple square roots occur, we may consecutively apply the rationalisation
algorithm to each root. Afterwards we finally arrive at a canonical differential equation,

aj—eA (z )fxﬂ; if—eiv:%A (21,...)J
81‘2' - €x; 1y--- xi - - T IR ’

df = A(zy,..) T "5

where the resulting matrix-valued one-form is given by

’U

/Nl(x/l, Z ZaxjA (z1,...) | dai.
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CHAPTER
FOUR

THE STRATEGY

In this chapter we provide a concise summary of the strategy employed in this thesis
as well as an overview of its structure. In correspondence, this chapter serves as a road
map to sections and topics. This thesis is divided into two main parts:

1) The calculation of all three-loop master integrals with internal top- and
W-propagators relevant to the Higgs boson self-energy at O(a2a8).

2) The discussion of the mixed QCD-electroweak correction involving charged weak
bosons to the Higgs boson decay rate into a bottom quark pair I" (H — bb).

The former are essential building blocks of the latter, as the optical theorem links self-
energy diagrams to decay rates. They will be discussed in chapter 5. Afterwards, in
chapter 6 we consider the correction to the decay rate. Here, we display the workflow of
both side by side, thereby we also mention corresponding sections of theoretical back-
ground. The procedures sketched in this chapter are kept general, they may be utilised
to compute any set of master integrals which can be brought to canonical form, as well
as any correction to a decay rate.

We take the results from 1) to express all integrals appearing in 2). Consequently,
we first have to agree on a set of topologies and top sectors sufficient to express all
occurring diagrams. Afterwards, we may separate the workflow. The steps on the way
to determine the correction to I (H — bB) will be listed down below in the left column,
whereas the calculation of master integrals is sketched in the right column.
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e Determine all contributing Feynman diagrams

e Chose an appropriate auxiliary topology

S

The decay rate:
r (H — bB) with internal charged

bosons at O(aas)

chapter 6

e Calculate all Feynman diagrams:

Express Feynman diagrams in
terms of Feynman rules.

Feynman rules in section 2.2.1
application in
sections 6.4.1, 6.4.2

Transform all emerging integrals
to scalar integrals.

theory in section 3.1
Reduce all scalar integrals to

pre-canonical master integrals,

Nt

Ii = ZCZ'J'IJ'.
J

theory in section 3.4

Express pre-canonical master
integrals in terms of canonical
master integrals,

Nur

f: Uj:> I; = Zui,ij.
J

e Sum over all Feynman diagrams,

Nuyr

Eglmxs)w — Z Zf]J]

diagrams j

application in section 6.4
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application in section 6.3.

application in section 5.2.

N\

The master integrals:

Higgs self-energy with internal top- and
W-propagators at (’)(042045)

chapter 5

e Find a set of pre-canonical

master integrals,
T=(I,...,In,,)"
theory in section 3.4
application in section 5.3

Determine their system of
differential equations,

-

dl = A(e,xl, e ,xNU)I.
—_———
kinematic var.

theory in begin of section 3.5
application in section 5.3.1

Transform to a canonical system
of differential equations:
— Basis transformations,
application in section 5.4
— Variable transformations,

application in section 5.5.1

—

dJ = €A (33/17--~7379\7U) J.

theory in sections 3.5.1 & 3.6

— Canonical basis J is given by iterated integrals.

theory in sections 3.5.1 & 3.5.2

application in section 5.5, especially section 5.5.4



e Renormalisation:

— Calculate all necessary diagrams
with counterterm insertions.

— Add them to sum
theory in section 2.3
application in section 6.5

e Apply the optical theorem to obtain
the decay rate

T(H — bb) = —Tm (A(H — H))
theory in section 2.1.1

discussion in section 6.2

After the construction of a (rough) strategy, we are able to proceed with the main parts
of this thesis in the following chapters. We start with its major work, the derivation of
master integrals as outlined above on the right. Afterwards, we discuss the decay rate
as phenomenological application. In the sections highlighted above, we provide detailed
information on intermediate steps as well as explanatory examples.
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CHAPTER
FIVE

THREE-LOOP MASTER INTEGRALS FOR THE HIGGS
BOSON SELF-ENERGY INVOLVING TOP QUARKS AND
W-BOSONS

After setting up the framework of this thesis, we start with its main part: the calcula-
tion of three-loop master integrals for the Higgs boson self-energy. Master integrals are
basis integrals sufficient to express one or multiple families of Feynman integrals under
consideration. We already sketched the strategy we are going to apply in the preceding
chapter and gave required knowledge about Feynman integrals in chapter 3. The results
discussed here were published in [1]. In [1] the emphasise is on presentation of results,
whereas the emphasis of this chapter is on insights into (practical) calculations.

We start this chapter with an introduction. Afterwards, in section 5.2 we show all
essential top sector diagrams and find appropriate topologies. Any regarded self-energy
diagram gives rise to Feynman integrals depending on the propagators of these topologies
(the emergence of Feynman integrals and their expression in terms of propagators was
explained in section 3.1). The respective Feynman integrals may be expressed in terms
of basis integrals with the help of the Laporta algorithm (discussed in section 3.4). As
sketched in chapter 4, the next step is, therefore, the generation of pre-canonical master
integrals. This step will be described in section 5.3. In order to solve those, we relate
them to another so-called canonical basis. A canonical basis accompanies a system of
differential equations in e-form, which may be solved straightforwardly order by order
in the dimensional regularisation parameter (see section 3.5.1 for the definition and ad-
vantages of differential equations in e-form). This solution strategy is placed within the
framework of differential equations of Feynman integrals (see section 3.5). We initiate it
in section 5.3.1, as we build differential equations of the pre-canonical master integrals
with respect to their kinematic variables. Afterwards, we are prepared to start with
the main work. In section 5.4, we discuss basis transformations leading to e-factorised
differential equations. We indicated in section 3.6 that we transform differential equa-
tions sector by sector starting with the lowest sector (sectors and “simplicity” in the
context of sectors were discussed in section 3.4.1). We provide insights into this strategy
in section 5.4.2. The homogeneous part of a sector’s differential equation is solved by
the construction of ansétze for integrals of uniform transcendental weight (see section
3.5.1 and section 3.5.2 for weight properties of integrals). The maximal cut introduced
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Three-loop master integrals for the Higgs boson self-energy

in section 3.6.1 plays a crucial role. In section 5.4.4, we demonstrate its application as
we find integrals of uniform weight for example sectors. A good introductory example
into the topic of basis transformations, integrals with certain weight properties and the
utilisation of the maximal cut is given in section 5.4.3. There we encounter again the
tadpole and the bubble integral (see section 3.2). The transformed basis integrals of
uniform weight zero are presented in section 5.5. After the inclusion of variable transfor-
mations in section 5.5.1, the canonical master integrals give rise to differential equations
in e-form. These are expressible through differential one-forms containing only simple
poles, which are presented in section 5.5.2 (see section 3.5.1 for the necessity of variable
transformations and section 3.6.2 for their determination). Boundary values of the inte-
grals, i.e. values of the integrals at a specific kinematic point, are calculated in section
5.5.3. They enable the presentation of results in terms of multiple polylogarithms in
section 5.5.4 (multiple polylogarithms and their arising out of differential equations in
e-form were discussed in section 3.5.2). We close this chapter with a conclusion and
summary in section 5.6.

5.1 Introduction

The Higgs boson self-energy plays a key role in the context of Higgs precision physics.
The optical theorem, for example, links its imaginary part directly to the Higgs de-
cay rate (see chapter 6). Here, we, therefore, address contributions to the Higgs boson
self-energy and determine sufficient canonical master integrals. We already discussed a
one-loop contribution in an exemplary manner in section 3.2 (see fig.3.1). Higher loop
contributions are naturally more complicated. Complications arise from the increase of
integration variables as well as from the increase of kinematic invariants. In the context
of self-energy diagrams, the increase of kinematic invariants corresponds to an increase of
massive propagators. We address three-loop contributions containing two different kinds
of internal masses. To be more precise, we analytically calculate all master integrals
sufficient to express three-loop Higgs self-energy diagrams containing internal top and
W-boson propagators. These are of order (’)(a2as) and depend on the squared external
momentum s = p? and the heavy particle masses my, my, since we neglect the bot-
tom quark mass. We work in D = 4 —2¢ dimensions obeying dimensional regularisation.

We would like to mention, that the results presented here do not include all master
integrals of the Higgs boson self-energy at (’)(aQOzS). We are missing contributions with
internal Z-boson or photon propagators. However, these involve less internal masses and
are therefore less intricate. Additionally, a main set of master integrals corresponding
to contributions with internal Z-boson propagators are a special case of the here dis-
cussed master integrals as they are obtained in the limit m; — m;. We calculate a more
complicated contribution to the Higgs boson self-energy at O(a2a5>

The emergence of square roots forces us to divide the self-energy diagrams into dif-
ferent sets, which may be classified a priori according to proportionality to the product
of Yukawa couplings 1. In the end, we are dealing with three systems of master inte-
grals. The solution of each set proceeds similarly, hence, we describe our methods in a
general manner. In correspondence we keep notations general. Especially in section 5.3
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2. The topologies

and section 5.4, we write I / J for pre-canonical /canonical master integrals of any system
interchangeably and may not distinguish between (matrices of) differential equations be-
longing to different sets. If we provide examples, we point out the respective system.
We find a basis of uniform weight for each of the sets and obtain canonical differential
equations. Our results are, therefore, expressible in terms of multiple polylogarithms.

5.2 The topologies

This section together with the subsequent section lays the foundation of this chapter.
Here, topologies sufficient to express all occurring self-energy diagrams will be found.
We set up five three-loop topologies depending on one external momentum and two
different kinds of masses. In combination with their top sectors these topologies define
which master integrals need to be computed. In the subsequent section, we specify this
point as we specify notations regarding integrals and find a pre-canonical set of master
integrals. Then, we determine differential equations for this set of master integrals.

Before we display the self-energy diagrams, we would like to make a comment about
the bottom quark mass. The mass of the bottom quark is in the order of magnitude
of 4 GeV. This is negligibly small compared to the boson masses my ~ 80 GeV,
mpy ~ 125 GeV and the top quark mass m; ~ 173 GeV. Hence, we only keep the de-
pendence on the heavy particle masses myy, m; and neglect the bottom quark mass. In
addition to the masses, all diagrams depend on the squared external momentum s = p?,
where the main application corresponds to s = m%{

Figure 5.1: Examples of three-loop Higgs self-energy diagrams at O(azas). Blue lines
represent top quarks with mass m;, wavy orange lines represent W-bosons (or charged
Goldstone bosons) with mass myy, curly lines represent gluons, straight black lines
represent bottom quarks.

We talk about three-loop Higgs boson self-energy diagrams at O(a2a s), not only involv-
ing a gluon, which contributes the factor a; but also W-bosons or charged Goldstone
bosons, which convert top quarks to bottom quarks and vice versa. The top sector dia-
grams are shown in fig.5.1. Sub-sector diagrams, i.e. diagrams obtained from pinching
edges, are not shown here (they will be given in chapter 6).

We immediately notice two main points regarding fig.5.1. Firstly, the diagrams may
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Three-loop master integrals for the Higgs boson self-energy

be divided into two sets, diagrams proportional to the product of Yukawa couplings ypy:
given by the first row of fig.5.1 and the complement. Secondly, the diagrams have 8
internal edges each. To demonstrate the consequences of this point, we consider the
first diagram in fig.5.1. We may name its momenta obeying momentum conservation
and number its edges as illustrated in fig.5.2.

ko 4

—k2—p 6

Figure 5.2: Example diagram with momenta and numbered edges. Blue lines carry mass
my, orange lines myy, black lines are massless.

The external momentum is called p and the three undetermined loop momenta, arising
from three loops, are denoted by ki, ko, k3. In correspondence, each edge gives rise to
one of eight propagators. Edge 1, for example, carries momentum k; and mass my,
hence, it gives rise to the propagator

Pl = —k2 +m?.

At this point, we would like to recall that within the context of Feynman integrals,
we call —qu- + m? the propagator of edge j with momentum ¢; and mass m;. Prop-
agators are situated in the denominator of a Feynman integral, in order to place one
in the numerator, they are raised to negative powers. The choice of the overall sign
of propagators was motivated in chapter 3 (see especially (3.14)). We notice, no edge
in fig.5.2 is accompanied by a momentum simultaneously containing k; and k3. The
emerging propagators suffice to express each scalar product involving kq, ko or ks via
linear combination of themselves except for ki - k3. We make similar observations for
every diagram in fig.5.1. With [ = 3 loops and e = 1 external momentum, we find

=

l
W+, oty

Nscp =

independent scalar products involving loop momenta (see (3.9)). Every diagram needs
one additional propagator to be able to uniquely express every scalar product through
a linear combination of propagators and to shift integrals to Baikov representation (see
section 3.3.2). Appropriate auxiliary topologies with nine edges have to be found!

We may set up an auxiliary topology for the diagram in fig.5.2 as displayed in fig.5.3,
now sufficient to express also ki - k3 through linear combinations of propagators, and
call it topology A. The numbering of its edges coincides with the numbering in fig.5.2
and determines the numbering of propagators. Now, we may identify the diagram in
fig.5.2 with a certain sector of topology A. The sector identity was defined in (3.46), it
reflects the presence of edges within a diagram, since integrals with common propaga-
tors belong to the same sector. Here, edges corresponding to propagators PlA — PSA are
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2. The topologies

present, yielding a sector identity of 255. Hence, sector 255 defines the top sector of
topology A. Any sub-sector is represented by a smaller sector identity.

P = —k} +mj,

Pyt = — (k1 —p)* + mj,
Pt =~ (k1 + ka)*,

Pt = K} +mj,

P5A = — (ko + k:3)2 + miy,
Pt = —(ky+p)* +mi,
Pt = —k3,

Topology A P§4 = — (k3 — p)2 )

P = — (k1 — k3)? + m2.

Figure 5.3: Topology A. Blue lines carry
mass my, orange lines myy, black lines are
massless, external momenta are outgoing.

6
Topology C, Sector 255 Topology D, Sector 255

Figure 5.4: Top-sector three-loop Higgs self-energy diagrams containing W- and top
quarks, proportional to the product of Yukawa couplings ypy:. The colouring specifies
the internal masses of propagators: Blue lines carry mass m;, orange lines myy, black
lines are massless. External momenta are outgoing.

Topology A was constructed from the first diagram in fig.5.1. In the same manner, the
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Three-loop master integrals for the Higgs boson self-energy

other diagrams proportional to the product of Yukawa couplings ypy; are the starting
points for the construction of topologies B,C and D. Momenta are distributed according
to momentum conservation, edges are numbered as in fig.5.4 and an appropriate ninth
propagator is found. The momenta of topology B match those from topology A, but
less propagators of topology B are massive. Topology C corresponds to the non-planar
diagram in fig.5.4. The resulting topologies are given in fig.5.5 together with topology
A, for completeness. The resulting propagators will be given in table 5.1. Figure 5.4
additionally shows the resulting sector each diagram corresponds to. All topologies
corresponding to diagrams proportional to the product of Yukawa couplings y,y; have
top sector 255.

Topology B

Topology C Topology D

Figure 5.5: Graphs representing topologies A, B, C, D. The colouring specifies the
internal masses of the propagators: Blue lines carry mass my, orange lines mass my
and black lines are massless. External momenta are outgoing.

The momenta of diagrams not proportional to the product of Yukawa couplings ypy;,
shown in fig.5.6, overlap such that a common set of nine propagators is easily found.
The resulting topology, called topology B’, resembles topology B, but its masses are
exchanged myy <> m;. This choice is motivated as we notice that the first diagram in
fig.5.6 matches the diagram corresponding to topology B, i.e. the second diagram in
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2. The topologies

fig.5.4, with exchanged masses. Resulting propagators can be read off from table 5.1.
We find three different top sectors for this topology: 255, 479 and 509.

4 4

6
Topology B’, Sector 255 Topology B’, Sector 479

(=}
oo

Topology B’, Sector 509

Figure 5.6: Top-sector three-loop Higgs self-energy diagrams containing W- and top
quark propagators, not proportional to ypy;. Straight blue lines carry mass m;, wavy
orange lines mass myy, curly lines represent gluons, straight black lines represent bottom
quarks.

Topology B’

Figure 5.7: Graph representing the auxiliary topology B’. The colouring specifies the
internal masses of the propagators: Blue lines carry mass my, orange lines mass myy
and black lines are massless. External momenta are outgoing.
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Three-loop master integrals for the Higgs boson self-energy

Topology A:

PA = —k? +m? P =—(ki—p) +m} P =— (ki + ko)’

P = k2 +m? Pt = = (ka+ ks)* +miy Pt =~ (k2 +p)° +mf
P = —k3 Pt =~ (ks —p)° Pi' = — (ki — k3)” +m}
Topology B:

PB = —k2 4+ m? PP =—(ki—p?+mi PP=—(k+k)+m}
PP =13 PE = — (ky + ks)’ PP == (k2 +p)’

Pt = —k3 Pt = (ks —p)° PP = — (ki — k3)* + miy
Topology C:

PP = —k} +m} Pf = —(ki—p)*+m}  P{=—(ki+k)’

P{ = —(ki+ky—ks)®  PS=—k3+m}, PY = = (ks — ks +p)* +mj
PA— k2 P{ = — (ks — p)? P§ = —(ka +p)* + m}
Topology D:

PP = —k? +m} PP =—(ki—p)*+mi PP =—(kr—ks)’ +miy
PP = — (ki + k)2 +m? PP = —k2 PP = — (ks + k3)?

P = —kj P = — (ks —p)° P = — (k2 + p)*
Topology B’:

PP =k} +m, PP =—(ki—p)?+miy Pf=—(k+k)*+mj
PP — —i2 PE = — (ko + k3)? Py =~ (k2 +p)°

PA = —k3 P = — (ks —p)’ Py = — (k1 — ks)” + m}

Table 5.1: The topologies A,B,C,D,B’. Definition of all propagators.

5.3 The pre-canonical master integrals

In the preceding section we constructed five different topologies and found their top
sectors. We naturally divided them into two systems:

System 1: Topologies A, B, C and D (fig.5.5) , i.e. the topologies corresponding to
all diagrams proportional to the product of Yukawa couplings ypy; (fig.5.4). Each

of them has sector 255 as top sector.

System 2: Topology B’ (fig.5.7), i.e. the topology corresponding to the remaining
diagrams (fig.5.6). Its top sectors are 255, 479, 509.

In correspondence with these topologies, we consider three-loop D = (4 — 2¢)-dimensional
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3. The pre-canonical master integrals

Feynman integrals of the following kind

IX . 63E’YE (Ng)y—% / del de,2 deg 9 1

V1V2V3V4AVsVeVTV8YY . D . D . D x\Y’
T2 T2 w2 oy (Pj)

(5.1)

where p is an arbitrary parameter with mass dimension one and g is Euler’s constant.
Furthermore, v; € Z are the exponents of propagators PjX , whereby

n
vV = E l/j.
j=1

The integrals in (5.1) are given in momentum representation (see (3.29) and also (3.10)
for more information on the choice of prefactors) and define the families of Feynman
integrals belonging to the topologies

X =A,B,C,D,B,

defined in fig.5.5, fig.5.7 and table 5.1. The Feynman parameter representation (3.36)
and the Schwinger parameter representation (3.35) were introduced in section 3.3.1.
Here, they are given by

637EF 3D 9 9 iU v—2D
Il‘/)fVQ..-VQ - : (V ; ) / dad|1- Zaj aj% ' %‘%D? (5'2)
a; >0 j=1 j=1 Fx(a)"™ 2

9
It
j=1

e3VE 9 1 F
X € 9 vi—1 X(a)
Ly =—5—— /._ d’o |_| ay’ 7)2 exp <_L{X(a)> ; (5.3)

where Uy, Fx are the first and second graph polynomial of topology X. They are derived
from spanning trees and spanning 2-forests of the graph representing the respective
topology (see (3.38)). Consequently, the first graph polynomials of topology A, topology
B and topology B’ are identical, since the structure of their graphs is identical. Using
the abbreviation a;; = (a; + a;) the first graph polynomials evaluate to

Ua(a) = Up (a) = Up (a) = a2 azas + a12 az arg + a12 az ag + a2 ase as
+ @12 a46 a78 + a12 Q46 A9 + Q12 a5 A8 + @12 A5 A9 + A3 A46 G5 + A3 A46 A78
+ a3z as6 ag + az as arg + a3 arg A9 + Q46 A5 A9 + A46 A78 A9 + A5 A78 A9,
Uc (a) = a1z az ay + ar2 a3 ag + a2 a3 arg + a2 a4 as9 + a1 a4 arg + a2 as9 ag
+ a12 as9 arg + a12 ag arg + a3 a4 as9 + az a4 ag + a3 asg ae + a3 as9 arg
+ a3 ag arg + a4 asg ag + a4 as9 azg + a4 a6 a7s,
Up (a) = a1z a3 ag + a12 az asg + a12 az ag + a12 a4 ag + a12 a4 arg + a2 asg ag
+ a12 as9 a7g + @12 A a7s + a3 a4 A59 + a3 G4 a78 + A3 As59 A6 + a3 A59 A78
+ as ag arg + a4 asg ag + a4 asg ars + a4 ag a7s. (5.4)
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Three-loop master integrals for the Higgs boson self-energy

We work in D = (4 — 2¢)-dimensions, however, we can shift the dimension of space-time
with the help of the dimensional shift operator DE. The dimensional shift operator
raises or lowers the dimension of a Feynman integral by 2,

DiI£V2V3V4V5l/6V7V8V9 (D) = I£V2V3V4V5V6V7V8V9 (D + 2) . (55)
During the construction of master integrals with uniform weight it is often helpful to
switch to D = (2—2¢)-dimensions. The tadpole (3.13), for example, has a representation
of uniform weight only in D = (2 — 2¢)-dimensions as we will explore in section 5.4.3. In
order to figure out how D™ acts on an integral, we consider the Schwinger parameter
representation (5.3). Its only dependence on D is through the exponent of the first
graph polynomial, hence, we deduce

n

X _ e ng TT o1 Ux(e) ( Fx(a)
; IWQ(D)_IEIF@.) /ajzod 1_1 7 Ux(a)? p< ”X<0<>)'

J=1

To develop an appropriate treatment of the extra I/ in the numerator, we recall the
raising operator (3.57), that acts on an integral in momentum representation like

.+I

I vy =V L i),

In correspondence, it acts on an integral in Schwinger parameter representation as fol-
lows,

elvg n o . F (Oé)
it X D)= e/ oo 'Y e (— s ) .
Y R Y ( ) n ;50 1;[ J % b Ux(()&)

[T

J=1

The extra Ux (o, ..., a9) in the numerator gives rise to polynomials in the Schwinger
parameters (see (5.4)). Each of these parameters can be generated through the appli-
cation of 51, hence, we can view D~ as [80, 81]

DI . (D)=Ux (1T,27,3% 4% 5% 6T, 77 8% 9t). (5.6)

Vi...lV9

Any member of the integral families can be expressed through a linear combination
of basis/master integrals. In the following, we determine pre-canonical master integrals
for each system and afterwards we build differential equations with respect to kinematic
variables. The integrals (5.1) kinematically depend on the heavy particle masses my,

and m; as well as on the squared external momentum s = p?.

We find appropriate sets of pre-canonical basis integrals through the reduction of each
top sector. Integral reduction methods rely on integration by parts identities (3.52),
as described in section 3.4. They may be carried out with the help of public available
implementations of the Laporta algorithm, like Kira [82, 83], FIRE/LiteRed [84-87] or
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3. The pre-canonical master integrals

Reduze [88, 89]. For each top sector we find the numbers of master integrals which are
shown in table 5.2.

Topology | Top sector | Total number MI’s
A 255 50
B 255 32
C 255 95
D 255 67
B’ 255 32
B’ 479 o7
B’ 509 43

Table 5.2: Total number of master integrals (MI’s) per top sector and topology.

Pre-canonical master integral ‘ Sector

Ii'%OllOUOO 25
Iﬁ0110000 27
I(3411110000 30
Ié1)11110000 30
[]%1010100 85
11%1(—1)10100 85
1(3411010100 86
Ié1)11010100 86
1(1)411(71)10100 86
1511101(—1)100 86
Ii%0110100 89
qu(]O()lllOO 113
I _1yo11100 113
Iﬁ)00111(—1)o 113
Ii%OIOOIIO 201
1100010110 209
Iﬁ()lllUOO 59
IﬁlOlOlOO 87
Iﬁ1(—1)10100 87
IﬁOIIOIOO 91
Iﬁlnon(fl) 223
Iﬁ0111110 251

Table 5.3: Topology A: Possible choice of first 20 and last two pre-canonical master
integrals defined as in (5.1) and the sector (3.46) they belong to.

The number of master integrals becomes a useful information only if we combine it with
the sectors these master integrals belong to. The sectors and the numbers of integrals
per sector encapsulate all important information about the required master integrals.
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Three-loop master integrals for the Higgs boson self-energy

The exact formation of a pre-canonical master integral within a sector, may be chosen
freely. In practice, the choice depends on ordering criteria applied by the utilised com-
puter program. To give an example, table 5.3 shows an extract of a possible choice for
the pre-canonical master integrals of topology A as well as the sectors they belong to.
The full information will be given in table 5.6, table 5.7 and table 5.8.

The integrals in table 5.3 are ordered according to (3.50). First of all and most im-
portant, sectors are ordered by their number of propagators, such that the first sector
is the simplest in the sense that it has the lowest number of propagators. We see, the
first integral in table 5.3 has three propagators, then all integrals with four propagators
line up, before sector 59 starts the line of integrals with five propagators. Integrals are
ordered to ensure that reduction methods relate integrals only to simpler integrals (see
section 3.4.1 for details).

Table 5.2 shows the number of master integrals if we treat each top sector individu-
ally. However, master integrals from different top sectors and different topologies may
be identical or related by symmetries. Out of the 67 master integrals from topology D,
for example, only one integral is not expressible through master integrals of topology A,
B or C. Hence, we may exchange master integrals from one topology with those from a
former topology and determine cumulative sets of master integrals. Table 5.4 displays
respective numbers of the first system and table 5.5 of the second system.

Topologyiop sector | independent MI’s | cumulative number of MI's

Aoss 50 Agss 50
Bass 17 Aagss+Bass 67
Cass 37 Aoss5+Boass+Coass 104
Dass 1 Agss+Baoss+Cas5+Doass | 105

Table 5.4: System 1: Independent number of master integrals (MI’s) per top sector and
topology as well as cumulative sum.

Topologyiop sector | independent MI's | cumulative number of MI's
Bl 32 Bl 32
Bz 29 Biss + Birg 61
Bioo 4 Byss + Bigg + Bsgo | 65

Table 5.5: System 2: Independent number of master integrals (MI’s) per top sector and
topology as well as cumulative sum.

Note, the numbers in table 5.4 and table 5.5 do not take relations between integrals
of different systems into account. However, topology B’ resembles topology B, but has
switched masses myy <+ my. Their integrals under top sector 255 are related.

System 1 amounts to N ]{4 ; = 105 independent master integrals and system 2 to NJ@ ;=
65 master integrals. Note, that the emergence of square roots will force us to split sys-

tem 2 even further, into system 2a containing top sector 255 and 479 with N]%/}ZI =61
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3. The pre-canonical master integrals

integrals and system 2b containing top sector 509 with N]%}[’I = 43 integrals. (We will
encounter square roots in section 5.4.3 and section 5.4.4 (see (5.42), (5.58)). We will
deal with them in section 5.5.1.) For each system, we view the ordered sets of master
integrals as vectors,

I, Isa, Iop.

Table 5.6, table 5.7 and table 5.8 denote the ordered sectors and the numbers of integrals
per sector of system 1, system 2a and system 2b, respectively. As a consequence, they
completely characterise the required master integrals Iy, Ioq, Iop.

Topology | Sectors

A 25,27,30,30,85,85,86,86,86,86,89, 113, 113, 113, 201,
209,59 ,87,87,91,94,94,94, 115,115,115, 117 , 117 , 117,
117,121, 203 , 206 , 206 , 211 , 213 , 119, 119, 123 , 215, 215, 215,
222 222,235 , 249 | 223 , 223 , 223 , 251

B 113,116, 115, 117, 117, 117, 118, 206 , 206 , 206 , 233 , 236,
119 , 119, 207 , 235 , 223 , 239
C 101, 101, 101, 102, 103, 117, 117, 117, 118, 118, 118, 173, 173 ,

181,119,119, 119, 175, 183, 189 , 189 , 190 , 231 , 231, 231 , 246 ,
246 , 191, 191 , 191, 191 , 247 , 247 , 247 , 247 , 253 , 255
D 239

Table 5.6: System 1: Ordered topologies and sectors from system 1. Sector identities
(3.46) define the sector. The number of equal sector identities refers to the number of
master integrals required in this sector.

Sectors from Topology B’

85,85 ,86,86,86,86,113,116 , 197,87 ,87, 115,117, 117, 117 , 118,
199, 205, 206 , 206 , 206 , 233 , 236 , 119 , 119, 207 , 215, 215, 215, 235 , 223 |
239 ,261 , 263 , 269 , 270 , 270 , 270 , 332 , 396 , 396 , 396 , 452 , 271 , 333 , 334 ,
334,334,397, 397,397, 335, 399 , 413 , 455 , 462 , 462 , 415 , 415 , 415 , 463

Table 5.7: System 2a: Ordered sectors from system 2a. Sector identities (3.46) define
the sector. The number of equal sector identities refers to the number of master integrals
required in this sector.

Sectors from Topology B’

85,855,113, 116 , 197, 117 , 117, 117 , 205, 233 , 236 , 261 , 269 , 332 , 396 ,
396 , 396 , 452 , 333 , 397, 397 , 397 , 413 , 492 , 492 , 493 , 493 , 149 , 149 , 149 ,
149 , 293 , 293 , 293 , 157, 229 , 229 , 229 , 421 , 421 , 421 , 429 , 429

Table 5.8: System 2b: Ordered sectors from system 2b. Sector identities (3.46) define
the sector. The number of equal sector identities refers to the number of master integrals
required in this sector.
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Three-loop master integrals for the Higgs boson self-energy

For now, we do not distinguish between the different systems fl, I_éa, fgb, since the fol-
lowing procedure is similar for all of them. Hence we keep notations general and drop
the index indicating the system. We write

I=(I,....Ix,,)",

for the master integrals of any of the systems interchangeably. If we want to emphasise
their correspondence to different sectors, we divide the vector into smaller vectors

fsecl
o Tseco
r=|L"
Jsecs
where the numbers 1,2, 3, ... are placeholders that may be replaced by sector identities

from table 5.6, table 5.7 or table 5.8 if we talk about a certain system. To simplify
notations, we do not indicate correspondences to topologies at this level, however, this
should be clear from the context. At the level of specific integrals (5.1) the correspon-
dence is completely specified.

In order to calculate f, we apply the method of differential equation, described in sec-
tion 3.5. We start as we set up differential equations with respect to their kinematic

variables, i.e. p?, m%/v, m?, in the following subsection.

5.3.1 Differential equations

Now, we laid the foundation for our upcoming work, because we specified the numbers,
sectors and topologies of master integrals we need to compute. The 105 and 61/43 pre-
canonical master integrals of system 1 and system 2a/b depend on s = p? and mIQ/Vv m3.
During the construction of differential equations with respect to these variables, we may
treat the systems on an equal footing. We already derived differential equations with
respect to squared masses for a general set of Feynman integrals in section 3.5, (3.58).

Here, the result we found translates into

2 0 ;x _ i+ X (5.7)
92 VLv2vsvarsUeLTISYY T - I Lvivvsvavsvgrrisig ) :
m; —
JEJ X,
mi
2 0 x =— jTIx (5.8
K Omn2. = V1v2V3ravsUeUTVeLy - J o vovsvavssvrigig : )
w e 7X
JEJ R,
mw
where jT is the raising operator (3.57),
- _
J I...,Vj,... =Vj- I...,(le—'-l),‘..'

JX, and ang are the sets of edges of topology X = A, B, C, D, B’ that carry mass m?

mi w
and m%/V, respectively.
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3. The pre-canonical master integrals

Tz = {1,2,4,6,9} T2 = {5}

J,{::g ={1,2,6,9} J%V = {5}

J% ={1,2,4} J,Q%V = {3}
B’ /

T2 = {39} J%V ={1,2}

We show an example, a sub sector of topology B’ with top sector 479, namely sector
334. Sector 334 gives rise to three master integrals,

B/
. 3{911100101
[7eesst = 1(71)11100101 . (5.9)
7
0111(—1)0101
The integrals contain both top quark propagators PgBl,PgB, up to power one, hence,

differentiating them with respect to m? yields

5 0

4 o 4 B/
K amg 1011100101 - _1012100101 - 10111001027
t
2 0 B _ B _ B
B g2t (=1111001010 = TH(=1)12100101 T £(~1)11100102>
t
2 0 .p B’ B’
H Om2 10111(—1)0101 = _10121(—1)0101 - 10111(—1)0102- (5.10)
t

The only W-boson propagator the first and third integral contain is PQB/, the second
integral, however, carries PlB/ raised to power minus one. This minus one becomes a
zero after applying 11, additionally the sign of the integral changes,

+7B _ B
1 I(—l)lllOOlOl_ I011100101'

Differentiating the integrals with respect to m%,[,, therefore, leads to

2 0 p

_ B’
1% 8m2 1011100101 - _10211001017
w

ZLIB/ — I ! _ IB/

H amQ (—1)11100101 — 011100101 (—=1)21100101>
w

2 8 B/ B/

2 amQ 10111(—1)0101 = _10211(—1)0101' (511)

To differentiate an integral with respect to s, we will obtain a relation among differential
equations with respect to different variables. In this way, the derivative with respect to s
can be constructed from those with respect to masses. This relation holds independently
of the specific set of kinematic variables, hence, we keep a general set z1,...,xN,+1,
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Three-loop master integrals for the Higgs boson self-energy

which we abbreviate by x. It may be re-translated via x1 = s, 92 = m%,v, w3 =m?. The
relation can be constructed within momentum representation through a scaling of loop
momenta k — § and the subsequent application of )\2% to the integral. A quicker
derivation may be performed within Feynman parameter representation (3.36), which

was introduced in section 3.3.1,

efET (1/ _ D _@+Hp

n n b u(a)u s
I = n 2)/ d"ad | 1— a; a;’ ! ) 5.12
Hj:lr(l/j) a;>0 32231 ’ gljl ’ - ( |

M‘U

F(a)”

where U, F (3.34) are the first and second graph polynomials. U solely depends on
Feynman parameters a; in contrast to F. In the end of section 3.3.1 in (3.38), we
deduced that F depends linearly on kinematic variables. In correspondence, we may
write for the second graph polynomial

Ny+1
F(a,x) = Z Fy, - T,
i=1

where

F =0

Fla,z).
In order to construct the desired relation, an integral (5.12) is differentiated with respect
to every kinematic variable while multiplying with the respective variable,

Ny+1 9

; xia—xif =

el»yEF _ID n n B Ny+1 ou y_&FHD
c n(y 2)/ d"a d 1—2(1]- Hagj ! Z; (a)ill.
Hj:lF(Vj) a;>0 = j=1 i1 Ox; Fla)'— 2
Evaluating the derivatives,
Notl g u(a)l,_(z+21)D 1D\ Netl fl:if;il/{(a)”*(Hzl)D
Z xiax‘ PR V_7 v—1D41
i=1 i Fla) 2 i=1 F(a)’™ 2
(1+1)D
ID Fla)U(a)"™ 2
=|—=——-v
2 .7’-"(&)”_%+1
D\ Ula)~ 2"
= 7 — U V_ZQ y
Fla)”—=
results into the sought after relation
Ny+1
N 0 D
i—I=——v|I 5.13
> “anit = (7 7) @19
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3. The pre-canonical master integrals

Coming back to x1 = s, x9 = m%/v, x3 =m?, | = 3 we obtain

8D 0 o 2(’) B

Combining (5.7) and (5.8) with (5.14) we find the resulting derivative with respect to s,

2 0 9 x _ (3D _ ]X
1% 68 V1V2V3V4VsVgUTVRVY 2 V1V2V3V4V5 V6 VTV VY

§ : 4 7 X 4 7 X
J II/1112V3V4115I/61/7V8V9+ J IV1V2V3V4V51/6V7I/81/9'

]EJX ]EJX
mw mi

(5.15)

Applying (5.15) to the first integral from our example sector 334 (5.9), we find with
v=>,

2 2 2
QQIB/ . 3D 5 'LL]B' mWIB/ mt IB/ IB/
2 P 011100101 — 9 - 011100101 + 021100101 + 012100101 + 011100102 J -
S S S S
—_——
=(1-3¢)

(5.16)

The second and third integral from sector 334 have v = 4. Their derivatives with respect
to s evaluate to

6 / 3D ’ m2 ’ ’

2 B w B B

1% 681 1)11100101 = < 2 - 4) ?I(—l)lllOOIOl + s (71011100101 + I(—1)21100101)
~—_———

=(2—3¢)
m
+ 7 (I( 1)12100101 + I( )11100102)
quaa 10111( Hoto1 = (2 — 3€) *1(1)91/11(71)0101 + mSW I(gn( 1)0101
2 /
+— (10121( notor T 1511(—1)0102) : (5.17)

Now, we are able to differentiate the pre-canonical master integrals with respect to
mi, m¥, (5.7),(5.8) and p* (5.15). We recall, the factors of y? in the definition of inte-
grals (5.1) shall ensure that integrals depend on scalar, dimensionless kinematic variables
(see (3.10)). We may set

2 2
:u’ :mta

and consequently the integrals kinematically depend on the following variables

2 2
v="L0 w="0 (5.18)
i my
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Derivatives with respect to w, v can be directly read off from (5.8) and (5.15), since

9 x

V1VoV3V4V5 Ve VTVRVY )

90 x

_ .2
8'[1) V1V2V3V4V5 V6 VTVRVY =

8m12/v
QX QQX

8,[) V112V3V4Vs5V6VTV8Y9 =H aS V1v2V3V4VsV6 VTV

Derivatives of the integrals from sector 334, for example, are obtained from (5.11), (5.16)
and (5.16),

aawf(ﬁ/nomm = ——7032/11001017
8(1—7(13—/1)11100101 = If 1100101 — I(B—/1)21100101v
%15/11(—1)0101 = *—70%/11(—1)01017 (5.19)
0 1 / / / /
%1011100101 =3 [(1 = 36) Igi1100101 + WIga1100101 + To12100101 + 111100102 5
%151)11100101 = %[(2 - 36)1—(]37/1)11100101 tw (_I(ﬁlllooml + 151)21100101)
+ 151)12100101 + 1(13,/1)11100102],
%15/11(—1)0101 = %[(2 - 3¢) 1(1)31,11(—1)0101 + wj(j)Bz,11(—1)o1o1 + 15/21(—1)0101 + 15/11(—1)0102]-
(5.20)

By construction, some of the integrals on the right hand sides of (5.19) and (5.20) have
additional dots, i.e. propagators raised to power two, compared to the basis integrals
of sector 334 (5.9). Applying integration by parts reduction methods, they are again
expressible through linear combinations of master integrals of sector 334 and sub-sectors.
The integral with a dot on the second propagator, for example, can be re-expressed as

o 3 1
021100101 = 9,02 — 2 (w + 1) + (w — 1)2)

+ v (—2€ (2w? = Tw + 3) + 4w — 1w + 5) + 2(w — Dw(e(3w —7) — 3w + 5)}

{15/1100101 [Uz(—%(w —3)+2w - 5)

T 151)11100101 [_26 (U2 + 20w 4+ v — 3w? —w — 2) + 202 + dow + v — 6w? —w — 3}

— .7031/11(_1)0101 [2(6 -1) (v2 + (2w — 1) — 3w + w)}

— Iffi0000012(€ — 1)(v + 3w — 1)

+ Ift1i000012(€ — 1) (0% + v(w — 1) = 2w(Bw + 1)) + I}y 111000012(€ — 1) (0 + 3w — 1)
+ —7(?1/110(—1)0014(6 —1(v+3w-1)

+ Ighiio0101 (4e(v + 2w — 1) = 3v — 5w + 3)} (5.21)

We see, here, the sub-sector contributions come from the master integral belonging
to sector 261 with master integral [°¢c261 — (—71%,1000001)’ from sector 270 with master
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integrals

B/
I(l)11100001

= B
SEC270

I = | {Z1)11100001 | >

15
01110(—1)001

and sector 332 with [°¢¢332 — <I(%1100101>. Relations like the integration by parts

relation in (5.21) make it possible to construct differential equations for the integrals
from sector 334,

0 - - L
—[ecass — A(334) [secass 4 quhy-sector contributions,

ov
0

a—[ Seesss = ASM)I 566834 4+ sub-sector contributions,
w

where A£334), Ag) ) are 3 x 3-dimensional matrices, depending on v, w, €. The matrices’

components are rather long, hence, we do not display them here in full. Instead we
give a short example regarding their construction. Combining the derivative of the first
master integral from sector 334 with respect to w (5.19) with the relation in (5.21), we

obtain the complete first row of Aq(f 34),

ABD (1) = ! { [vz(—2e(w —3) + 2w —5)

-~ 2w (v2 - 2u(w+ 1) + (w — 1)2)
+ v (—2¢ (2w2 —Tw+3) + 4w? — 11w + 5) + 2(w — Dw(e(Bw —7) — 3w + 5)},

[—26(v2+2vw+v—3w2—w—2)+21}2+4vw+v—6w2—w—3},
- [2(6—1) (v2+v(2w—1)—3w2—|—w)}}.

The sub-sector contributions take the form

Z A(l X 334) fsecl
v/w ’
1={261,270,332}

X334 . . .
where Af} w0 ) are matrices of respective sizes.

Analogously, we may write for the complete vectors of master integrals I (either from
system 1 or system 2a/b),

—I=pu I'=A,l
ow 8m12/v

0 - 0 - IBP o
—I=p*—1 =A,l,
ov a 0s

where A, A, are (105 X 105)-dimensional ((61 x 61)/(43 X 43)-dimensional) matrices
in the case of system 1 (system 2a/b). They depend on v, w and the dimensional regu-
larisation parameter.
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We summarise our findings as we set up systems of differential equations

dl = A(e,v,w) T,
A= Apdw + Aydv, (5.22)

where d denotes the total derivative. The systems fulfil the integrability condition (3.64),
awAv - 8vAw - [Awu Av] - 07

where [, ] denotes the commutator.

In correspondence with our discussion in section 3.6, the ordering of master integrals
results in differential equations consisting of lower block-triangular matrices. Sectors
manifest themselves as blocks on the diagonal, sub-sector contributions appear to their
left. A schematic representation of the first fifteen rows and columns of the matrix cor-
responding to system 1 is shown in an exemplary manner in fig.5.8. The corresponding
first fifteen pre-canonical master integrals from system 1 as well as their sectors can be
read off from table 5.3. In correspondence, we find blocks on the diagonal of fig.5.8 with
dimensions according to the numbers of integrals per sectors.

1 5 10 15

Figure 5.8: Block structure: A schematic representation of A_151_15), where dl = AT
belongs to system 1. White areas represent zeros, red areas are non zero.
5.4 Basis transformations

We recall from section 3.5.1 that we are seeking a system of differential equations in
canonical form, i.e.

dJ = €A,
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A = Z Ciwi,

where C; are Njsr X Njs7- dimensional matrices consisting of algebraic numbers and w;
are one-forms depending on kinematic variables, containing only simple poles. As sum-
marised in box 1 in section 3.6, differential equations of pre-canonical master integrals

=

I (5.22) arrive there through the application of:

=)

1. Basis transformations: Find appropriate basis transformations U (f =UJ ), which
factor out e.

2. Variable transformations: Find appropriate variable transformations that ratio-
nalise all occurring square roots.

This section treats the first point, basis transformations. The second point, will be
discussed in section 5.5.1, however, already in this section we will encounter the need
for variable transformations.

We left the previous section with two main conclusions. Firstly, we found three sets
(system 1 and system 2a/b) of pre-canonical master integrals I and built their systems
of differential equations (5.22),

— T =A,0, —=—I=A,I (5.23)

The emerging matrices depend on the kinematic variables v, w as well as on the dimen-
sional regularisation parameter €. In this section we will employ a heuristic approach
to find master integrals of uniform weight J, yielding a differential equation with linear
dependence on e,

dJ = €A, (5.24)

where A is independent of e. Heuristic approaches may seem to be less powerful than
algorithmic approaches, since their success is not predestined. In our case, however,
their success is easily verified or falsified. We simply calculate the resulting differential
equation. Since existing algorithms [68-70, 72-74] cannot handle problems of this com-
plexity, our heuristic approach yields a welcome and easy to handle method. As before,
we describe our methods in a general manner if they apply to each of the three sets. In
correspondence we keep our notations general.

The second conclusion of the preceding section concerns the structure of the systems of
differential equations. As shown in fig.5.8, systems of differential equations consist of
lower block-triangular matrices with sectors represented by blocks on the diagonal and
sub-sectors contributions to their left. This is rather obvious as reduction methods are
designed to relate integrals only to simpler integrals. However, it is still important for
our ongoing strategy because it allows us to divide the complete differential equation
into equations for each sector,
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fieer AV 0 0 L\ [P
) fsecz A1()1 X2) A1(12) 0 fse@
v | fsees | — AUXD 42x3) 40) Teecs |
gfsec]' — A(j)fset:j + Z A(lxj)fsecl
Ov v Y ’
I<j
foeer AV 0 0 L\ [P
) fseCQ Ag X2) Ag) 0 fseq
B | Teees | T | 409 4@x3) 46) fsees | (5.25)
ifsec]' _ A(j)fsecj + Z A(lxj)fsecl'
8’[1) w A w
<y
I%¢¢i denotes the set of master integrals belonging to sector j. Aq(}j/)w, Aq(}l/zj ) denote

matrices with dimensions determined by the length of I%¢% or the length of Is¢ct and
Iseci respectively. In the following, we may write AU), A(X9) instead of Afjj/)w, Ag;;] ) if
we talk about procedures applying to both differential equations in the same way.

We benefit from the block structure of the differential equations as it enables us to
treat blocks individually instead of altogether. In this thesis we employ a bottom-up
approach, i.e. we, thereby, start with the first block of the differential equation. We
outline this approach in section 5.4.2, after discussing two important types of transfor-
mations in the following section. A good strategy for the treatment of diagonal blocks
consists of finding an ansatz for an integral of uniform weight. In section 5.4.3 we find
representations of the tadpole and bubble integral as integrals of uniform weight. There,
we define our first canonical master integrals and understand the necessity of the di-
mensional shift operator (5.5). Integrals of uniform weight can be determined through
the application of maximal cuts and the analysis of their leading singularities. This will
be described in section 5.4.4.

Consequently, we may specify the listing made at the beginning of this section as we di-
vide the first point into tasks regarding diagonal or off-diagonal blocks of the differential
equation:

1. Basis transformations: Find appropriate basis transformations U that factor out
€ utilising a bottom-up approach:

— Diagonal blocks: Leading singularity analyses of maximal cuts provides ansatz
for integral of uniform weight

— Off-diagonal blocks: Transformations on the matrix itself force terms not
proportional to € to vanish

2. Variable transformations: Find appropriate variable transformations that ratio-
nalise all occurring roots
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4. Basis transformations

5.4.1 Transformations of differential equations

On our way transforming (5.25) into an e-factorised form, we will encounter two different
kinds of transformations: 1) Transformations on diagonal blocks and 2) transformations
serving the purpose of bringing an off-diagonal block into e-form. We recapitulate the
transformation behaviour of differential equations under any basis transformation U
(see (3.69), (3.70)),

al = AI, I=UJ

=dJ=AJ,
A=U-AU''-U.-aU™L. (5.26)

A transformation matrix of the first kind takes the form

16D o
Uy = 0o U® o : (5.27)

with
10-1) 0 0
Ut = AR (740) R :
0 0 ]1(i+1)

where 10U) is the identity matrix with a size determined by the length of I*¢¢ and
0’s indicate zero matrices with appropriate size. U is a square matrix designed to
transform the diagonal block A® into an e-form, hence, it has the same dimensions as
A®_ Under the application of Uy, the differential equation (5.25) becomes

v, =U-A- Ut = Uy - dUT?

A6 0 0
- U@ _AG-Dxi)  776) . 40). (Uu))*l _U®.q (Uu))*l 0 . (5.28)
AG=1)X(i+1)) AGX(i+1)) (U(i))_l Ali+1)

In addition to A®, the transformation changes the row to the left of A® and the col-
umn below A® . In other words, U; only influences sub-sector contributions to A® and
sub-sector contributions from A to higher sector. U; is designed to have no influence
on other diagonal blocks. We will encounter two different applications of U;. On the
one hand, U; corresponds to transformations on diagonal blocks. In section 5.4.4, Uy
completes the transformation of a sector (5.61), (5.62). On the other hand, a version
solely depending on € (5.33) may be utilised to obtain easy to handle sub-sector contri-
butions (5.32), as demonstrated in the following section.
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The second kind of transformations serve the purpose of bringing an off-diagonal block
AUXD) 5 < into e-form,

Uy = uexn 10 g : (5.29)

Again, 1 is a identity matrix of the size determined by the length of sector i and 0’s
indicate zero matrices with appropriate size, U (7X9) has the same dimension as AUX9,
U, transforms AUX?) — Ag;“’) only, and leaves every other block unchanged,

Ag;w _ (U(jxn CAW) 4G x4 gGxd) +dU<sz’>>, (5.30)

We see, we may decompose the task of finding an appropriate transformation U for
the complete matrix A into multiple tasks of finding transformations Uy and Us for the
diagonal and off-diagonal blocks in A. From the structure of the differential equation
(5.25), we deduce that it is best to start looking for a transformation in the simplest
sector. Additionally, the transformation behaviour under U; and U, suggests to move
from top to bottom and right to left in A, while searching appropriate transformations.

5.4.2 Transforming differential equations bottom-up

In the following we introduce a technique structuring and thereby simplifying the work-
flow in the search for an e-factorised differential equation. This technique utilises the
block structure of the differential equation (5.25) as it separates the task of finding an
e-factorised form for the complete system into smaller tasks of finding e-factorised blocks
AU) | AUXI) (see also begin of section 3.6). From the previous sections, we deduce, that
it is best to transform the basis of master integrals working bottom-up as indicated in
fig.5.9. We start with the simplest sector and move from top to bottom and right to
left in A. The procedure does not change along the way, however, the more sectors are
involved the more intricate its practical execution becomes. In this section, we describe
the first few steps in a general manner writing z as arbitrary variable. This general
description serves the purpose of showing the larger picture of the applied workflow as
well as demonstrating the inclusion of sub-sector contributions. In the next section we
give an example, namely the first two integrals of system 1.
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I I I N
1 5 10 15

Figure 5.9: Block structure: A schematic representation of A_151_15), where dl = AT
belongs to system 1. White areas represent zeros, red areas are non zero. Arrows
indicate the workflow during the search for basis transformations.

Differential equations regarding the lowest sector are by construction homogeneous,

gfsecl — A(l)fsecl

ox ’
We may solve them first by making an ansatz for a set of master integrals of uniform
weight J%¢1,

j’secl — U(l)fsecl )

A promising approach on finding such an ansatz deals with the integrals’ maximal cut
and will be explained in section 5.4.4. If the ansatz yields indeed a linear dependence
on €,

=AW (zy,. .. zN,) T,
we move on to the next sector. Note, that the transformation U() changes the sub-sector
contributions from the first sector to higher sectors A1X7) — (A(IXj). (U(l)) _1> , J>1.

To keep the following description simple, however, we redefine (A“Xj). (U (1))_1) to be
AAXg)

The differential equations of the second lowest sector,

ﬁfsecg _ A(Q)fsecg + A(le)fsecl’

ox

need not to be homogeneous. They may contain contributions from the first sector.
This is no problem at all, since we already know the solution for the lowest sector J*¢t.
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Hence, we may focus on solving the homogeneous parts of the differential equations

gi’secz _ A(2)f8602 )

Ox

We make an ansatz J/*¢2 and verify if it yields an e-factorised form on the sector
dJer = A (z1,..., 2N, )j"sec?.

Now, the differential equation becomes

jsec1 6[1(1) 0 0 o jsecl
o ﬁsecz A0x2)  A(2) 0 J_78662
ox | [sees = AX3)  4(2x3)  4(3) fFoees | (5.31)

where matrices A are independent of € as opposed to matrices A. In the next step,

we include the sub-sector contribution of the second sector, i.e. we transform AU*2),

Thereby, we must not change A and A®. We first look at the appearance of € in
A(X2) 1n the end, we seek an e-form,

A(1><2) N 6A(lxz)‘

If AU%2) is not already in e-form, a helpful intermediate step is a matrix containing a
part proportional to €¥ and a part proportional to €',

AlX2) AélXQ) + 6A51X2> 5 e AUX2),

Determining master integrals according to the properties of their maximal cut (see
upcoming section) usually leads to a uniform appearance of € in AUX2) - Often, sub-
sector contributions already take the intermediate simple form

AMX2) = AUXD) 4 o 4(1x2), (5.32)
Otherwise, they are at least given by

4(1x2) _ (o) [A(()1><2) JreAgl><2) :

where g (¢€) is a polynomial in e. This polynomial vanishes if we substitute

j’/secz N 1 j’/secz
g(€)
The corresponding transformation matrix has the structure of U; (5.27) and depends
solely on e,

1M 0 0
0 1@ 0
0 9 >0 | (5.33)
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4. Basis transformations

where 1() is an identity matrix of size determined by the length of sector i, and 0’s
indicate zero matrices with appropriate size. From (5.28) we find, that the matrix of
the differential equation (5.31) becomes

AW 0 0
po | g9 @ [A7Y wealPP] A o (5.34)
A(1x3) g(e) A2x3)  AB) ’

After converting the sub-sector contribution to (5.32), we need to find a transformation
A(()lxz) + 6A§1><2) N ejl(bd).

We, therefore, utilise a transformation matrix of the second kind (5.29),

1M 0 0
U(1X2) ]1(2) 0
0 0o 1®

Again, 1) is an identity matrix of size determined by the length of sector i and 0’s
indicate zero matrices with appropriate size, U1%2) has the same dimension as A(1%2),
We know that this transformation solely affects A1*2). The resulting matrix is given
by

A/l —

eA) 0
e(U(1><2) LA @ . gx2) +Ag1x2)> _I_A(()1X2)+dU(1><2) A

1x2)

Hence, a possible transformation U corresponds to the solution of the differential

equation
¢ <U<1x2> LA @) U(m)) +dU(x) = _ A%,
In practice, the ansatz
(x2) /Aglxz)dx,
often suffices.

After completing the second sector, we move on to the third sector. We first solve
the homogeneous part of its differential equation by making an ansatz. Then we check
for contributions of the second sector to the third sector. We may fix them in the same
way we fixed the contribution from the lowest sector to the second, we first derive a
simple dependence on € and then remove left over parts. Before we are ready to inspect
the fourth sector, we transform possible contributions from the first sector to the third.
We proceed in the same way and transform the complete matrix finishing with the most
complicated sector, as indicated in fig.5.9.
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5.4.3 Tadpole and bubble integral as integrals of uniform weight zero

This section links the preceding section to the next section. Besides proceeding as
outlined in section 5.4.2, we give an introductory example to the method described
in section 5.4.4. This section provides first practical insights, for example, into the
necessity and advantages of introducing a dimensional shift operator or the structure of
“good” master integrals, i.e. master integrals of uniform weight zero. We will encounter
the massive tadpole and massive bubble integral known from section 3.2 again, while
considering the first two pre-canonical master integrals of system 1 (see table 5.3),

L TA
sector 25: 11401100005

sector 27 Iﬁ01 10000*

These integrals correspond to one sector each, to sector 25 and 27 of topology A. Their
graphs are drawn in fig.5.10 and fig.5.11. We can see in fig.5.9 that the first integral
contributes to the second. Their differential equations amount to

0

%Iﬁ)onoooo =0,

%Iﬁmnoooo = d2_w2fi%01100007 (5.35)
2Iﬂouoooo _Atld-dy {01100 + ﬂf{%onoooo
v 2(v—4)v (v —4)v ’
aawfﬁonoooo = d2;211A10110000‘ (5.36)

Figure 5.10: Graph of sector 25 of topology A. The graph consists of three tadpoles.

Blue lines denote propagators with mass m?, orange lines denote propagators with m%v

We start as we try to find an ansatz for the first integral. Solutions to differential
equations in e-form are of uniform weight zero. Hence, an optimal ansatz has as well
uniform weight zero (see section 3.5.1 and section 3.5.2 on details regarding weight
properties). We recall that rational numbers have weight zero, zeta values ¢, weight n
and e weight minus one. Fig.5.10 shows that the first integral consists of three tadpoles,
two with mass m; and one with mass my,. We may concentrate on the former first.
The tadpole was derived in (3.21) for a general mass,

T, (D, Zi) _ o <m§> e F(;(—V)é?) (5.37)
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4. Basis transformations

For

we found in D = (4 — 2¢)-dimensions

Ty (4= 2€¢) = T (e — 1)

N O A

This series is not of uniform weight, even if we multiply it with e,

el1 (4—2¢) = -1 — 2(26 —|— Cge —*€26 - & +O(e4).
weight: 0 -1 0 0 _1 -3

However, in D = (2 — 2¢)-dimensions, we deduce from (5.37)

€1 (2 —2¢) = eFel'(e) = eI (1 +¢)

16 5 (s +6 (o(3 € +O(6 ), (5.38)

1 1
=142 (e —% (3¢ +*C46 -

2 L~ 3~
2-2=0 373 1-4 5 243 =5

and find that every term in the series has weight zero. A similar candidate arises for a
tadpole depending on another mass, like m%[,,

€T1 (2 — 26, w) = e (w) “el'(€) = eBeMWIP(1 4 ¢)
1
=1—In(w)e+ 5 (In(w)? + ¢) €

- (gam() + ghw? + 36) S+ 0. 639)

We draw an important conclusion: Tadpole integrals in (2 — 2¢)-dimensions multiplied
with e have uniform weight zero. In order to express the first master integral through
them, we need to shift its dimension from (4 — 2¢) to (2 — 2¢). For this purpose, we
introduced the dimensional shift operator D~ (5.5) earlier. Hence, we construct our
first canonical integral J; as the product of three tadpoles in (2 — 2¢) dimensions each
multiplied with €, (5.38) and (5.39),

3p—7A
J1 = €D~ Iigo110000-
We relate it back to the first master integral in (4 — 2¢)-dimensions,

_ 3p—7A
J1 =€ D™ Iio110000

(5.6)
= ¢ 1200220000

P ((4—2€)3 —6(4 —26)? +12(4 — 2¢) — 8) €3
B 8w
=)

11001100007
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Three-loop master integrals for the Higgs boson self-energy

and construct the differential equation of J; with (5.26) from (5.35),

—

w=r0 AU®) D _pwa(p) {g,Jl =0 (5.40)

0 _ —€TA
701 = % Lioo110000-

Figure 5.11: Graph of sector 27 of topology A. The graph consists of two tadpoles and
a bubble. Blue lines denote propagators with mass m?, orange lines denote propagators

. 2
with m,.

The second master integral I7}y;10000 COnSists of two tadpoles with masses m; and my
and a bubble with mass m; as shown in fig.5.11. We already learned how to convert
tadpoles into integrals of uniform weight zero. The remaining bubble integral will serve
as introductory example to the method we use in this thesis to convert diagonal blocks.
We start with the conversion of the bubble integral from momentum representation (5.1)

dPkq 1
ir? (ki +md) (—(k1 —p)2+m})’

= 1) = e () [

to Baikov representation (3.44)

D-3

n2-2 2-D
eE (u?)” 2 detG (p) 2 B(z1,22) 2
i doydzy 22072 °
el e

I, (D) =

where the Baikov polynomial B(z1, z2) is given by the Gram determinant detG (k1,p)
(3.41) expressed in terms of the Baikov variables

2= (=ki+mi), z=(-(ki—p)?+mj).

The integration domain is not important here, it can be read off from (3.45). We
calculate the Baikov polynomial and find

27D

oDy gers (25 ()
I (D) = El(m) — (=7) /dzldzz
w2 (P3) ¢
(5 (4mf —8) — 221 (5 — 22) — 2529 —zf—z§)¥

2122
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4. Basis transformations

We aim at investigating the leading term of the Laurent expansion around € = 0 of
the maximal cut. Hence, we set D = 2 during our investigation instead of setting
D = (2 — 2¢). (Tadpoles also contributing to the second master integral must be taken
in (2 — 2¢) dimensions, therefore, we are not considering D = 4. Apart from that,
bubble integrals in four dimensions do not fulfil the desired properties, i.e. they are not
of uniform weight.)

—eVE th

Ill (2) = /dzleQ :
C wzlzg\/s (4m§—s) — 221 (s — 22) —2322—2%—25

We apply the maximal cut (see section 3.6.1) through the exchange

b — (2m1)% 8 (21) 6 (22)
Z129

and obtain
4rm?

MaxCut (IH (2)) = .
s (4mt2 - s)

(5.41)

We recall, that solutions to canonical differential equations are integrals of uniform
weight, hence, their maximal cuts should also be of uniform weight. The result we
found, however is not a constant of weight zero. If we consider

s (4mt2 - s)
T ),

we obtain a constant of weight one after applying the maximal cut
MaxCut [ ~——5——111(2) | =4~.

Additional multiplication with e, finally yields a constant of weight zero

s (4m? — s)
MaxCut | € ~——5——111(2) | = 4er. (5.42)
my

In conclusion, we determine our second master integral as the product of two tadpoles in
D = (2 — 2¢)-dimensions multiplied with € ((5.38) ,(5.39)) and an accordingly modified
bubble in D = (2 — 2¢)-dimensions (5.42),

Jz = 11D~ I{i 110000, (5.43)
where we defined
rr=+—v(4—v).

The resulting differential equations are linear in e, where the kinematic variables are
defined as in (5.18),
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A
Jy = €ry (I{50220000 + 15410220000)
(e = 1)2((1 = &) X{b0110000 + (1 = 26)I{10110000)

(v—4)w
9 7 _ —cqA
(5:36) | goJ2 = % Li101100005
= ’ . (5.44)
av”’2 = 71100110000 T 7= 110110000

We see, not only the contribution of sector 27 itself is now linear in €, but also the sub-
sector contribution from sector 25. Constructing master integrals of uniform weight,
sub-sector contributions are often already linear in € or at least close to that form as in
(5.32). Furthermore, we would like to point out the occurrence of a square root: 1. The
transformation 1731109000 — J2 we found is not rational, consequently, the differential
equation of Jo is not rational. Appropriate variable transformations are required. We
acquire those in section 5.5.1 after transforming the complete basis of master integrals
into a basis with uniform weight zero (section 5.5). The investigations on the massive
bubble tell us in addition something about the massless bubble. From (5.42) we conclude
that a massless bubble in D = (2 — 2¢)-dimensions must be multiplied with the factor
(ev) to become uniform in weight. In the upcoming section, we generalise the way we
treated the bubble integral utilising the maximal cut.

5.4.4 Maximal cuts and constant leading singularities

Diagonal blocks in differential equations of master integrals reflect their division into
sectors (5.25). In conclusion, section 5.4.2 described a way of transforming a differential
equation bottom-up, sector by sector, into an equation linear in e,

j’seci — U(z) fseci
= dj’seci _ EA(i)j’seci'

However, section 5.4.2 raised the question: How are appropriate transformations U of
diagonal blocks found? To phrase this question differently: How are ansétze for “good”
master integrals of a sector J5e¢i obtained? This question will be answered here. We
elaborate the method already applied in the former section with regards to the bubble
integral. The method is a heuristic approach in the search for “good” master integrals
relying on two main facts:

1. Solutions to canonical differential equations are integrals of uniform weight (section
3.5.1, 3.5.2).

— “Good” master integrals are, therefore, master integrals of uniform weight.

2. Weight properties of integrals are preserved under the application of cuts. The
maximal cut of an integral of uniform weight remains to be of uniform weight
(section 3.6.1).

— To gain information about weight properties of an integral, we may study the
simpler maximally cut integral, first.
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4. Basis transformations

Although the success of a heuristic approaches is not predestined, it is easily verified or
falsified through the calculation of the resulting differential equation. In combination
with direct transformations (discussed in section 5.4.1) the heuristic approach sufficed
to transform all three systems of master integrals (system 1, system 2a/b, see section
5.3) into differential equations linear in e. It utilises maximal cuts of Feynman integrals
in Baikov representation [66, 90]. The Baikov representation was defined in section 3.3.2
and maximal cuts were discussed in section 3.6.1. Box 2 provides a concise summary of
the approach.

Box 2: Leading singularity analyses

Momentum representation:

I~ [dPkidPkaedks T, (ij) _”j

~ ™~

Baikov rep.: democratic (3.44) Baikov rep.: loop by loop (3.42) s
e— —U; - e+
I~ d°zB(z D T H?—l z; 7 dPk ~ detG (mom. ext. to loop)~ 2 -
. D—e—
B(z) = detG (klv k27 k3, p) detG (k, mom. ext. to loop) 2 *dF

N —

MaXHnal Cut: cut all propagators with v; >0
— — 2mid(z;) = MaxCut (I fCMaXCm i

1
Search C; & modify ¢; such that the leading term of the Laurent expansion (¢ = 0)
of fc_ ¢} is a constant of weight zero; m: weight 1, (,: weight n, e: weight -1

An introductory example was already given in the end of section 5.4.3. There, we mul-
tiplied the two-dimensional bubble integral with a prefactor depending on kinematic
variables as demanded by its maximal cut. We modified the maximal cut to obtain a
constant of weight zero. Here, we describe this approach in more detail with the help of
more involved examples. Our fist example demonstrates how maximal cuts may leave
us behind with integrations requiring modifications not only on the integrand level but
also regarding the integration contour. Afterwards, we give a short definition of con-
stant leading singularities. Then, our second example demonstrates an alternative way
of constructing the Baikov representation.

We start with the 104" master integral of system 1, i.e. the last master integral of
topology C,

T2 Z7T2

dPky dPky dPks
sector 255 : I 111110 = € (/ﬁ)s / Dl 2 5 H ( ) .
T2

The definitions of propagators ch can be read off from fig.5.5, table 5.1. First, we con-
vert the integral to Baikov representation. We may work directly in D = 4 dimensions,
since we are only interested in the leading term of its maximal cut. We obtain the
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Baikov representation democratically, i.e. via the application of equation (3.44). We
replace each propagator P in the numerator of Ifj;;;11;9 with a Baikov variable zj,
additionally we compute the Baikov polynomial and adjust prefactors to find

4 -1
wrdetG (p _1 -
—71011111110 (D=4)= (2) /Cdgz B(Z)< ) H z; !

3 .
wédet(C) [] T (4 ; l) =
=1

_—
_ / £ — (5.45)
c (874521 2923242526 2728) B(Z)(g)

where B(z)(%) is a square root depending on all kinematic variables and all Baikov
variables z1 — z9. The maximal cut of the integral refers to the cut (3.93) of all edges
belonging to the integral. Hence, the parts within the Baikov polynomial proportional
to z1 — zg are not important, since we cut these Baikov variables in the next step,

8

— (2mi)® > 6 (). (5.46)

i=1

1
2122232425262 728

1

The parts within B(z)(ﬁ) solely proportional to zg yield squared terms cancelling the
root and we are left with

5.46 32mtpd

2 2 '
CMaxCut SZQ (mt - mW — 85— Zg)

Sometimes the maximal cut leaves no integration variable behind as in the introductory
example (5.41). In other cases, we replace integration contours of the maximal cut
CMaxcut With simpler contours, usually around poles. Here, we choose an anticlockwise
circle around zg = 0 (alternatively around zg = m? — m¥, — s). We know that

§é f(z) dz = 27 res ( /(z) y 2= Zo> = 2mif(20). (5.47)

=20 7 T R0 Z— 20

Hence, we deduce

?g 32m it 64470 p 64im°
ng = —
z9=0 529 (

my—my, —s—29) s(mi-my—s) v(l-—w-—uv)

with
2 2
2 _ 9 D _ My
pe=my, v=-—, w=-—0-
bl m27 m2
t t

We aim at constructing a constant of weight zero, thereby, we may also modify the
integrand of the maximal cut. We multiply with a prefactor cancelling appearances of
kinematic variables,

324t

- 5
v(l—w—w) % dzg = 64im
2 2 =L
- szg (mj —my, —s — 2
29=0 9 ( t 9> constant of weight 5
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4. Basis transformations

Since weights are summed if factors are multiplied 7° has weight five and we multiply
with € in order to balance the weight,
324t

5 - 55
ev(l—w—v)glg dzg = 64ie’m
29=0 829 (m? — m%,[, — 85— Zg) ~—

constant of weight 0

Accordingly, we modify
I1C11111110 — Jioa = v (1-w—v) —71011111110' (5.48)

and obtain a candidate for a master integral of uniform weight.

We verify that (5.48) yields a linear dependence on € in the corresponding diagonal

block of the differential equation. However, its sub-sector contributions are propor-

tional to ﬁ requiring an additional factor of (1 — 2¢), i.e. a transformation matrix

of the first kind (5.27) (see also (5.33),(5.34) with A(()IXQ) =0),

Jioa =€ (1 —2€)v (1 —w—v) I{1111110- (5.49)

Before we move on to the next example, we summarise the above described procedure
in a more formal way. We looked at the leading term of the maximal cut

MaxCut (I (e =0)) = / ®,
CMaxCut

and modified its integration contour,
CMaxcut — C',
and integrand,
=,
to obtain a constant of weight zero,

/ go’ = constant of weight zero.

/
¥
CMaxCut

has constant leading singularities [91, 92].

In accordance, we say

In order to modify the integration contour and the integrand of a maximally cut in-
tegral efficiently, we not only rely on (5.47), we may also consider an integration along
a closed, anticlockwise contour around a slit [a, b],

dz
= 271. 5.50
3’%@1 NEEDICED) (5:50)
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Furthermore, the package DlogBasis [93] can be a helpful tool for the calculations of
leading singularities.

Our next example is more involved. We look at a sector containing three master inte-
grals. Furthermore, we are going to derive the Baikov representation loop-by-loop.

]62 k3

IB’
011100101
Jeecasa — | [P 5.51
= | “(~1)11100101 | - (5.51)
IB’
0111(—1)0101

P ki—p P
Figure 5.12: Graph of sector 334 from topology B’.
Blue lines denote propagators with mass m?, orange

. . 2
lines denote propagators with my;,.

We look at sector 334 from topology B’ containing three master integrals given in (5.51).
The master integrals appear on 46", 47th and 48" place in the vector of pre-canonical
master integrals of system 2a. Later on, we will call the vector of canonical master
integrals of system 2a K. Here, we search for canonical master integrals of sector 334.
In order to be consistent, we call them Kyg, K47, K48. We work with the first integral
in (5.51), because it completely specifies the sector,
IB/ _ Bve (2 53D del deZQ deig
011100101 =€ (M ) /Z.WD/Q inDJ2 i2DJ2
1
(o~ 077+ ) (~Ckn + R i) (~3) () (— (ko — Ra)? )
(5.52)

The exact composition of the second and third integral in (5.51), like placement of
propagators in the numerator, is not important and depends on the chosen integration
by parts reduction program. As before, we start with the derivation of the Baikov
representation. We number Baikov variables in the same way we number edges,

z1 = —k% + miy, 2’2:—(761—1?)24—7?1%‘/, 25 = — (k1 4 k2)® + m2,
zg = —k3, z5 = — (ko + k3)?, 26 = — (k2 +p)?,
Z7:—]{7§ Zg:—(k‘g—p)z, 29:—(1451—]{53)24—171%.

Building the Baikov representation democratically, i.e. via (3.44), all nine Baikov vari-
ables would be integration variables. Out of those only five belong to sector 334, namely
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4. Basis transformations

22,23, 24, 27, 29. 'Taking the maximal cut of an integral from sector 334, corresponds
to cutting those propagators. As consequence, the democratic Baikov representation
would result into four integration variables. We know, however, that an alternative way
of constructing the Baikov representation exists. The integration measures (%ng can
be replaced loop by loop with (3.42). In this way the Baikov representation colgsists of
as many integration variables as scalar products involving loop momenta appear in the
integral. Due to this simplification, we usually build the Baikov representation loop-
by-loop, with the exception of top sectors as in our previous example or, more general,
sectors with a sufficient amount of edges. (In our previous example, the loop-by-loop
approach would not have simplified the Baikov representation, moreover it would have
been more difficult to construct.) From fig.5.12, we deduce that building the Baikov
representation loop by loop results into six integration variables z1, 29, 23, 24, 27, 29 since

six scalar products involving loop momenta occur, namely k%, k3, k%, ki-ko,kq1-ks, ki-p.

We recall the Baikov measure

—D+e+1
dPk detG (momenta external to loop) 2 D—e—2
D — < Do detG (k‘, momenta external to loop) 2
itz 72 (detC)I (£5¢)

d™v

2

where detG denotes the Gram determinant (3.41), e is the number of momenta external
to the loop, N, is the number of scalar products involving loop momenta, which is here
e 4+ 1. Changing from integration over scalar products involving the loop momentum to
integration over Baikov variables z yields the Jacobian detC'.

We may start obtaining the Baikov representation for (5.52) loop by loop with the
left loop in fig.5.12. Viewing this loop individually, it is a bubble with loop momentum
ko and external momentum k1. One external momentum results in two scalar products
involving the loop momentum, namely k% and ks - k1. These scalar products are part of
z3, z4. Hence, we convert from an integration over kg to an integration over zs, z4,

—D+2
2

de‘Q - detG (kl)
in W%(deth)I‘ (%)

detG (ko k1) 2 dzsdza,

Oug 0 12
12 —ko-k
detCy — det 8(821?) ( 8224 3) = det <<1 O>> = -2
o(—k3)  O(—kzks)

We conclude, working in D = 2 dimensions one Gram determinant vanishes and we
obtain
dPk 1 1
A detG (ka, k1)(72) dzgdzy.
iz w2(detCo)T (3)

We express the remaining Gram determinant,

N
detG (kZa kl) = det ((kl . k?2 7k%

1
:det(< Z4 2(—mf+m%v—21+23—24))>

1 2 2 2
5(—mt+mw—zl—|—z3—z4) zZ1 — myy
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1
= 1 (—mf + 223 (m? — m%v + 24) + 22 (—mf + m%v + z3+ 24)
+ 2m?m12/v —2mizy —miy — 2m12/VZ4 . — z§ — zZ),

in terms of Baikov variables z1, z3, z4 and find

dPk 1
i detG (ka, k1) (72) dzgdzy
ir2  w2(detCo)T (3)
_d23d24

= - [—mf + 223 (mf — m%v + 2'4) + 221 (—m? + m%/v + 23 + 24) + 2mfm12/v

_1
—2mZzy — miy — 2miyzy — 25 — 25 — zﬂ ( 2). (5.53)

Next, we approach the right loop in fig.5.12 with loop momentum k3 and external
momentum k1. The arising scalar products k:%, ks - k1 correspond to the Baikov variables
27, z9. We obtain

(D=2) 1
&7 ks _ detG (ks, k1)("2) dzrdzg =

in? ﬂ%(deth),)F (3)

—_

—d2’7d29

w221 (< by 2+ 29) — (—mE iy + 20) 2 — 2oy (mF +miy, — 29) — 27— 22
(5.54)

The remaining loop carries loop momentum k; and external momentum p. The last
measure evaluates to

dDP=2) 1

1
= detG (k1,p (=3) dz1dzo
in? w%(detC’l)F (3) )

_ ledZQ (5 55)

71'\/3 (4m%v — 5) — 221 (5 — 29) — 2820 — 22 — 23

To obtain the final representation of I&1,00101 (D = 2), we plug (5.53),(5.54) and (5.55)
into (5.52) and replace propagators with respective Baikov variables,

15/1100101 (D=2)= —mf / dz1dzodzgdzadzrdzg [W32223Z4Z729{ (—m?

+ 223 (m? — m%/v + 24) + 22 (—mf + m‘z/v + 23+ 24) + Qm?m%v

—2mizy — mfjv —2miyzy — 2F — zg — zZ) (221 (—mf +miy + 27 + 29)

—(em2 4t mdy 4 29) 2 — 227 (m2 +mdy — zg) — 22 — 22)}(72)

(-1)
\/3 (4m%[,—s) — 22 (S—ZQ)—2SZQ—Z%—Z%] )

Now, we are able to maximally cut the integral via the replacement

1

5 (2mi)® §(22) 0 (23) 6 (24) 0 (27) 6 (29)
2923242729
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32im%my}

MaxCut g} 100101 (2) :/ dz 5
Curascwe (m —my +21)° \fs (4mdy — ) — 2521 — 27

= / ¥334. (556)
cMaxCut

We are left with one integration over z;. We name the resulting integrand (ss34. Before
we continue, we recall that the dimensional shift operator (5.6) D~I (D) = I (D — 2),
makes it possible to relate results obtained in D = (2 — 2¢) space-time dimensions back
to D = (4 — 2¢) dimensions.

334 is integrated straightforwardly after transforming it to a simpler form, like (5.47) or

(5.50). We immediately recognise, that a multiplication with (m% —md, + 21)2 results
in an integrand similar to (5.50), which may be integrated along a counterclockwise
circle around the slit [(—2mw+/s — s), (2mw /s — 8)] = [as34, b334],

4

2 32im*m
§1§ (mi —miy +21)" 334 = yg dz !
[a334,b334] a334,b334] \/s (4m3, — s) — 2521 — 2}

32m2my

dz
f/%b] VG (C2mw/s - ) (21— Cmw s - 5)

The result is proportional to 73 and therefore of weight three. A multiplication with €3
results into a constant of weight zero,

= 647°i.

63§£ (m? — m%,V + 21)2 334 = 64e373i.
[(=2mw /5—5),(2mw v/s—5)]

To obtain the first ansatz for an integral of uniform weight K46 we multiply the original
integrand of I 100101 (P =2 — 2¢) = D™IZ' 00101 With the prefactor that led to a
constant of weight zero,

2
e (mf —miy + z1)" = e ((mf —miy)? + 2z1(m? —m¥,) + z%) ,

whereby a multiplication with z; corresponds to an additional Baikov variable z; in the
numerator,

1 . 21
dz1dzodzsdzadzrdzg———— 23 | dzydzodzsdzadzrdzg————— ,
RQR3Z4RTRY R223242729

raising vy by minus one. Accordingly, a multiplication with 2? raises v; by minus two.

We find

K5 =€ ((1 - w)2 D_I(ﬁllOOlOl +2(1 - w)D_I(B—1)11100101 + D_I(B—2)11100101> )
(5.57)
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We find an ansatz for the second integral in the same way. We recognise, that a multi-
plication of 334 with (m% — m%v + 21) results into an integrand similar to (5.47), which
may be integrated along a counterclockwise circle around the pole z; = —m7? + mi,

2 2
?5 (mt - myy + 21) 334
zlzfmerm%V
32im?m}

= le
§é1=mz+mav (m? = mdy + 21) s (4mdy — 5) — 252 — 24

64i*m*m} _ 64ir?

\/s (4m3, —s) — 2521 — 2} "2

21 zfmf +m%v

, (5.58)

with
ro = VA (v,w, 1),
where ) is the Kéllen function defined by
Mz, y,2) =22 + 92 + 22 — 20y — 222 — 2y2.

We deduce that an additional multiplication with €37y,

Q334 — €79 (mt2 —miy + 21) P334;
leads to a maximal cut with constant leading singularities. Accordingly we multiply the
integrand of DI 50101 With €ra (1 —w + 21) and find

Kuir = é’ry ((1 —w)D™ Igi1100101 + D_I(B—1)11100101) : (5.59)

We noticed that we encountered a second square root ry in addition to the square root
we found in the previous section 7.

We found two integrals of uniform weight (5.57), (5.59) as intermediate result. We
derived them as we analysed the leading singularity of the maximal cut (5.56). To
verify these ansitze, we may calculate their differential equation, thereby, we make a
guess for the third integral based on the dimensions and dependence on € of the first
two integrals,

B/
1911100101 (3340 Kye
334) _ B TI —
1139 — 1(71)11100101 — I =1, §47
B _
I5i11=1y0101 D™ I111(_1)0101

We already calculated the differential equations of I133%) in (5.19) and (5.20). The trans-
formed system of differential equation is found as usual (5.26), where the transformation
matrix is obtained with the help of integration by parts reductions. We notice that the
resulting system of differential equations
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4. Basis transformations

af™ = (4G ay + 4G aw) P,

e(7v274vw74v73w2+6w73) 2¢(—v+w—1) 2e(w—v)(Bv+w—1)

v(v2—2vw—2v+w2—2w+1) roU roU
A(334) _ _ 2e(—v4w—1) € _ 2¢(w—v)
v rov v v ’
e(3v+w—1) - 1 2
rov(v—w) v(w—v) w—v w—v
2€(v2+3vw72v74w2+3w+1) 2e(v—w—1) 2e(v—w)(v+3w—1)
w(v2—2vw—2v+w2—2w+1) row row
A(334) _ 2e(v—w—1) 2¢ 2e(v—w)
w B r— —= - ’
row w w
_ e(v+3w-1) € 1 e(vtw)
row(v—w) w(v—w) v—w w(v—w)

is almost linear in €. The lower right corners contain additional parts proportional to

€. We may solve this issue for a general variable x as placeholder for v,w, writing

symbolically

X X X
cal; ea3, eals . (5.60)

eat; eayy e (ad) M + (ats)

2[7(334) _ A3
Oz *

(334)

The part (a§3)(0) may be removed through a transformation matrix of the first kind
(5.27) with

10
U =101 o |, (5.61)
0 0 wu(x)

which acts on the differential equation (5.60) like

[(334)_A(334) (U(334)>(’1) _ B3 4 (U(334)>(’1)
eaf;  eajy 6%‘3
eay,  €azy ea%
euafy euaty e (agy)" + (ag) ) +

In conclusion, the part (a§3)(0) vanishes if u(x) is a solution to

ou(z)
Ox

(a53)” u(z) + = 0. (5.62)

This differential equation is solved by

u(z) = exp <— / (aZ,)© daz). (5.63)

Returning to v, w the requirement (5.62) yields

1 Oou(v)
” _vu(v) t 5, = 0,
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:>u(v):exp<—/wl_vdv> —w—u,

;»u(w)zexp<—/vlwdw> —w—.

We insert u(v,w) = (w —v) into U (5.61) and obtain the following integrals and differ-
ential equations,

K46 K46
d Kz = (AP dv + AF dw) Kyr
300 — 1B 3 (w — -5
e’ (w—v) D™ Iy11y 1101 € (w=v) D™ Ig1 (10101
(T2 —dvw—4v—3w +6w=3)  2e(v—w+1) 2e(Bv+w—1)
- v(v2—2vw—2v+w?—2w+1) vrg urg
A(334) — 2e(v—w+1) _€ _ 2 ,
v urg v v
_ e(Bvtw—1) € 2¢
T2 v v—w
2¢(—v?—3vw+2vHdw’ —3w—1)  2e(v—w—1) _ 2e(v+3w—1)
5 w(v2—2vw—2v+w?2—2w+1) wry wro
A(334) _ 2e(w-w-1) 2 2
w wry w w
e(v+3w—1) € _ e(vtw)
wry w w(v—w)

The diagonal block corresponding to sector 334 is linear in €! Considering the complete
matrix of system 2a, we find that the third integral misses a sub-sector contribution.
The parts not proportional to € are removed with a transformation matrix of the second
kind (5.29). We find

2 y— 1B -5 -7
Kyo = ¢ ((1 —w)® D™ Ifi1100101 + 2(1 — w)D 1(511)11100101 +D 152)11100101) ’
K7 = €2ry ((1 —w)D™ I 100101 + D_I£1)11100101> )

Kig = € (w —v) (D_I(?nl(—noml - 2D—I(%1100011> '

In this section we explored a method providing ansétze for integrals of uniform weight.
We demonstrated its application by means of two example sectors. We studied the
weight properties of the leading term of a maximal cut with the aim of obtaining con-
stant leading singularities. The maximal cut projects the differential equation of the
corresponding integral onto its homogeneous part, hence, this method is best suited for
the study of diagonal blocks. Furthermore, the leading term of the maximal cut is dras-
tically simpler then the original integral, which makes the study of weight properties
accessible in the first place. We may generalise this method for a sector with N mas-
ter integrals, whose maximal cut leaves integration’s behind. We select N independent
integration domains

CMaxCut — C17 ce 7CN-
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5. Master integrals

These are usually around poles in order to be as simple as possible (see (5.47) and
(5.50)). In addition, we modify the integrand

S0_>9017"'7S0N7

to obtain a constants of weight zero. Applying the same modifications to the original
integral provides the sought-after ansatze. In this section, we, furthermore, encountered
another square root (5.58) and utilised a transformation matrix (5.61) to fix our results.
In the next section we return to the larger picture and give a complete list of all integrals
of uniform weight.

5.5 Master integrals

In the preceding sections, we illustrated different techniques applied in the search for ap-
propriate master integrals, i.e. master integrals leading to differential equations linear in
the dimensional regularisation parameter e. We obtained three systems of pre-canonical
master integrals in section 5.3. We transformed the resulting differential equations of
all systems bottom-up (section 5.4.2). We constructed ansétze for master integrals of
uniform weight in order to transform sectors, i.e. blocks on the diagonal of differential
equations. Thereby, we also worked in (2 — 2¢) dimensions, since the dimensional shift
operator (5.6) is able to transfer results back to (4 — 2¢) dimensions. One way to find
such an ansatz is through relations to (simpler) integrals, which are already known. In
section 5.4.3, for example, we found expressions of uniform weight for the tadpole and
bubble integral and were therefore able to construct ansétze for the first two integrals
of system 1. If the integrals become more complex the leading singularity analyses (Box
2) is a helpful tool. We explained this approach in the previous section. Instead of the
integral itself we may study the weight properties of the leading term of the simpler
maximally cut integral. To obtain the maximal cut, we first convert the integral to
Baikov representation democratically or loop by loop. We modify the maximal cut to
obtain a constant of weight zero. If the maximal cut does not remove all integrations, we
change not only the integrand but also the integration domain. The chosen integration
domains are usually around poles. The modifications applied to the integrand of the
maximal cut are applied to the original integrand in order to obtain the desired ansatz.
Transformation matrices of the first kind (5.33) may fix resulting ansétze (see for ex-
ample (5.61), (5.62)). After obtaining differential equations linear in e on the sector,
we consider its sub-sector contributions. Sub-sector contributions appear on the left of
diagonal blocks. They are brought to a form linear in € with the help of transformations
on the matrix (section 5.4). Non-linear contributions of single sub-sectors are removed
by transformation matrices of the second kind (5.29). Sometimes, we need to put a
prefactor depending on € in front of the considered integral itself. This transformation
matrix of the first kind (5.33), solely depending on ¢, either removes unwanted sub-sector
contributions completely or transforms them to a simple form (5.32). This simple form
is again fixed by transformation matrices of the second kind (5.29).

We are dealing with a huge amount of master integrals as opposed to the few examples
we gave. In practice, we automatised main parts of the procedures as we implemented
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them within Mathematica. In this section, we give all resulting master integrals of uni-
form weight.

We have seen how square roots may arise in the construction of integrals of uniform
weight. In section 5.4.3 we encountered r; in (5.42) and in section 5.4.4 rg in (5.58).
Furthermore, we find the square roots r3, 74,

rr=+—v(4—v),

ro = VA (v,w, 1),

rg =/ —v (4w — v),

ry =+/—v(—4—v), (5.64)

where ) is the Kéllen function defined by
Az, y,2) = a? +y? + 22 — 20y — 222 — 2z (5.65)

As we are seeking canonical differential equations (3.72) (see section 3.5.1), which are
expressible in terms of dlog forms containing rational functions, these must be ratio-
nalised (see section 3.6.2). We are not able to rationalise all square roots simultaneously.
Hence, we divide the master integrals into three systems, each containing a subset of
square roots which can be rationalised. These rationalisations will be given in section
5.5.1. Accordingly we find three systems of differential equations linear in ¢, all fulfilling
the integrability condition (3.64).

System 1 consists of topologies A, B, C and D (fig.5.5, table 5.6) with sectors 255 as
top sectors. We call the corresponding master integrals of uniform weight J and
present them in (5.69). They fulfil the system of differential equations

)
A (v,w) = Aydv + Aypdw, (5.66)

where A,, A, are 105 x 105-dimensional matrices depending on v, w and thereby
also on the following square roots

(7“1,7“2) .

System 2a contains topology B’ (fig.5.7, table 5.7) with top sectors 255 and 479. Here,
we call the master integrals of uniform weight, given in (5.70), K. Their system
of differential equations evaluates to

B (v,w) = Bydv + Byduw, (5.67)

where B,, B,, are 61 X 61-dimensional matrices depending on v, w and thereby
also on the following square roots

(r1,7r2,73) .
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5. Master integrals

System 2b contains topology B’ (fig.5.7, table 5.8) with top sector 509. We call the
last set of master integrals of uniform weight L (5.71). Their system of differential
equations amounts to

dL = ¢C (v,w) L
C (v,w) = dv+C duw, (5.68)

where C,, (', are 43 X 43-dimensional matrices depending on v, w and thereby
also on

(rla r2, 7"4) .

Defining three systems is in some sense redundant, as several integrals of different sys-
tems are related to each other. Topology B’ resembles topology B, but masses are
exchanged my <> m;. Hence, its master integrals under top sector 255 correspond to
those of topology B. Furthermore, system 2a and system 2b share common sub-sectors.
As already shown in table 5.5, only four integrals from system 2b, namely L4 — L43,
are no part of system 2a.

The master integrals are completely defined by their alphabet and corresponding co-
efficient matrix, which will be discussed in section 5.5.2, as well as their boundary
values. We take (v,w) = (0,1) as boundary point, since most master integrals vanish
there. The remaining boundary values will be given in section 5.5.3

-

The master integrals of uniform weight for system 1, J, are presented in the follow-
ing. Furthermore, a summary is given in appendix B.1.

J1 = € D™ I{{0110000-

Ja = € 11 D™ I{io110000+

Js =€ 1 DT Ig 1110000

Jy= ¢ D_I(A;mnloooov

Js =€ (1 —w) D™ I{i010100-

Js =€ D_Ii%l(—l)mlom

Jr =€ 13 D™ I 010100

Jg = ¢ [D 011(—1y10100 — (1 —w) D_I(I)L‘HOIOIOO} ;
Jg

3 .
e D 101101(71)1007
—7A —T7A
Jio = € [D Io110101(~1)0 T v D 1011010100] )
—7A
Ji=¢€ (1 —w) D™ Ligo110100s

Jiz = €2 19 D™ I{0011100-
Ji3 = € [D—IA —(1-w) D™IA }
100(—~1)11100 100011100 | »

— A —T7A
T [D Tooo111(~1)0 Tv D ]100011100] ;
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Jis = € v D™ {00110,
Ji6 = € v D™ Iygoio110,
Jiz =€ v (4 —v) D™ I{ig111000,
Jis=€r [D_Iﬁl(_momo —(1-w) D_I1A11010100] )
Jig =€ 1 [D_Iﬁ1(_1)10100 - D_I(ﬁlolmoo} ;
Jao =€ (L —w)r1 D™ I{io110100;
Jo1 =€ r [(1 —w) D™ 1110100 — D™ Ii11010100) »
Jao =€ (1 —w) [D_I(Aﬁ)nnomo - D_16411010100} ;
Jaz =€ (1 —w) D_I(ﬁ111(—1)100=

3

Joa = € r1ry D™ I1g011100,

Jos = €3y :D_Iﬁo(_mnoo —(1-w) D_Iﬁooumo} ;
Jag =€ 1y :D_IﬁO()lll(—l)O +v D_Iﬁoonloo] )

Jar =€ 1y D_Ifb1(71)11100>

Jog = €31y :D_Iﬁn(_l)luoo —(1-w) D_If%)lOlllOO} ;
Jog = e [D 1101( 2)11100 — (1—w) D_Il%l(*l)lllﬂo] ’
Jzo = ¢ (1 —) [D_I101(—1)11100 + D™ Lgio1110¢-1) — (1= w) D_Iﬁnonloo} ’

— ;A —7A
Ja =€ r [(1 —w) D™ gg111100 — D 1100011100] )

_ 3 -
Ja2 = ¢ vri D™ 1001104

_ 3 -4
J33 =€ vr1 D™ 13111001105

_ 3., p—7A
34 =€ v D7IZ 1111001100

3 —7A
J35 =€ vr1 D™ I{10010110>
Jze =€ (1 —w) [v D™ I + DI ]
36 = v 101010110 011010100 »
_ A
J3r = (1 —2¢) v I{110211005

Jss = € (1= 2¢) v I{} 1011200,

Jso =€ v (4 =) [(1 = w) D™ I{ip111100 — D™ ioo11100] »
_ —JA

Jyo = ory [D Iﬁunon(—l) -(1-w) D —7111010110} )

Jin =€t (1= 2€) v 9010110,
Jaz = €* (1= 2€) v I{100110-
Jiz =€t (1—-2¢) v 1(1?211101107
Ju =€ (1= 2€) v I§a110110,

— A
Jis = € v (4 —v) D™ I{ig101110+

Jag = €' (1= ¢) (1 = 2¢) v I{yor11110,
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5 A
Jar = € (1 = 2¢) v 11110110

A
Jag = €* (1= 2€) v (1 —w) 1190110,

1
A A
Jao = €* (1= 2€) v | I511110110 + 5 (2 —v+71) loi110110] »

Jso = €t (1 = 2¢) vry Iﬁounloa
J51 = 63 v D_IE)00111007

J52 = 63 v D_I(%10111007

Js3 = € vr1 D™ I 00111004

3 — 7B
Jsa = € o D™ Lo _1y111000
J55 = 63 (1 — U)) |:D_Il%l(—1)11100 +v D_Ill%IOHlOO] ’

3 [— 7B — /B
Js6 = € [D To1(—2)11100 T v D 1101(—1)11100} ’
Jsr = € vra DI 1001105
Jss =€ v |DTIP ~(1-w) D71}
58 = € (~1)11100110 011100110 | »
3 — B
Jso = € v D™ Ig111(_1y01100
Joo = € v> D™ {10110,
Jo1 = € v D™I81101110,
B
Joz = €* (1= 2¢) v I3 101100+
Jozs =€ r (1 —w) DTIE -D I8
63 1 111(—1)11100 101(—1)11100 { »
3 —IB —IB
Joa = € vr1 {(1 —w) D™ Iij1100110 — D™ Io11100110 } 5
Jos = € v’r1 D™ 01011105
B
Jos = € (1 —2¢) v Ifi11101100
4 2 B
Jor =€ (1 —2€)" v Iij11011105
Jos = € 11 D™ I{31001100,
3 y— 7C
Joo = € D™ I _1y10011000
3 y—7C
Jro =€ D™ Igi00110(-1)
Jo1 =€ (1+ 4€) D™I§ 10011005
3 —rC
Jr2 = €11 D™ Iq100110(-1)>
Jrs =€ 19 [(1 —w) DI + DI ]
73 = € T2 101011100 101001100 »
—c
Jra = e’ (1-w) D 110101110(—1)7
e —7C
Jrs =€ (1 —w) [D Io10111(-1)0 Tv D 1101011100] ’
3 —C
Je =€ 12 D 101101110(—1)7

_ 3 p—7C
Jrr =€ D 101101110(72)7

Jrs =€ (w—v) {D_I(%l(—l)llloo -2 D_Ii%oonloo} ;
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—C —C —rC
Jrg =€ 11 {2 DI 1(—=n1101010 T ¥ D™ Iip1101000 = P~ Ip101100 — 2 D 1101100010} )

Jgo =€ v [ (1 —3¢) (1202101010 —€ 1%2101010) +€(1 - 2¢) 1%1201010] )
Js1 =€ (1 —w) [(1-w) D™ Ifpionon0 + D_Iocnoonoo] ’

3 —7C -1¢
Jgo =€ 1y {(1 —w) D™ Iij101110(-1) — D 101101110(71)} ,

Jsz = € (1= 2¢€) v Ifi1011200+
Jsa = (1 —2€) v 1111012100,
Jgs = (1 —2€¢) v Ifi9101010-
Jsg =€ (1 —w)r [(1—w) D™ I 011010 — D™ Ii011100 + D_IICIIOOHOO] ;
1 c 3 ¢ 1
Jar = €* (1 — 2¢) [1101111010 B (1 —w) Ispi111010 — B Ioio1-y10 + 17 61201010
3
€

C C C C C
o I201101010 + 5 1200111010 + 5 1100211010 + 5 (1 - 36) v [1202101010 — € 1102101010] ’

Jas = 64 (1—2¢) v I1%1211010>
Jgg = €' (1—2¢) v 152111010>
Joo = €* (1= 2€) v Ifiap01110,
Jor = € (1—2¢) v 11611002110>

Jo2 =€ 1 [(1 —26)% v I 1001210 — € (1 — 2€) 1002110 — T502002100 — ¥ Tako200210] »
Joz = et
Jog = et
Jos = €
Jog = et

( )
( )
( )
( )
( )
( )
Jog = € (1—2€¢) v [10110111107
( )
( )
( )
( )
( )
( )

e
v 15210111105
C
v 1120111105
C
v 11111110109
vw IS
1111210105
C
v (1 —w) I1j11110205

C C C C C
1 (‘[211111010 + I121111010 + 1111112010 tw I111121010 —4de 1111111010) )

Jioo = €' (1= 2¢) v (1 —w) 112110

Jion = €' (1= 2¢) v (1 —w) Ifjaoii110

Jioe = €* (1 — 2¢) vry 11021011110,

Jios = € (1= 2¢) v Ifo1111110,

Jior =€ (1= 2¢) v (1 —v—w) Ifj1110s

Ji0s = €* (1 = 2¢) vw I} 1501110 (5.69)

The master integrals for system 2a are

— B/
Ki=¢€ (1—w) D™ I{{ 1010100
3 y— 7B’
Ky =¢ D 1101(—1)101007

_ 3 — B
K3 =€ r2 D™ 1110101005

112



5. Master integrals

Ky,=é [D_I(B_/l)nomloo + (1 —w) D_I(ﬁllowloo} ;
Ks=¢€ [D_I(ﬁlwuq)wo +v D_I()Billl)lOlOO} ;
Keg=¢€ [D_I(ﬁ/IOIOI(—l)O +v D_I(j)Bl/IOIOIOO} ;

K7 = ¢ v D™ I011100,

Ks = ¢ v DTIE 011100,

Ko = ¢ v D™IE 001101

Kio= ¢ r3 D_I(ﬁ/mmmo + D_I1Bll1(—1)10100 + (1 —w) D_1131/1010100] )
K1 =¢€"r3 D_I1B1/1(71)10100’

K1z = ¢ v rs D™ I 5011100,

K3 =€" 19 D_IE)/1(—1)11100’

Kiy=¢€ (1-w) [D_Il%ll(fl)lll()o +v D_Il%lll)llloo} )
Kis=¢ [D_IE)/1(—2)11100 +v D_Il%/l(—l)llloo} ’
Kig=¢ (1—w) [U DI o100 + D_I(ﬁ/lOlOlOO} ;
K17 = € v rs DI 0001100

Kis=¢v (1—w) D™IE 100100,

K19 = €* v ro D™ I 100110,

Ky =€ v D_I(]i/l)nloono +(1—w) D™ I 100110 ]
Koy =€’ v D_I(ﬁ/u(—nonov

Kas = €8 v D™ I 0101110,

Koz = €2 v D18 101110,

Koy =€ (1—2¢) v IF 01100,

Kos =€ r3 [(1 —w) DTIH} 1100 + D_Il%ll(—l)llloo} ’
Ko =€ vrg {(1 —w) D™ I 1100110 + D_Itﬁ,lloono} )
Kor = vrg D_I1B1/101011(—1)v

Kas = ¢ (1= 2¢) v Ifo010110,

K9 = ¢ (1—2¢) v I 000110,

Kzo =€ v? r3 D™ I8 101110,

K31 = ¢ (1—2¢) v I 110110,

K3y =€ (1—2¢)% v —7131/1101110a

K33 = ¢ D™I{ 0000015

_ 3 — B
K3y = €" 13 D™ I1110000015
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Kss =€ (1—w) D™ If}100001,

Ksg =€ 1y D™IE 100001

Kyr=¢€ [D_I(B_,1)11100001 + (1 —w) D_I(ﬁ,HOOOOl} ;
Kis=¢€ {D_I(ﬁlno(q)om +v D_I(ﬁ/nooom} ;

Ko =€ (14 4€) D™ I 100101,

Ko = € r1 DI 1000115

Ky =€ [D_I(B_lnonooon +(1—w) D_I(%nooon] )
Kipp=¢ [D_I(%u(_l)oou +v D_I(%nooou} ;

Ki3 =€ v D718 g0111

Ky =€ r3 [(1 —w) DI 100001 + D_I(ﬁlnooom} ;

Kis =€ (1-w) {(1 —w) DI 100101 + D_I(J)%IIIOOIOI] )
Ky = €31y [D_I(B_/1)11100101 +(1—w) D_I(ﬁlnomm} ;

Ky =€ [D_I( 211100101 T2 (1 —w) D™ I( i1too101 T (1 — w)® D_I(])51I1100101] )
Kig=¢€ (w—v) _D I(ﬁ/n( o101 — 2 D_I[ﬁ,lOOOlOl} ;

K9 = € 19 {(1 —w) DI 00011 + D_I(%HOOOH} ;
Kso=¢ (1—w) D I ( 11100011 T (1 —w) D_Il%lnooon] ;

K51 =€ (1—w) D_I1o1100(71)11 +o D_IlBouoooll} ;

Ksy =€ r3 {(1 —w)® D™ I 100101 + 2 (1 —w) DI 100101 + D_I(B—l1)11100101] )

Kss = €® 3 [(1 —w)? DI 100011 + (1 - w) (D_I(ﬁ/nooon + D_Iff)/nooon) + D™ I 00011 | -
K5y =€ (1—2¢) v —71011100217

Kss =€ (1—2¢) v I112000111,

Ksg =€ (1—2¢) v 10121001117

K7 = €* (1= 2€) v I 10001115

Ksg = € (1= 2€) v I 110011,

Kz = €' (1—2¢) v 1112110011,

Koo = €* (1—2€) 73 |w I 1110011 + Iho1100n — 26 hitioon | »

Ke1 =€ (1 - 2¢) vw 1112100111 (5.70)

The master integrals for system 2b amount to
3 — 7B’

Ly =K = ¢ (1-w) D™ Ijp1010100-
3 — 1B’

Ly=Ky; = €D 1101(71)1010(»
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5. Master integrals

€ 12 DI 1010100

el [D_I(B_/1)11010100 +(1—-w) D_IOB1/1010100] ;

e [D_Igwl(_l)loo + v D_I(ﬁlwlowo} ;

el [D_Igloml(_l)o +v D_I(ﬁ/mmloo} ;

¢ v D™ I 0011100,

€ v DI 011100,

€ v DI 00110

€ ry D_Il%ll(—l)lll()m

¢ (1—w) [D_Iﬁ)/l(—l)llloo +v D_Il%lwlnoo} ;
e [D_Ifgl(_z)moo +v D_Iii%ll(—l)llloo} ;

3 (1—w) |:U D_I(ﬁ/unnoo + D_I(ﬁ/lOlOlOO] )

& v (1—w) DTI{ 00110,

¢ v ra DI 100110,

v [D_I(B_ll)nloouo + (1 —w) D_I(ﬁ/noono} ,
€ v D_IOB1,11(—1)01107

¢ v D™ Io101110,

e’ v? D_I(%nonlov

¢ DI 000001

& (1 —w) D™If 100001,

= ¢ ry DI 100001

€3 [D_I(B_Il)lllooool +(1—w) D_I(])31/1100001] )
€ {D_I(ﬁ/no(fl)om +v D_[(])Sllnooool] )

€ (1+4€) D™ I 100100,

€ r1 DT I 100011

€ [D_I(B_/nonooou + (1 —w) D_I(j)%lnooon} ;
¢ [D_Ié%n(—noon tv D_I(])%/uooon] ;

e’ v D_It%looonla

¢ (1—w) {(1 —w) DT 00101 + D_IOE(;)lHOOlOl} ;

€’ ry [D_I(B—l)lnoolol + (1 —-w) D_I(J)BIHOOIOI} ;

Y — B 2 y— B’
¢’ [D I(B—2)11100101 +2(1-w) D I(B—1)11100101 +(1-w)” D 1011100101} )
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Three-loop master integrals for the Higgs boson self-energy

Ly = Kig = ¢ (w—v) [D_I(ﬁn(—nmm -2 D_I(ﬁlooolol} ;
Ly =Ky = €’y [(1 —w) D™ I{j1100011 + D_IoBonooon} ;
Lgs = K50 = ¢ (1 —w) {D IB “11100011 T (1 —w) D_If%nooon] )

Ly =Kz = € (1-w) [D 11%1100( 1 T D_Il%nooon} )

L37 = K54 = (1 —2€) v —7101110021’
Lys = Kss = ¢*(1—2¢) v I851001115
Lig = K7 = ¢ (1—2¢) v I 15001115

Ly =€y [U D_Ioo11(71)1111 +2 D™ Igpnioo011

Ly =€ (1-2¢) v 15)/2101111’

Lyp =€ (1—2¢) v Il%lnonna

Lyz = ¢* (1= 2€) v (1 —w) 11%,2101111- (5.71)

5.5.1 Variable transformations

Multiple polylogarithms (section 3.5.2) are a well understood class of functions, hence,
we want to be able to express our results in terms of them. The most efficient strategy is
thereby generating a differential equation in e-form free of square roots. We recall, that
the master integrals given in the previous section depend on the following kinematic
variables,

2 2

v = —pQ, w = —mvg. (5.72)
m m
¢ ¢

Unfortunately, this dependence is not free of square roots, we encounter

rr=+v—v(4—v),

ro = VA (v,w, 1),

rg =/ —v (4w — v),

ry =+/—v(—4 —v), (5.73)

where A is the Kéllen function defined by (5.65).

As stressed in the previous section, we are not able to rationalise all four square roots
simultaneously. However, we are able to rationalise the sets of square-roots as demanded
by each system,

System 1 (5.66): (r1,72),
System 2a (5.67): (r1,72,73),
System 2b (5.68): (r1,7r2,74) .

We start with the simultaneous rationalisation of 1 and ro. In section 3.6.2 we already
derived a possible rationalisation for 1 (3.96): The variable shift v — x, where x is
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5. Master integrals

defined by
—(1=12)2
L =2
x
1
:>CC—§(2—U—’I“1), (5.74)
leads to
pe (=) 1— 22
r = \/—v (4— v) =* T = r (5.75)

A variable shift w — y rationalising r2 in addition was introduced in [94] based on the
method of [78, 79], where

(1—y+2zy) (z — 2y + 7y)

w= =77 : (5.76)

V=T (.7)
(1-2) |1 =y +2(1+y)

M z(1—y?)

the variable transformation to z and y suffices to rationalise the square roots of all 105
master integrals J of the first system. We have to determine boundary values of the
integrals to be able to solve their differential equations. As boundary point, we choose
(v,w) = (0,1), corresponding in (z,y)-space to the line at x = 1. In conclusion, we
can integrate the differential equation solely in x keeping a constant y. The integration
paths of multiple polylogarithms (3.85) are defined to start at 0. This leads us to an
additional change of variables x — x’, where

¥=1-z. (5.78)
This way, the boundary point corresponds to 2’ = 0 and integrations start at 0.

The algorithmic approach of [78] was sketched in section 3.6.2. We may use it as well
to find a rationalisation for r3 in addition to r1, 9, i.e. appropriate variables for system
2a. Of course we want to keep the rationalisations of rq, 79, hence, we insert  and y
into r3 and deal with the outcome,

1—1)2
rg = \/x(Q(l _$;2) (2 (Ty?+8y+1)+z(2—18y?) + 7y?> — 8y + 1)

B 1—;U\/(:U2(7y2+8y+1)+$(2—18y2)+7y2—8y+1)
- .

(1-92)

We conclude we need to rationalise

(22 (Ty2 + 8y +1) + 2 (2 — 18y2) + Ty2 — 8y + 1) Il
(1-9?) Ve
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Three-loop master integrals for the Higgs boson self-energy

We follow the steps outlined in section 3.6.2 and start with the following definition,
frz) =g r—aq
=1—y)r?— (22 (Ty? +8y+1) +z(2—18y°) +7y* =8y +1).  (5.79)

Setting y = constant, we imply that we search for a variable transformation in x. The
function f is of degree d = 2. Hence, we need to determine a point p = (ag,a1) of
multiplicity 2 — 1 = 1. f must vanish at this point, but at least one partial derivative
must stay non-zero. The polynomial ¢; simplifies drastically after inserting x = 1,

fryz=1)=(1- y2)r2 —4(1 - y2).

A possible candidate for p becomes immediately apparent,

flr=22=1)=1-y*)4—-4(1-y*) =0,

=2,2=1)=4(y* -4y —1) #0
= p= (2a 1)
The next step demands us to collect the terms of common degree within f (r + ag, x + a1),
to find two polynomials g4 (r, x), gq—1 (7, ),
fr+2,0+1)=(r+2)?(1-9?) - (z+1) (2 - 18y?)
—(z+1)? (Ty* +8y+1) — Ty + 8y — 1
= r? (1 —y2) + 2 (—7y2 — 8y — 1) —4T(y2 — 1) —l—az(4y2— 16y—4).

~\~

=g2(r.z) =g1(r.z)

Now, the resulting variable transformation x — Z is found as stated in (3.95),

1,4
Tr = — El,i:§+a1
_ @2 —4y2+16y+4)—4(y2—1))+1
2 (722 + 8ty + 1) —y2 +1
(-1 (@P(1y +3) -4y + 1) +y+1)
(y+1)(@*(Ty+1)+y—1)
e (1—?) (2(1 —x) —2r3) (5.80)

(1—2z) B+z+8y—11y% + 8xy + Txy?)’

The variables &,y rationalise 71,79 and r3 simultaneously,

8 (& (> —4y—1) —y* +1) (2% (992 — 1) =22 (> —1) +y* — 1)

T T @y Dy - ) (@21l +3) —4i(y+ Dty +1)

. 8% (2 (y* —4y—1) —y? + 1) (22 (992 +4y+1)—2:c(y+1) +y2+1)

2T - (- @y + 1) —y+ 1) @21y +3) —4d(y+ 1) +y+1)
81—y - (I4+dy— ) 2| 1 -2 —2(1+4y — o) &+ (1 +y) (1 + Ty) 22

"o (T [L—y— (L+7y9) a2 [(1+y)(1—42) + (3 + Lly) 77 '



5. Master integrals

Fortunately, the boundary point x = 1 corresponds to £ = 0.

The remaining set of square roots is (r1,r2,74). To rationalise simultaneously r1 and
r4, we take the variable , where

(1-17)

m:‘/B(lerz)’
1
50:5(1—1'—\/1'2—6:64—1), (5.81)

which already appeared in [95]. The roots evaluate to

(—2*+22+1) (22 +1)

r = = ~ )
z(1—1722?)
(@ +1) (2 (=) — 28y — B+ 287 + 28+ 7 — 2y + 1)
" -2 (1-y?) |
(1+22) (1 -2z —2?)
T4 = .

i(1-2)

The value £ = 1 + id, where ¢ is infinitesimal small positive number, corresponds to
T =1i. Setting

T =i-1x, (5.82)
the value z = 1 + i corresponds to &’ = 0.

In summary, we found appropriate variable transformations for all three systems,

System 1 (5.66): (z (5.74),y (5.77)),
System 2a (5.67): (& (5.80),y (5.77)),
System 2b (5.68): (& (5.81),y (5.77)) .

Now we are able to express the differential equations in terms of dlog-forms containing
only rational square roots.

5.5.2 Differential one-forms

The differential equations of all three systems (5.66), (5.67), (5.68) are linear in €. They
can be written in terms of dlog-forms w; (see section 3.5.1). In the former section, we
found variable transformations for all systems. Hence, the dlog-forms contain rational
arguments. The definition of three systems solely served this purpose. Systems still
share subsets of integrals and, consequently, also dlog-forms. In this section we, there-
fore, present a complete list of all sufficient dlog-forms as functions of v, w (5.72). Note,
however, that behind the scenes calculations may be carried out in terms of z,Z,Z,y

(5.74),(5.80),(5.81),(5.77).
We start with a small example demonstrating dependencies on dlog-forms. In section
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Three-loop master integrals for the Higgs boson self-energy

5.4.3, we determined the differential equation of J; (5.40) and J2 (5.44). We see, that
the first entries of A (5.66) can be written as

6/1(1’1) = —idw = —e dlog (w),

- 2 2 2 1— a2 -2
eA(le) = —Edv =€ e @da: =€ i (— i ) dr =€ —dx
X

T 1— 220z 1— 22 x2
2—v—r
edog( ) 6d0g<2—v+r1>
~ €
€A(g2) = 4_Udv — Edw = —edlog (w) — e dlog (4 —v). (5.83)

In practice, dlog-forms wj, and coefficient matrices can be found, for example, with the
help of FiniteFlow [96, 97]. An (oversized) set of possible dlog-forms is determined by
the arguments of logarithmic functions emerging through naive integration of A with
respect to either v or w. A subsequent linear fit fixes a sufficient set of w’s and coefficient
matrices. The first system (5.66) amounts to

19
121 = Z Mkwk
k=1

—w1 0 0 0 0 0
—W13 —Wi1 —Ws 0 0 0 0
w13 0 —W1 — W3 — 3(4.)5 —3&)13 0 0
o 0 0 % w3 — w1 0 0
o 0 0 0 0 2 (wl — QLUQ) —3w1 ’
0 0 0 0 2 (wl - wg) —3(.01

(5.84)

where coefficient matrices M are 105 x 105-dimensional, with rational numbers as
19
entries. The complete matrix € Y Mywy is attached to the arXiv version of [1] under

=1
the name A. The 19 sufficient differential one-forms wy, are given by

w1 = dlog (w),

we = dlog (1 —w),

ws = dlog (—v),

wy = dlog (1 —v),

ws = dlog (4 —v),

wg = dlog (w — v),

wy =dlog (1 —w —v),
wg = dlog (1 —w +v),

wg = dlog (w2—|—v( —w)),
w1 = dlog (( —w)? + vw) ,
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5. Master integrals

w11 = dlog ((1 - w)2 +v(2- w)) ,
wig = dlog (A (v,w, 1)),

2w+v(1—w)—(1—w)r1>

wv? 4 (1 — 2w — w?) v+ 2(1 — w)?

w19 = dlog <:z Eg_v—i_w) —7“17“2> .

—U+UJ)+T1T2

(

(

( ,
(wv2+(1—2w—w2)v+2(1—w)2—(1—w2—|—vw)r1)’
|

+ (1 —w?+ovw)r

(5.85)

The variable transformation to x,y (5.74),(5.77) yields rational functions within all

dlog-forms

w; = dlog (f;),

where f; are compositions of polynomials

fo = 2p{ ' papapy 'pg 'p7,

fs = p1'p3,

fs = py ' p2ps ' g 12,
fui1 = py°paps *pg *p1opis,
fia = p1*propag s
fir = —p1p5 'pepspy

fi = —p1 "5 ' ' pspo,
fr=p7"p17,
fr=p1"p2p5 05 P16,
fio = 1 °P3ps *pg prapis,
fis =pi,
fi6 = 1 °P1o P1sp1y P15,
fio = —4p1pip;>.

The set of polynomials rational in z and ¥ is given by

=z,
p2=x—1,
p3=z+1,
Pa =Y,
ps =y —1,
pe =y +1,

pr=xzy+x—y+1,
ps = xy +x — 2,

f3=p1'p3,
fo = —p1'p5 v ' p1s,
fo = p1°p5 *pg *Prop20,
frz = p1?psps v Pt
fis = pf2p1_41p157
fis = —p1 'pipg *pspy ',
(5.86)
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po = 2xy —y+1,

pio = zy* + 2zy — 2y% + & + 2y,

pu=ay’ +2zy+y° + -2y +1,

piz = 2y’ + 2xy — y* +x + 2y — 1,

pi3 = 2xy® + 2y — y? + 2y — 1,

pua = 2xy” + 2xy — 3y° + 2y + 1,

p1s = 3xy® + 2zy — 2y — = + 2y,

p16:3my2+2xy—3y2—a:+2y+1,

pir=a"—z+1,

pig = 22y? + 2%y — 3wy + 22 + P —ax — 2y + 1,

p1o = x2y? + 22y — day® + 22 + 2% — 2y,

poo = 22%y% + 222y — Az +y® — 2y + 1. (5.87)
The polynomials linear in x, p1-p1g, appeared already in the two-loop mixed QCD-

electroweak corrections to H — bb through a Htf-coupling [94]. Four polynomials,
Pp17-P20, are quadratic in x.

System 2a (5.67) and system 2b (5.68) require additional differential one-forms (5.90),
however not all dlog-forms of (5.85) occur. The lists of sufficient dlog-forms are

K3{wlaw27w37w570~)67UJ87W127W137W17;W187W197W207W21aw227W237W24}a

L: {wlaW27w37w570~)67WSaW127W137W177W187w197w257w26aW277W28}~

In correspondence, the differential equations amount to

28
B =) Mjuw, (5.88)
k=1
28
C=> Mu, (5.89)
k=1
where M, are rational 61 x 61-matrices and M, rational 43 x 43-matrices. The complete
19 19
matrices € y, Mjwy and € ), M wy, are attached to the arXiv version of [1] under the
k=1 k=1

name B and C. The additional differential one-forms are given by

o 2W—v—1s3
w =
22 & 20 —v+7rg
2w(l —w) —v—rs
=dl
w2 0g(2w(1—w)—v+r3>
—v (1 —v+3w) —ror3
=dl
w2 Og<—v(1—v+3w)—|—7“27“3 ’
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5. Master integrals

wos = dlog (4 +v),
(1 —w) —Uw>

24v—
wo7 = dlog 2+U+7"4

wag = dlog < ) (1= w) :4) : (5.90)

wog = dlog

/N

Under the variable change of system 2a to Z,y (5.80),(5.77) the differential one-forms
become

dIn (p1(2,y)), ..., dIn (P2o(,y)) .
We note that the dlog-form wg = dIn(w — v) leads to a quartic polynomial in z,
Poo=1—47—29y? — 16y + 1822 + 8¢%& + 48 2%y — 28 2% + y* + 16 3% + 44 3%?
— 14433y + 133* — 4y*% — 48 3%¢% — 104 23> + 11224y + 2932 + 16 4323
+ 246 312 + 4933 + 169321 4 61 4151

The remaining polynomials are at most quadratic in &. pog yields roots of a quartic
polynomial within the arguments of multiple polylogarithms if the differential equation
is integrated along & for generic and constant y.

Accordingly, the variable change of system 2b to Z,y (5.81),(5.77) leads to

dln(ﬁl)v" . 7d1n(ﬁ17) :

Again the dlog-form wg = dIn(w — v) leads to a quartic polynomial,

prr=1—-2y+a+y? —4dyz+2i* — 25 — B+ 24282 — 43y + 31 + %2
+ 254y + 4

P1-p1g are at most quadratic in Z. Furthermore, all polynomials are quadratic in y.

The set of all sufficient dlog-forms and coefficient matrices specifies in combination
with boundary values the resulting integrals. Appropriate boundary values will be de-
termined in the next section.

5.5.3 Boundary values

Each master integral is a Laurent series in the dimensional regularisation parameter.
In sections 3.5.1 and 3.5.2 we sketched the iterative construction of solutions to master
integrals in orders of €. All constants emerging in the solution of master integrals are
thereby set with the help of boundary values. A boundary value corresponds to the
value of an integral at the boundary point. As already mentioned, we take

5 =0, my =m?
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Sv=0 w=1,

as boundary point. Integrals without singularities at v = 0 vanish at the boundary
point if their prefactor evaluates to zero. Jy or J; (5.69), for example, vanish, since r;
and (1 —w) become zero at v = 0,w = 1. This explains our choice for the boundary
point, most master integrals vanish. In this section we find the remaining non-trivial
boundary values. In (z,y)-space, the boundary point translates to the line z = 1, as
discussed in section 5.5.1.

We start with a dedicated integral reduction at s = 0, m%/v = m? reducing the number
of integrals we have to compute. To give an example, we look at the following integrals

—7A
Jo=¢ D I1o1(-1)10100=

_ A —T7A =1 —7A
Jg =€ [D Ig11(—1y10100 — (1 —w) D 1011010100} =D I911(=1)101005
3 y— A
Jo=¢€ D -701101(_1)100,
3 — A —7A w=l 3 p—7A
Jog = € [D Ilol(,g)moo—(l—w) D 1101(71)11100} =D 1101(72)11100'

From the definitions of the propagators (table 5.1), we deduce that these integrals must

evaluate to the same integral at s = 0, m%/v = m?. The integral reduction reveals indeed

32 — 156 4+ 40€? — 45¢3 + 18,

Jolz=1 = Jslz=1 = Jolz=1 = Jag|z=1 = € 5 s 101010100
Furthermore, we may derive relations from the coefficient matrices accompanying
—dw
wo =dlog (1 —w) =

for example for system 2a (5.88),

28
dK = (Méwg) K+ ZM,/cwk K,
k=1
k#2
the master integrals should have no logarithmic singularity at w = 1. From this condi-
tion, we deduce

—4K;

2K1 —2K14
0
6K4+6K¢ +2K7 — 2Kg — 2K5
0
—2K13
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We find an even stronger statement considering the behaviour of complete systems of
differential equations at = 1. Master integrals J must be constant at the boundary
point,

f‘ = constant
r=1

=d(7],.) =0

implying that J is in the kernel of A at

I
—

9

déﬂfl(ﬂ ) =0 (5.91)
=1
We derive additional relations thereof and confirm the disappearance of certain integrals.

Finally, a few integrals have to be computed explicitly, J; for example. In section
5.4.3, we determined

to be the product of three tadpoles and, therefore, constant. Consequently, the first
boundary value is given by the product of two tadpoles with mass m? (5.38) and one
tadpole with mass m?, (5.39),

€T} (2 —2¢) = ePT(1 4 ¢),
€T} (2 —2¢e,w) = ePw T(1 +¢),
= J1 = CLw™ ¢,
C1 = e3P (D(14¢))?. (5.92)

The next non-vanishing boundary value corresponds to
3 —7A
Ji5 = € v D™ Iign100110,

which consists of two massive tadpoles and a massless bubble. A general formula for
the massless bubble was derived in (3.39). In D = (2 — 2¢) dimensions, it translates to

L €ET (14 6)T (=€) T (—e¢)

Bi1(2 — 26p%,0,0) = (—v) NES

(5.93)

In the end of section 5.4.3 (see (5.42)), we determined that a massless bubble integral
in two dimensions requires a prefactor (ev) to be of uniform weight,

26T (14 €) (1 (—¢)?)
—2€l (—2¢)

. 2eET (14 ¢€) (I (1 — ¢))?

I'(1—2e) '

€ v B11(2 — 2¢;p%,0,0) = — (—v)~

= (-v)
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implying for Jis,
Jis = € v D™ 0100110 = € T1 (2 — 2€)* € v By1(2 — 2€;p%,0,0),
= Ji5 = (—v)"“ C1s,
I(1+€)3C(1—¢)?

= 257" 94
C1s = 2¢ T(1— 2¢) (5.94)
J15 has a logarithmic singularity at v = 0. The same holds for J5; and Jgg.
The list of non-zero boundary values from system 1 is
J1 = Crw™, Ji5 = C15 (—v) ™, Js1 = Csy (—v) 0w,
Joo = Ceo (—v) 7>, Jq1 = Cru, (5.95)
with
Cr =& (T (1+ €))%,
L (1+€)° (I (1—¢))?
-9 3'yEe(
C1s = 2e T (1 — 2¢) ’
T (14€)(D(1—€)*T(1+2€)
C51 = —3e>75¢
LT e T (1— 3¢) ’
(1 (0 (1—e)
gy — aeree D0+ (00 =)t
I'(1—2¢)
P(1—e)T(14€e)T(1+2¢)*T (14 3¢)
— ,IEE
Cri=e T . (5.96)

The remaining non-zero boundary values are given by

Jiale=1 = J1|z=1,
Ji6le=1 = Js0le=1 = J15]a=1,
Js2le=1 = Js1la=1,
Jo1le=1 = Joolz=1,

1
Jola=1 = Jsla=1 = Jola=1 = Jolz=1 = Jr0lz=1 = J77la=1 = §J71|x:1>
2
J56|lo=1 = _§J71|x=17
1 1
J30le=1 = _iJl‘II]. + §J71|x:17

1 1
Jrgle=1 = §J1|x:1 - §J71’ac:17
1 1
Je7le=1 = _ZJI‘:U:I + ZJ71|95:1~

The boundary values of system 2a and system 2b are related to those from system 1 as
follows,

Ks33lp=1 = K38|g=1 = Ji|z=1,
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5. Master integrals

Kolz=1 = Kot|z=1 = Ku3le=1 = J15|2=1,
Krlz=1 = Kgle=1 = J51|2=1,

Kaole=1 = Ka3lz=1 = Jo0|e=1,

K3gle=1 = J71lz=1,

1
Ki|z=1 = Katlz=1 = §J71!x:1,

2
Kslz=1 = Kslz=1 = Ki5]z=1 = Ka2|g=1 = _§J71|ac:17
1 1
Kyglg=1 = §J1\m:1 - §J71’z:17
Loo|z=1 = Laa|e=1 = Ji|z=1,
Lolz=1 = Li7|lz=1 = Lagla=1 = J15|a=1,
Lr|z=1 = Lg|lg=1 = J51|x=1,
Liglz=1 = Ligla=1 = Jeolz=1,
Los|e=1 = Jr1le=1,
1
Lo7|z=1 = Lag|z=1 = §J71|x=1,
-2
Lo|p=1 = Ls|g=1 = L12]a=1 = Logls=1 = ?J7l|x:1’

1 1
Ls3lg=—1 = §J1\x:1 — §J71’ac:1-

We found boundary values for all master integrals. The boundary values along with
the dlog-forms defined in (5.85), (5.90) and corresponding coefficient matrices (5.84),
(5.88), (5.89) comprise all information about the three systems.

5.5.4 Results

We transformed the pre-canonical bases of master integrals obtained in section 5.3 to
a canonical basis given in section 5.5 via methods discussed in section 5.4. In section
5.5.1 we rationalised all square roots. Hence, we were able to express the systems of
differential equations through dlog-forms containing rational functions (5.85), (5.90) in
section 5.5.2. In the preceding section we finalised our work with the calculation of
boundary values of the master integrals at v =0, w =1 (5.96). All ingredients needed
to express results in terms of multiple polylogarithms are available. Hence, they are
presented in this section.

A differential equation in e-form is solved order by order in the dimensional regular-

isation parameter, as described in section 3.5.1. Hence, each order in € arises from its
lower order, as derived in (3.77),

dJ =0,
AT =3 " Ciuw; JWO. (5.97)

127



Three-loop master integrals for the Higgs boson self-energy

In section 3.5.2, we explained how solutions in terms of multiple polylogarithms are
constructed. Here, we give another example. We consider again

Ji = € D™ Hyoi10000-
We expressed the differential equation of J; through a dlog-form in (5.83),
dJ; = —idel = —cdlog (w) J; = —e w1, (5.98)
and determined its boundary value in (5.92),
Ji = w e (D(1 4 ¢€))® =1 — e log (w) + € % (7 + 2log(w)?) + O(€%),
= Ji|we1 =1+ € %79 +O(€%). (5.99)
From (5.97) and (5.98) follows

a7 =o, (5.100)
SR — O (5.101)
The boundary value of .J; at order €’ is 1 (5.99), yielding immediately

(5.99)&-100) J(O) — ]_
1 = L

The differential equation of the first order in € becomes
dJY = —dlog (w), (5.102)

in (v, w)-space. The appearing square roots (5.73) force us to move to (x,y)-space.
The boundary point in (z,y)-space corresponds to the line at x = 1. In conclusion, we
can integrate the differential equation solely in x in (z,y)-space. We recall from section
3.5.2, that the integration paths of multiple polylogarithms (3.85) are defined to start at
0. As we want to obtain multiple polylogarithms we need to shift the lower integration
boundary from 1 to 0. This leads us to an additional change of variables z — z’, where

r=1-2a" (5.103)
The boundary point corresponds to 2/ = 0. Equation (5.102) transforms as follows,

dJ = —dlog (w)

where w is given by (5.76) and x by (5.103). After performing partial fraction decom-
position, we obtain
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5. Master integrals

20y —y—1 :U’(y—i—l)—l—y—l_:z:’—l
1 1 1 ,
:_<$/_1'~'y+x/_1_y_x,—1>dx’

and Jl(l) evaluates to

(1) _ /m’ d(L‘l /:r dl’l /m/ dl’l
J = — + — = 5.104
1 ( 0oz fo op -y -1 ( )

2y

1+y 1-y / (1)
= — — + —_— — 1; + B
(G[ 2 ,$:| G[l y,x G[,m] 17

2 1 1
dJ = - ( LA yr > dz’

where multiple polylogarithms G are defined in (3.87). Multiple polylogarithms vanish
at 2/ = 0. Furthermore, the boundary value of J; (5.99) has no e!-term, hence,

B =o.

The next order in € follows,

(5.101),(5.104) _(2) “ L daxg Tt dxy 1 dxy
RO ( / EpEST ST e
0 I1 0 2 0 T2 0 2

Yy 2y 14y
@y 1 dx 1 dx 1 dx
R T I
0 %1~ 13y 0 Z2— 3 0 T2~ 13y, 0o r2—1
@' dl‘l o1 dCL‘Q ke dI‘Q o1 dCL‘Q
+ —/ p— / 1+y+/ H,—/ — ]
0 1 0 l’Q—W 0 T2~ 13y 0o X2

The resulting multiple polylogarithms vanish again on the boundary point. The inte-
gration constant is 272 as demanded by (5.99). We derive

4
1 1-—
Ji=1+€| -G &;x’ -G 7y;x’ + G[1; 2]
2y y+1
1 1 11— 1
12 (G [y—l-’y-i-;x,] +G[y—|—’y;x,] —G{y—i_ ,l;a:']
2y ' 2y 2y Ty+1 2y
l—y y+1 ,] [1—y l—y /] [1—1/ /]
+G | — 7 |+ G| ——, 2| =G 1
[y+1 2y " y+ Uyt yr1"
—a 1 E'x' —alh1 ﬂ.x’ + Q1 1-x’]+17r2 +O(e3). (5.105)
) 2:1/7 7y+17 s 4y 4

We verify that J is of uniform weight zero. In practice, we may utilise the Mathematica
package PolyLogTools [98] to deal with emerging multiple polylogarithms.

All multiple polylogarithms arising in the solutions of master integrals J depend on
letters 17, ...,I"* and may be written like

G, L],
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Jp, for example, evaluates to
Ji=1+¢(=G [zy;2] — G [ag; 2] + G[1;2'])
+e2(a [z, ;2] + G [wh, aly; 2] — G [, 1;2]
+ G [wh o 2] + G [ o] — G [, 132]
G 1 ahia!) - O[L o] + Ol L] + ) +0 (&)
The 21 sufficient letters form the following alphabet,

/ / / / / / / / / /
A ={0,1,2,27, 24, xg, 9, Ty, T, T3, T4, L5, T,

TN7 a0 T17 5 T18 05 T18 b5 T10.00 T19 5> 90,00 T20p  » (5.106)
with
/ 2 / 11—y / 1+y
T7 = ; Ty = —, Ty = ——,
14y 14y 2y
, _l+dy—y? o204y oAy
U 4y’ U aay? P 1y
A Skt o LAy —y? g Ldy—y?
B oy (1) M2y (l4y) B (1 4y) (1-3y)’
4y
zhe = — : 5.107
6= Ty (1 3y) (5.107)
and

s s}

'Tll’?,a =e€e3, :E/l?,b =e 3,
o Iy =y i3+ (1 -5
e 2(1+y)? ’
, 1+4y —y* —i/(3+y?) (1 —5¢%)
T18p = 2 )
’ 2(1+vy)
oo 12—t V(Y — g 4y
e (1+y) ’
. 1+2y —* =2y (L +y — 2 + %)
» (1+y) ’
o iy —y—y? )
20 2y (1 +y) ’
o =2 -y -y —yY) (5.108)
20 2y (1+y) ' '

The rational arguments of all sufficient dlog-forms are compositions of polynomials, as
described in section 5.5.2. Each letter corresponds to a root of such a polynomial. The
just defined letters of system 1, hence, correspond to roots of pi-pgg (5.87) in 2’ with x
replaced by 1 — 2/. The letters for the other systems are obtained as roots of respective
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6. Summary and conclusion

polynomials in Z and 7.

For all master integrals,
o ]
Jo=> g,
§=0

()

we confirm, that the e/-term Jy7 is of uniform weight j. To provide another example,
we display

Jor =2 [G [ijé,xé;x/] + G [O,xé,xg;a:] G [x15,338,0 x/] [:c'14,x§,0;x/]
[x'M I‘/S,O;l‘/] -G [$’15,x§,0;x/] +G [ﬂc14,x8,x9, ’] + G [$/14,$é,33/8;33/]
[a:’15 g, Ty; '] + G [37’15,955,:5'8;33'} -G [1,x§,x8, MT+aG [m’15,x§, 1;3:’]
[a:’7,a;9, 1; a:] +G [:1;'7, 1,a:§;x’] -G [O,xg, 1;3:’] -G [1,:1:{,, 1;3;']

-G [0,1,25;2'] —2G [2%,1,0;2'] + G [1,0,1;2'] — G [#]y, z§, 1; 2]

+2G [aclg), 1,0; :U’] +2G [x%,xg,();a:'] +2G [:1:’7,565,0; x'] -G [m’15,x'7, l;x']

—G |27, g, ag; 2] — G |25, 1,25 2"] — G |27, 25, 25 2] — G |2y, 27, xg; 2]

-G [a:'15,:c'7,acg;x’] -G [1,xé,x§;x'] +2G [x'14,:v'7, 1;:1:'] + G [1,33’7, 1;:6']

G [1,x§,xé;x'“ e+ 0(64).

Results can be validated through numerical checks. We may evaluate the master inte-
grals expressed through multiple polylogarithms at a specific kinematic point with the
help of GiNaC [99, 100]. We make a counter-check if we evaluate the master integrals
n (5.69),(5.70),(5.71) at the same kinematic point applying the Mathematica package
AMFlow [101-103] or the program sector_decomposition [104, 105]. In appendix B.2
(table B.4 and table B.5) we present numerical results of system 1 as reference value at
the kinematic point p? = m%{ = 125.2GeV.

5.6 Summary and conclusion

We analytically calculated all master integrals relevant for the three-loop Higgs boson
self-energy diagrams with internal W- and top-propagators (fig.5.1), keeping the full
dependence on m%v,m%,pQ. We created five topologies, summarised in table 5.1 and
illustrated in fig.5.5 and fig.5.7, sufficient to express all occurring diagrams. We divided
the diagrams into those proportional to the product of Yukawa couplings ypy; (fig.5.4)
and the complement (fig.5.6). The appearance of square roots (see for example (5.42),
(5.58)) forced us to divide even further into three systems and to transform the original

kinematic variables, which were given by

2 2

_ b _ My
V=g, W= —%
my my

The three systems, their corresponding topologies and top sectors as well as emerging
square roots rationalised by subsequently introduced kinematic variables are summarised
in table 5.9.
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Three-loop master integrals for the Higgs boson self-energy

System 1 (5.66)

System 2a (5.67)

System 2b (5.68)

defined in fig.5.5, table 5.6 fig.5.7, table 5.7 fig.5.7, table 5.8
Topologyrop sector | A255, B2ss; C255, D255 Biss: Bl Biog
Canonical > ~ =
Maste;}n?rrlll%ggrals J (5.69) K (5.70) L (5.711)
Cumulati
Nlurl;ﬁlaevf 105 61 43
Differential A = & Meond | diF = 2 Mo | di = = ML
equations J=e 121 ki =€ kgl KWk =€ kgl k Wk
Square roots 1,79 r1,72,73 r1,72,7T4

Final variables

(2 (5.78),y (5.77))

(% (5.80),y (5.77))

(@ (5.82),y (5.77))

Table 5.9: Summary of the three systems of master integrals for the three-loop Higgs bo-
son self-energy with internal W- and top-propagators. Coefficient matrices My, M}, M}/
are rational and independent of €, dlog forms wy, are defined in (5.85) and (5.90), and
square roots in (5.64).

In section 5.3.1, we obtained differential equations for all pre-canonical master inte-
grals. FEach system was transformed through appropriate basis transformations (see
section 5.4), with the aim of factoring out the dimensional regularisation parameter.
We studied diagonal blocks within differential equations with the help of the maximal
cut. We altered maximally cut integrals to have constant leading singularities to find
ansétze for integrals of uniform transcendental weight (section 5.4.4). Integrals of uni-
form transcendental weight depending on variables rationalising occurring square roots
(section 5.5.1) lead to canonical differential equations. After calculating boundary val-
ues (section 5.5.3), the resulting canonical master integrals are expressible in terms of
multiple polylogarithms to any order in the dimensional regularisation parameter (sec-
tion 5.5.4).

The resulting integrals are essential building blocks within precision Higgs physics. A
possible application is the determination of the mixed QCD-electroweak correction to
the Higgs decay rate into a bottom quark pair. We discuss the decay rate I (H — bl;)
in the following chapter.
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CHAPTER
SIX

MIXED QCD-ELECTROWEAK CORRECTION TO THE
HIGGS BOSON DECAY RATE INTO A BOTTOM QUARK
PAIR

In this chapter we consider a phenomenological application of the three-loop master
integrals derived in the preceding chapter: The mixed QCD-electroweak correction to the
Higgs boson decay rate into a bottom quark pair. Required theoretical knowledge was
reviewed in chapter 2 and the strategy sketched in chapter 4. The calculations described
here are still work in progress, hence, no final result is presented. Nevertheless, this
chapter presents diversified aspects of analytical calculations of scattering amplitudes
within the Standard Model. After an introduction, we discuss the decay rate I' (H — bB)
and how to calculate it via the optical theorem in section 6.2. We derive all contributing
Feynman diagrams in section 6.3. In section 6.4, we encounter colour factors from
QCD and handle 5, which arises within electroweak interactions, while discussing the
scattering amplitude. We apply Feynman rules and give some exemplary calculations in
sections 6.4.1 and 6.4.2. Section 6.5 treats occurring divergences. We close this chapter
with an outlook in section 6.6.

6.1 Introduction

The Higgs boson is an essential cornerstone of the Standard Model of particle physics
(see section 2.2). Studies of its decays are crucial in order to determine its properties
and, therefore, probe the Standard Model. From a theoretical point of view, the study
of decays H — ff corresponds to the study of partial decay widths I'(H — ff) which
we introduced in section 2.1 (see (2.8)). However, those are not directly observable.
From an experimental point of view, branching ratios BR(H — ff) are called for.
Both are related as a branching ratio gives the fraction of the total decay width I'g total
corresponding to the considered partial decay width,

L' (H = ff) =Thyota - BR(H — [f).

With a mass of myg = 125 GeV the Higgs boson decays predominantly into a bottom
quark pair, the heaviest possible final state with m; = 4 GeV. The vast contribution of
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this decay to the Higgs boson’s total decay width exceeds 50%! Its branching ratio is
[106]

BR (H — bb) = 58%.

Since the Higgs boson’s total decay width is in the order of 4-1073GeV [107], its partial
decay width into a bottom quark pair is roughly 2-1073GeV. The Higgs boson’s second
most frequent decay is the decay into off-shell W-bosons with a branching ratio of 21%.
The huge difference between both top branching ratios emphasises the importance of
H — bb. Large background makes the observation of H — bb rather complicated. It
was only accomplished in 2018 at the LHC [108, 109], six years after the Higgs boson
discovery. However, future colliders like FCC-ee [110] will enable groundbreaking ex-
perimental work. Furthermore, due to its major contribution to the Higgs boson’s total
decay width, T'(H — bb) significantly influences each Higgs boson branching ratio. A
precise theoretical prediction of its value is therefore indispensable.

The Higgs boson decay rate into a bottom quark pair can be written as a perturba-
tive expansion,

I (H —bb) =TO1 + Ales) 4 A@  Aloas) oy

where T'©) denotes the Born decay rate (6.2), A(®) denotes QCD-corrections, A(®) de-
notes electroweak-corrections and A(®®s) denotes mixed QCD-electroweak corrections.
QCD corrections are known up to O (a?) [111]. The next to leading order QCD correc-
tion amount to roughly 20% and the two-loop QCD corrections to 3.8%. In comparison,
the one-loop electroweak correction is only about (—1) % [45]. The dominant term of
the two-loop electroweak correction corresponds approximately to 0.047% relative to the
Born decay rate [112]. As a consequence, the mixed QCD-electroweak corrections are of
particular interest. In [45] those were computed via Padé approximations. Techniques
to compute Feynman integrals have evolved. Hence, the mixed QCD-electroweak cor-
rections should be approached again.

We consider the NNLO QCD-electroweak corrections involving W-bosons or charged
Goldstone bosons. In addition to the masses of the Higgs boson mpy = 125.25+0.17 GeV
and the bottom quarks m; = 4.18f8'203 GeV, the W-boson mass my = 80.377 &+
0.012 GeV and top quark masses m; = 172.69 £ 0.3 GeV enter [107]. Considering
the relative size of my, we only keep its leading term m%, otherwise we work in mass-
less bottom quark approximation. We work in dimensional regularisation as explained
in section 2.3. Hence, momenta are taken in D = (4 — 2¢) dimensions. We choose
Feynman gauge in the electroweak sector, i.e. & = 1, to avoid appearances of &y in
the denominator of W-/Goldstone boson propagators (see section 2.2 on R¢-gauge and
Feynman rules). We maintain the general gauge parameter £, of the gluon propagator.
The final result should be independent of the chosen gauge and therefore also of &,.
Keeping &,, we obtain a consistency check. We use the optical theorem discussed in
section 2.1.1 and encounter therefore two-point three-loop Feynman diagrams. In the
following section, we clarify this point after discussing the Higgs boson decay rate into
a bottom quark pair more closely.
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6.2 The decay rate

b b b
H < H H
- +  ->- —+ ->-
= t
b é ; ;
~ Qg ~ (X ~ Qg

Figure 6.1: Structure of the perturbative expansion H — bb. Dashed lines denote Higgs
bosons, curled lines gluons, orange lines W-bosons, straight black lines bottom quarks
and blue lines top-quarks.

The perturbative expansion of the Higgs boson decay rate into a bottom quark pair,
illustrated in fig.6.1, can be written as

T (H — bb) = TO1 + Ales) L A@  Aloas) 1y (6.1)

where T'©) denotes the Born decay rate, A@s) denotes a-corrections, A denotes a-
corrections and A(@@s) denotes mixed QCD-electroweak corrections, i.e. cvs-corrections.

The Born decay rate is

0 _ N(;amgmg,@g
8 sin (O )* m2,’

with N¢ being the number of colours, Oy, the weak mixing angle and

2 2 2\ 2
_ my my my,
=y ‘W”“zmz‘@((nﬁ) )
H H H

the velocity of b-quarks, which we set to one as we only keep the leading power of mg.
We may express the resulting Born decay rate,

r© _ NcamZmH
8 sin (O ) m?%,’

in terms of Fermi’s constant

(0) i NCGFmgmH

Gr 42 ’
Gr T

V2 N 2/;sin (O )? m?, (1 — Ar)’

(6.2)

(6.3)

where Ar gives radiative corrections to the muon decay beyond QED corrections within
the effective four-fermion theory [113].
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The first order QCD and electroweak corrections to (6.1) are

Cras (17 3 m?
(as): FGs (L9 "H
e =S (- Jm ()

2 2
Ale) — @b <17 3. (mﬂ)> ,
T 4 2 2

whereby the latter can be derived from the former through a substitution Cras — Qia.

Here, we address mixed QCD-electroweak corrections A(®@s) to the decay rate. We
decompose them into mixed QED-QCD contributions Agaas), contributions involving

Z-bosons or neutral Goldstone bosons A(Zws) and contributions involving W-bosons or

charged Goldstone bosons Aé{o/‘%)7

Aloas) — pfoas) 4 ploas) 4 Ao (6.4)

The mixed QED-QCD contributions were analytically calculated in [114],

Cra, Q2a (691 9 9 105 2 9 2\ 2
Alpe) = ros Gpar (091 G —-0G——7n (mg> i <m§> .
7 T 32 2 2 8 W W

The remaining mixed QCD-electroweak contributions are so far only computed with the
help of Padé approximations [45],

AL~ —0.002, AL*) ~ —0.0009.

In this thesis, we consider the - due to more internal masses - more complicated contribu-
tion, the mixed QCD-electroweak correction involving W-bosons or charged Goldstone

bosons A%,IO}O‘S).

We defined decay rates in (2.8) as phase space integrations over squared scattering
amplitudes. In this context, the scattering amplitude corresponds to diagrams like the
ones in fig.6.1. Instead of calculating the decay rate via (2.8), we avoid phase space
integration and emerging infrared divergences through the application of the optical
theorem (see section 2.1.1). It relates the imaginary part of a two-point function to a
total decay rate,

Im(M(A— A)) =ma» T(A— X)=malotan (6.5)
X

In order to derive a partial decay width for a specified final state, the matching term
on the left hand side of (6.5) is selected. In the case of H — bb, we take the imaginary
part of on-shell Higgs boson two-point functions ending in an Hbb-vertex,

I'(H — bb) = mlHIm (Sw(p? = my + ie)) . (6.6)
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The optical theorem holds for any order in perturbation theory. Since we want to
calculate aag-corrections on the left hand side of (6.6), we have to consider aZa,-
corrections on the right hand side. Consequently, we do not deal with three-point
two-loop diagrams like the last one in fig.6.1, but with two-point three-loop diagrams.
As indicated in fig.6.2, the three-loop diagrams are obtained from the two-loop diagrams

if we close them on their right.

- g=Ww =

S|

Figure 6.2: Sketch of the application of the optical theorem. Feynman diagrams are
closed. Dashed lines denote Higgs bosons, curled lines gluons, orange lines W-bosons,
straight black lines bottom quarks and blue lines top-quarks.

In the following section, we present all relevant Feynman diagrams before we discuss
their evaluation in section 6.4.

6.3 Contributing Feynman diagrams

The first step for the determination of the mixed QCD-electroweak correction A%’;aﬁ)

to the decay rate I' (H — bb) (6.1) via the optical theorem (6.6) is the generation of
all contributing Feynman diagrams. This is achieved with the help of QGRAF [115] and
FeynArts [116]. We summarise all diagrams in table 6.1 and table 6.2. As already
sketched in the previous section (see fig.6.2), we consider three-loop Higgs boson self-
energy diagrams at O (a2as) ending in an Hbb vertex. An internal W or charged

Goldstone boson, accompanied by a factor a = %, converts top (antitop) quarks into

2
bottom (antibottom) quarks. An internal gluon yields a factor oy = £=.

The diagrams are not new within this thesis. In chapter 5, we derived master integrals
of uniform weight sufficient to express them. In section 5.2, we already discussed all top-
sector diagrams and explained the need for auxiliary topologies with nine propagators:
The three-loop diagrams give rise to nine scalar products involving loop momenta, but
only to eight propagators. Since we want to turn all Feynman integrals into scalar inte-
grals, we need to be able to express all of these scalar products in terms of propagators.
The auxiliary topologies introduce an appropriate ninth propagator. Furthermore, only
keeping the leading term in the bottom quark mass m%, we can work with massless bot-
tom quark propagators: Each required Feynman diagram ends in an Hbb vertex. The
corresponding Feynman rule provides a factor of my; (see section 2.2.1). Considering the
prefactor my times a bottom quark propagator, setting (’)(mZ’) to zero corresponds to
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taking a massless propagator,

1 1 m? 1
mbm = my (q2 + q—f + O(mé)) = mb? +0(mj).
—0
In conclusion, we work with the topologies derived in section 5.2, illustrated in fig.5.5,
fig.5.7 and summarised in table 5.1. Consequently, we already assign each diagram to a
topology and a sector as we list them in table 6.1 and table 6.2. Furthermore, we divide
the diagrams by their coupling, i.e. by the vertices attached to the external Higgs boson.
This division corresponds exactly to the three systems, we introduced in chapter 5 and
summarised in table 5.9.

Multiple diagrams arise in one sector. Gluon loops can be attached to different edges
without changing the set of required propagators and, therefore, without changing the
sector the diagram belongs to. In addition, rotated diagrams may enter as well. Fur-
thermore, the diagrams come in pairs. Each diagram enters once containing a W-boson
and once containing a charged Goldstone boson instead.

In the second column of table 6.1 and table 6.2, we display one representative dia-
gram per sector and topology, whereby topologies and sectors are specified in the third
and fourth column. Instead of presenting each diagram of one sector graphically, they
are indicated as the last column in table 6.1, and table 6.2 gives the number of diagrams
per sector. The factor of two, thereby, indicates the diagrams containing Goldstone
bosons instead of W-bosons. Column two and column five have to be considered simul-
taneously to gain full information on required diagrams.

In the following section, we discuss the Feynman diagrams more closely by express-
ing them in terms of Feynman rules.
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Higgs-vertices | Diagrams Topology | Sector lt?lrilzlag}-g%s()f
@ A 255 2-2
@ B 255 2.2
@ C 255 2.4
Htt — Hbb
D 255 2.4
= System 1
@ 223 2.4
@ 247 2.4
:@ B’ 255 2.2
% 479 2.4
HWYW~ — Hbb |
= System 2a @ 475 2.4
@ 471 2.9

Table 6.1: List of all diagrams, Part 1. See description of table 6.2.
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Number of

Higgs-vertices | Diagrams Topology | Sector diagrams
B’ 509 2.2
@ 505 2-4
497 2-4
- - 473 2-4
Hbb — Hbb
= System 2b a N
S, 469 2.2
381 2.4
@ 221 :

Table 6.2: List of all diagrams, Part 2. Systems are summarised in table 5.9. Dashed
lines denote Higgs bosons, curled lines gluons, orange lines W-bosons/charged Goldstone
bosons, straight black lines bottom quarks and blue lines top-quarks. Topologies are
defined in table 5.1. Sector identities in (3.46). The last column corresponds to the
number of diagrams emerging within the respective sector, accounting for the exchange
of W-bosons with Goldstone bosons and the possibility to reposition the edge of a gluon.
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4. The scattering amplitude

6.4 The scattering amplitude

In the subsequent section (table 6.1 and table 6.2) we presented all Feynman diagrams
required for the two-point three-loop scattering amplitude corresponding to H — bb —
H containing an internal W-boson or charged Goldstone boson and an internal gluon.
We denote the scattering amplitude by

In this section, we calculate the scattering amplitude by expressing the diagrams via
Feynman rules, listed in section 2.2.1. Its imaginary part is related to the mixed QCD-
(«

electroweak correction Awas) to the decay rate I' (H — bb) (6.1) via the optical theorem
(6.6),

I'(H — bb) = L (Zu(® =mf +ic))

mpy
Al = L (4w (2 — e i) (6.7)
W T H b =my : :

We start this section with a brief discussion about the application of Feynman rules.
Next, we consider some common properties of all diagrams, namely their colour fac-
tor and the appearance of the fifth Dirac matrix ~5. After transforming all emerging
integrals to scalar integrals, we are able to express the results in terms of the master
integrals from chapter 5.

Each diagram in table 6.1 and table 6.2 is translated into a mathematical expression
via Feynman rules from section 2.2.1. At first we label the momenta of all edges with
respect to momentum conservation. We thereby name the momenta in correspondence
with the topologies from table 5.1. The diagrams consist of closed quark loops, which
contributes a factor (—1). We take the trace of the quark loop and insert a Feynman
propagator for each edge and a vertex rule for each vertex. The trace is multiplied by
the occurring boson propagators. Furthermore, we need to integrate over all three un-
determined loop momenta ki, ko, k3. Explicit calculations of individual, representative
diagrams will be given in section 6.4.1 and section 6.4.2. We receive expressions of the
following structure

/de1 dPky dPks o N(k1, ko, ko, muy, me, mp)

COLICOLIPTLE S Py |

X €{A,B,C,D,B'}, (6.8)

where X represents the respective topology and A inherits the trace of the closed quark
loop as well as the boson propagators. The scattering amplitude is given by the sum
over all diagrams.
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The vertex rule representing a gluon cou-
pling to quarks contains (st), with b €
{1, ...,8}, which leads to the appearance of a
colour factor (see section 2.2 for information
on T?, the generators of SU(3).). Colour
factors handle colour degrees of freedom of
Feynman diagrams within QCD. All dia-
grams in table 6.1 and table 6.2 contain the
Figure 6.3: Sketch illustrating the same arrangement of one gluon connected
colour flow. A gluon (curled line) is con- to a quark loop as illustrated in fig.6.3.
nected to a quark loop.

Hence, each diagram yields the same colour factor. The gluon changes the quark’s colour
from j to ¢ and i to j, where j,i € {red, green, blue}, manifested by the emergence of

(Té’)ij and (st)ji, b € {1,...,8}. The resulting colour factor is NoCp = 4. No = 3

represents the number of colours and Cp = %,
1
(st) (st) - (Tfo) = Tr [T;’st] S Ly (6.9)
ij i i 2

Vertices of W- or Goldstone bosons with quarks introduce the fifth gamma matrix (see
(3.4) for Dirac algebra). In four dimensions 75 is defined by

,L. v
Vs = JieuvasY"Y AP, (6.10)

and fulfils the following properties

%=1, (6.11)
{77} =0, (6.12)
Tr[’Yu'YV’YU’YT’YS] = i4€;wa7—- (6.13)

We require a D-dimensional fifth Dirac matrix, since we work in dimensional regulari-
sation. Unfortunately, we cannot transport all properties of the four-dimensional 5 to
D dimensions. Contradictions arise if we consider D times a trace containing an even
number of Dirac matrices and -5 and contract the outcome with an epsilon tensor. The
calculation, demonstrated in appendix C.1, makes use of (6.12) and of the cyclicity of
the trace. It leads to

(D = D)™ ?PTr [vunYovprs] = 0, (6.14)

implying for D # 4 that T [y,7.,7+7,75] = 0 in contrast to the property in (6.13) in four
dimensions. We see, one property violates the other. Consequently, we have to chose
an appropriate scheme defining the fifth Dirac matrix in D dimensions. One possibility
is the scheme by t’Hooft and Veltman [52], where 75 is defined as in four dimensions,
i.e via (6.10). This scheme preserves the trace identity (6.13). However, it violates
the anticommuting property (6.12), since {y5,7*} =0 for p = 0,1,2,3, but [y5,7*] =0
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otherwise. Another possibility is the so-called “naive dimensional regularisation scheme”
(NDR) originally introduced in [117]. Within NDR ~5 is defined by (6.11) and (6.12),

%=1, (6.15)
{7} =0, (6.16)

where the anticommuting property (6.16) holds for all x, independent of the dimension.
The “naive” choice of the fifth gamma matrix is not mathematically well-defined. How-
ever, if we encounter even numbers of 75 within a trace it is appropriate, since we may
eliminate 5 completely via (6.15) and (6.16) before evaluating the trace. The schemes
do not differ in the physical case D — 4.

If we evaluate the diagrams in table 6.1 and table 6.2 within t’'Hooft and Veltman
scheme, for example with the help of FeynCalc [118], we notice that only traces con-
taining even numbers of 5 survive: Evaluation within t’Hooft and Veltman scheme
leads to terms proportional to 5 of the following structure

<Z§;2as)w> :'Lg4g2/ del / dD]{;Q / de,?, 6k1k2k3p fs
- 2P | P | @np

where e¥1%253P denotes the epsilon tensor contracted with all three loop momenta k1, ko, k3
and the external momentum p. fs; denotes a scalar function depending on propagators
and D. Following the Passarino-Veltman reduction technique (see section 3.1), an in-
tegral over three momenta carrying three indices must evaluate to a tensor structure
carrying the respective three indices. In our case, the tensor structure must consist of
the only external momentum p and the metric tensor,

/del/deg/deg KSES KD f (K, ko, ks)

= C1p°P’p" + Co,up®g”" + CoppP g™ + Cocp’g®?,  (6.17)

with f being an arbitrary scalar function and C1,Cs 4, Cap, Co . constant. This implies
for the terms of the scattering amplitude solely containing one ~s,

2

<E§; as)W) =ig'g? 5&5’751)6/de1/de2/de3 AN
~5

(6.17)
=7 eaprs | Cr1p®"p D +Coa PP’ +Cop pP g1’ +Co e pTg™Pp’
—— —— —_—— — —
antisymmetric symmetric symmetric symmetric symmetric
:Cl'OJrCQ’a'0+0275'0+027C'0:0. (6.18)

The terms proportional to the fifth Dirac matrix vanish. As a consequence, we may
use NDR. In (6.27) and (6.29), we demonstrate how (6.15) and (6.16) are utilised to
eliminate v5 completely.

After dealing with 75, we are able to continue the calculation of the expressions of
diagrams (6.8). We evaluate the traces representing closed quark loops and contract
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the result with the boson propagators. For this purpose, we utilise FORM [119]. Scalar
products involving loop momenta arise in the numerators. Those are replaced by linear
combinations of propagators of the corresponding topology. We present the combina-
tions of propagators for topology A,B,C,D in table 6.3 and for topology B’ in table
6.4.

Topology A Topology B
k%:mf—PlA k:%:—PlB—I-m%
k2 =m? — P k2 = —PP
= - k= —Pf
1 1
p.k1 = B [—PlA + PQA + S] p.ky = B [—PlB + PzB + S]
1 1
p.kgzi[Pf—Pg“—s] p.k2:§[Pf—P6B—s]
1 1
p.k3 = 3 [—PfA + P+ s| p.k3 = 3 [—P7B + PP+ s|
1 1
biky = o [P — Pt + P — 2m]) Fiky =2 (PP — PP + PP —mi +mpy]
1 1
ks =5 [P — P + P Fiks = [-PP — PP+ PP +m? —mi,]
1 1
kaks = 5 [Pt — P2+ PP —mi+miy] | koks = 3 (PP — PP + PP
Topology B Topology C
k2 — PC’ + m2
; . ki =—PP +m}
k2 =—P
L i =P
1 c . pC B
pki==|—-P7 +Py +s 1
%[ AN k=5 [P + PP + 5]
ky == [PY — PY — s —mZy +m? 1
D-K2 %[5 9 w ‘] p_k2:§[p5D_P§_5]
pks==[-P¢+ P +s 1
2[ ! s } p.kng[—P7D+P8D—i—s]
bk = [PC — PY + PE —miy, —m?] %
2 P T ik = S [P - PP 1 PP
ki.ks == [-PY + P¢ — PY — p¢ 1
vhy =5 =R+ Pr =P =0 ks = o [=PP + P — PP +mi —miy]
+P§ + P§ + 5]
1 kg.kg,—} [PD—PD—FPD}
kaks =3 [FS — P — B§ — o] g P56 T

Table 6.3: Scalar products involving loop momenta in terms of linear combinations of
propagators, Part 1. Propagators were defined in table 5.1.
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Topology B’
N
=Pl
k% =—br;
I ’ /
phi =5 [-PF +Pf +3
I ’ ’
p.kg 5 _P4 _P6 —Si|
17 ’ /
phs =5 |- 5 1+ PP —i—s]
17 ’ ’ ’
k1-k2:§ pP — PP +Pf —|—mf—m%{/}
I ’ ’ /
kikg =5 |-PF — PP+ Pf _m§+mgv}
1r ’ ’ ’
kaky = 5 | PP — P+ PP

Table 6.4: Scalar products involving loop momenta in terms of linear combinations of
propagators, Part 2. Propagators were defined in table 5.1.

After replacing all scalar products involving loop momenta as given in table 6.3 and table
6.4, the diagrams consist of sums of scalar integrals (see section 3.1 for information about
scalar integrals).

042043>W (p): Z /d kl deQ de?) i N(k17k27k27mW7mtamH)

D (2m)D ; PX

Diagrams =1 J

l Evaluation & Replacement of scalar products
a’asg ~
El(q Jw (p) = NcCrgg? Zc;XIiX NeCr (adn)? (asdn) ZCXIX (6.19)

with rational prefactors cX and X € {4, B,C, D, B'}. The scalar integrals in (6.19) are
defined by

- dPky [ dPky [ dPks 14 1 <
IV1V2V3V4I/5V6V7V8V9 - (27T)D (27r)D (27T)D <, Vj € Z. (6.20)
j=

x\"
H(r)
The sum in (6.19) contains a vast amount of integrals. The first two diagrams in table
6.1, i.e. the diagrams evaluated within topology A and B, each give rise to a sum
over 104 integrals. The third diagram in table 6.1, which corresponds to topology C,

even exceeds this number as it gathers 198 different scalar integrals. Fortunately, as
explained in section 3.4 and discussed in section 5.3, there is no need to deal with all of

145



Mixed QCD-electroweak correction to T’ (H — bE)

these integrals. We reduce them to a basis set of integrals. For this purpose, we utilise
an integration by parts reduction program like Kira [82, 83]. The pre-canonical master
integrals coincide with those characterised in table 5.6, table 5.7 and table 5.8, since we
Work within the same topologies and top-sectors as in the prev10us chapter. We have
I for system 1, i.e. the diagrams starting with a Htt-vertex, Iq for system 2a, i.e.
the diagrams starting with a HW W™ vertex and Iy, for system 2b, i.e. the diagrams
starting with a Hbb vertex. The numbers of master integrals are N J}J ; = 105 for system
1, N]%/‘}I = 61 for system 2a and Nﬁ’l = 43 for system 2b. During the reduction we set

2 _ .2
ne=my,

hence, the integrals kinematically depend on the following variables

2 2
v=L2o =" (6.21)
m m
t t
and are given by
N]S(/II
Ii=> ¢&;If, s=1,2a,2b, (6.22)

J
where I3 denotes a pre-canonical master integral of system s and ¢ ; rational prefactors

depending on v, w and the dimension D = (4 — 2¢). This implies for the scattering
amplitude

oo

S0 () = NeCrgte? 3 X IX
7

l IBP reduction (6.22)

(a?as),, piil
Spo W (p)=NoCrg'el > ZA;I;, (6.23)

systems

where

&=y &,
7
We spend the last chapter finding canonical master integrals expressible in terms of mul-
tiple polylogarithms (see section 5.5.4). In section 5.4, we found basis transformations
U. We presented the resulting integrals in section 5.5. The canonical master integrals
from system 1, .J, were given in (5.69), those from system 2a, K, in (5.70) and those
from system 2b, L, in (5.71). Inverting the transformation matrices U, we are able to
express each pre-canonical master integrals in terms of an integral of uniform weight,

JE o = L =u-ug,
(5.70)

K Usalog = Ing = US VK,
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L2 Uplyy = Iy =US VL (6.24)

In practice, we sum up all diagrams only now to obtain the scattering amplitude, which
then evaluates to

2
=MW () = NeCrglg? 3 Z a1
systems j
l transforming master integrals (6.24)
(aga ) N]1\4] N?\;I NJQ\/?I
Sy W (p) = NeCrg'y Z £+ Z fRK; + Z 2L, (6.25)

where the rational factors f; are obtained from ¢} and (6.24).

The resulting scattering amplitude (6.25) is a sum over the master integrals we al-
ready evaluated in section 5.5.4. However, the master integrals still contain divergences
manifested through poles in the dimensional regularisation parameter (see section 2.3 on
divergences in Feynman integrals). We discuss renormalisation, a method eliminating
divergences, in section 6.5. Beforehand, we give some insights into calculations of dia-
grams in the following subsections. In table 6.1 and table 6.2, we divided the diagrams
according to the system they belong to. The calculation of diagrams belonging to the
same system yield the same structure and prefactor, hence, we only show a selection of
diagrams to illustrate the procedure. First, we discuss diagrams starting with an Htt-
vertex in section 6.4.1, i.e. diagrams proportional to the product of Yukawa couplings
ypyr. Afterwards, we consider diagrams containing an HW W™ vertex and diagrams
containing two Hbb-vertices in section 6.4.2.

6.4.1 Diagrams proportional to the product of Yukawa couplings vy,

k2

Ha pe M

13 —ko—p H4 M3 —ky—p

Figure 6.4: The diagrams corresponding to topology A sector 255. Dashed lines denote
Higgs bosons, curled lines gluons, orange lines W-bosons, dotted lines charged Goldstone
bosons, straight black lines bottom quarks and blue lines top-quarks.

Here, we provide a detailed example application of Feynman rules. Note, that the calcu-
lations presented in this subsection were already part of my master thesis. We consider
the first diagram in table 6.1. Like each required diagram, this diagram enters once
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containing a W-boson and once containing a charged Goldstone boson. Furthermore,
rotated versions have to be taken into account. However, those amount to the same
expression in terms of Feynman rules and are, therefore, accounted for by a factor 2.
We already discussed in section 5.2 (see fig.5.2) how to label its momenta according to
momentum conservation at each vertex, with p being the external momentum. Conse-
quently, we obtain the two diagrams in fig.6.4. The left diagram (W-boson) corresponds
to X7} (p) and the right diagram (Goldstone boson) to 4 5(p).

We express the diagrams in terms of Feynman rules from section 2.2.1. We move
along the closed quark loop against its momentum flow and translate each edge into
a Feynman propagator and each vertex via a vertex rule. Furthermore, we multiply a
gluon and a W-boson or Goldstone boson propagator. Within the gluon propagator, we
keep the general gauge parameter ;. For the W-/Goldstone boson, we choose Feynman
gauge & = 1. The CKM-matrix is taken to be the identity matrix |Vip|? = 1 (see
section 2.2 on R¢-gauge and the CKM-matrix).

0= [ oy [ {zmys [ oy Vol 7] (i )

1-— — A
9=, 1;{2 +W2Lt igeyt 20 Z% 9
V2 2 k3 —ms3 2 ) ki-m; 2mw
i k/l p t (Z'gs,y,ug a) i (k/Q p) t <Z'g,-)/ﬂ4 ry5>

(k1 —p)? —mj 2) (ka+p)?—m; \ V2 2

i ]?/3_p+mb v . +(1_€ )(k1+k2)u2<kl+k2)ﬂ3
(ks —p)2 —mj | (k1 + k)2 Guais I (k1 + k2)?
( _ig/nuzl )
(k:g —+ ]{33)2 — m%V
—1
o 80 e / d"k / d"k; / dPhks ﬁ A
2 my ) eoP ) emP ) eoP [T
(k1 + ko) (k1 + k2)
<_g#2us + (1 - 59) )#;D(A = (_9#1#4) Tméa (6-26)
3

where the propagators PiA were defined in table 5.1. The trace of the closed quark loop
of the left diagram in fig.6.4 is

Tt = T [(Bs + mu)9# (1= 35) (= ma)r# (4 + ) (O — p+ o)
7 (—Hy = Pt ma)y (1= 15) (s — p+ ). (6.27)

The right diagram in fig.6.4 amounts to
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dPk, dPksy dPls i
SAp(p) = Vipl2(—1
gmy \ Ks+my. g mp my |~k +my
T —i= 1—v)— —(1
r[( 22mw>zk§—m512\@ [( 75)mw ( +75)mw]zk§—m§

. A\ KiAme [ gme . Mi—pt+me [ Aa
p2 Na _:9 pz
<ng7 2)Zk%—m?( Z2mw>l(k1—p)2—mt2 T
i—(/</2+p)+mt g [(1+7)mb—(1—7)mt]73 s —p+me ]
(k2 +p)? —mi 2¢/2 >y " mw (k3 —p)? —mj
i B _ (k1 4 ko), (k1 + k) s
(k1+k2)2< 9M2M3+(1 gg) (k1+k2)2

N Oy 99E M / dPky / dP ks / dPks 117 )
32 mi, ) @2m)P ) @2n)P ) (2m)P el

(kl + k2)#2 (kl + k2)#3 TA
P?;A GB>

8

<_9u2u3 + (1 - gg) (6'28)

where the propagators PiC were defined in table 5.1. The trace of the closed quark loop
of the right diagram in fig.6.4 is

T = o[+ mu) (120 22— (1 90) 22 | (e )y 0+ )
(= pt (b = ) (0 30) 22— (1= 3) 22 | (= ot )
(6.29)

We evaluated in (6.18), that terms within the traces (6.27), (6.29) solely containing one
v5 vanish. We may eliminate the fifth Dirac matrix completely in (6.30) and (6.31)
through the application of the properties (6.15) and (6.16),

Ty = Tr [(% + mp )y ((—% + me) V2 (M + me) (B — p+ ma) VS (=Ho — g+ my )y
+ (=Ko +m )y (K +me) (B — p+ m) v (=K — p + mu)y" s )(’%3 —p+ mb)] ,

= (2 +me) sy (M + me) (K — g+ mu) v ys(—he — p — mg)y™
= (W2 + mu)y" (Fh — mu) 1575 (Bh — pp — mu) v (=Ko — p — my )y

V575
=1

(6.30)

Téls = Tr| (s + mo) { M- (= + )y (b + me) (= p+ )y (—ho — p+mo)
— My y5(=Ho +m)y" (B +me) (B — p+ ma)y™ (K — p +mu)ys (s — p+ )|,
= (K2 + m)y"2 (By — mu) y57s (KL — p — mo) v (e + p + )

V575
=1

(6.31)
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with

(mp — my)? (my + mb)Q'

M_ = 5
myy

2
myy

Every other diagram from table 6.1 starting with an Htt vertex reveals a similar struc-
ture after expressing it through Feynman rules. They are summarised in table 6.5&6.6.

Diagrams Expressions via Feynman rules

4 2 D D D
A _ g gs mgmy d~kq d~ ko d~ k3 8 A1
A (p)=NcCr 2535 s f(%)D f(%)D f(z,r)D [I5-, PA]

(k1 +k2) oy (k1 +k2)
<—9u2u3+(1—59) —— M,233A1 . HB)(_9H1H4TV€+Té4B)’

T =Tr {(’?/Hmb)v“l <(*k/2+mt)’v“2 (Fr+me) (Fr—pt+ma)yH3 (— ke —p+mi)yHa

+(Katme)vH2 (M —me) V5Y5 (B —p—ma)vH3 (=K —}ff—mt)“f“4> (s —;zﬁ—&-mb)} ,
<~

=1

Tés=Tr [(/?’3 +my) {Mf (—=Ka+me)y#2 (Kh+me) (M —p+me)yH3 (—kh—p+me)

— M (Kat+me)y"2 (K —me) Y575 (K —p—me)yH3 (]‘7/2+}75+mt)}(1<7/3*?+mb)] .
——

=1

4,2 D D D
B _ g gs mgmy d~kq d~ ko d~ k3 8 B1—1
5B (p)=NcCr 555= e | Gk S Gop [ Gt [T PP

(ko+kg)puy (katksz)
(_gu1u4+(1_fg) — H}135B2 2 H4)(_9N2N3TV€+TC?B)7

TB=Tr [(k/3+mb)7“1 (—Ka+mp)y+2 {Wl"'mt)(kﬁ —pEme)

+(—Kh+me) V5Y5 (K —p—me) fyHo (_(k/2+¢)+mb)’yu4(k/3_p+mb):| 7

=1

T&p=Tr [(]?/3 +mp) Y (—hatmy) { M_ (Kr+me) (R —p+m:)

— My (—Ha+me) Y5Y5 (—Hhtptma) f(~Ra—prtmy )74 (’?’3*}75+mb)}
=<~

=1

42 D D D
C ) — g%gs mymy  dPky  dPky  dPE 8 c1-1
L9 (p)=NcCr 5= 5 | (%)é | (%)127 [ (%)g [T=, PE]
(k1+ko—kg)pq (k1+ka—kg)
(79u2u47‘v€+7~6¢3) <*9u1u3 +(1-¢&g) “;,40 - fa )7

T =Tr [(% )V (Rt )72 { (B Hme) (B —ptma )73 (ks — R —p-+-me)

+(—kr+mi) V575 (B —p—me)vH3 (s — Ko —p—ma) }7“4 (s *}é+mb)} ,

=1

Coss TEs=Tr [(1?’3+mb)7“1(’</1+k/2+mb){M—(’i/1 +my) (B —ptme) vH3 (K —ka—p+my)

— M (=kh+me)(kh—p—ma)yH3 75’)’5(—’</3+’</2+¢+mt)}(1?’3—1é+mb)} -

=1

Table 6.5: Diagrams proportional to the product of Yukawa couplings ypy; expressed via
Feynman rules from section 2.2.1; Part 1. Dashed lines denote Higgs bosons, curled lines
gluons, orange lines W-bosons/charged Goldstone bosons, straight black lines bottom
quarks and blue lines top-quarks. Propagators PiX are defined in table 5.1, M, M_ in
(6.32).
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Diagrams

Expressions via Feynman rules

2 D
g g mgm Pk Pk d~ k- 1
E225(p) NCCF = Wf b f 271.)5 f (27) % (2.,1-)5 [ i=1 PD]

(k2),,, (k2)
<_9H1N3 +(1—5g)%) (=92 T +TER);
Tw=Tr [(’i/3+mb)’7“1(’</2+’</3+mb)’7“2 {(k/1+k/2+mt)'y“3(k/1+mt)(k/1 —ptme)yH4

H(=kh—Ka+me) Y5775 vH3 (KL —me) (B —p—my)yH4 } (s —:{Hmb)] ,
<~

=1

T&p=Tr {(k/?: +mp) v (Ka4-ka+my) {Mf (1 +RaA-me)y3 (K +me ) (M —p+me)

— M (—kh—ko+my) V575 vH3 (%-mt)(—’?’lﬂﬁ-f-mt)}Ws-lﬂ-mb)} .
<~

=1

442 P P Pk
25)23(17) NCCFg 9s mtmbf 1 f 2 f 3

miy (2m)D (2m)D (2m)D
(k2),,,, (k2) —gu g T+ TE
—g +(1_§) K2 UB) 104 "W GB
(Fomamarr-en B2 ) e

Tw=Tr [(k/3+mb)7“1 { Frtme)y2 (i -Batm)ys (W +me) (i —pme)

+(=Kr+me) V575 Y42 (Wi +ka—me)yH3 (B —me) (Kh —rf—mt)}’y“4("v’3—¢+mb)]7
<~

=1

T&p=Tr [(k/s +my) { M_ (Ki+me)vH2 (R +Ra+me)yH3 (R +me) (L —ptme)

— My (—kh+me) V575 vH2 (K +-Ka—me)y#3 (B —ma ) (— KL +p+me) } (s _P+mb)i|
=~

=1

Doy7

2 D D D
gt 95 mimy d7ky d7ky  d7k3
247(p) NCCF m‘Q/V j (271')D J (27‘.)D f (27r)D

(7% ., +(1f§g)(k2)“1(k2)“2> 79#3#4T‘,€+TC§B2
142 D ’
Py P1DP2DP3DPEPPGD(P7D) PP

T =Tr [(’i/3+mb)’7“1(l</“2+k/3+mb)7“2 (K3 +my)yH3 {(k/lert)(’?’l —p+mi)

(b 9550 —p-me) pr#a G

TEp=Tr {(k/3+mb)7“1 (Ko+Hz+mp)yH2 (Ka+myp) {Mf (i+me)(kh—p+me)

— My (—kh+my) 7575(*’V/1+P+mt)}(k/S*Perb)} .

=1

Table 6.6: Diagrams proportional to the product of Yukawa couplings yp1y; expressed via
Feynman rules from section 2.2.1; Part 2. Dashed lines denote Higgs bosons, curled lines
gluons, orange lines W-bosons/charged Goldstone bosons, straight black lines bottom
quarks and blue lines top-quarks. Propagators PZ-D are defined in table 5.1, M, M_ in

(6.32).

The diagrams starting with an Htt vertex involving a W-boson yield the same prefactor
as those involving a charged Goldstone boson. The former contain W-boson propagators
and therefore an additional metric tensor as opposed to the latter containing scalar
Goldstone boson propagators.
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6.4.2 Diagrams not proportional to the product of Yukawa couplings
Yot

The diagrams containing either an HW W™ or an H®T®~ vertex differ in there pref-
actor and structure. We provide one explanatory example, the seventh diagram in table

6.1. We start with the version of the diagram containing two W-boson propagators,
displayed in fig.6.5.

2 —k2

kq

M3 —ko—p H4

Figure 6.5: The diagram corresponding to topology B’ sector 255 with W-boson. Dashed
lines denote Higgs bosons, curled lines gluons, orange lines W-bosons, straight black lines
bottom quarks and blue lines top-quarks.

We express fig.6.5 in terms of Feynman rules (section 2.2.1) and simplify the outcome,

-1

4.2 D D D 8
B'255, \ g gimy [ d7kq d” ko / d”ks B’ '
B p) == NeCr™= /(%)D / 2mP | (2r)D ZHIPZ' w
ko + k3 ko + k3 "
<_g,u1;t4 + (1 - gg)( )gé/ )“4> (_g,u2l/1) (g ! 2) (_gllz,u32a
> :97;#3

where the propagators of topology B’, PZ-B', were defined in table 5.1. The trace of the
closed quark loop is

T 2 = T (B + m)y™ (—K + mo)y*2 (1= 55) (—Kh — B + ma)y"> (1 = 5)
(= (R + ) + o)y (s — p+ )|
= T | (Ws + mo)y" (=K + )y { (—F = b+ )

+li'7'5’(_% — Ko —me) ]9 (= (Ko + ) +mp)y™ (B — p+ mb)]-

The version of fig.6.5 containing two charged Goldstone bosons instead of W-bosons
evaluates to
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-1

“2mymi [ dPki [ dPke [ dPks [Ty op :
$B255 ) ggsmbmh/ 1/ 2/ 3 PP B
65" 0) = = NoCrogr =0t | 55 | Gayp 11 Tds
(ko + k3),, (k2 + k3)
<_g,u1u4 + (1 — gg) ;B’ = ) (6.33)
5

where the trace is
,7-B 255 =Tr |:(]?/3 + mb) ( ]?/2 + my {M l‘]/l - ]7/2 + mt)

- M+w(kfl + Ko+ ma) (=Ko — p+ mu)y (B — p+ mb)},
=1

with My, M_ defined in (6.32).

We unite (6.33) and (6.33) to demonstrate the general structure of all pairs of diagrams
containing a HWTW ™ and H®T®~ vertex, respectively.

4.2 D D D
, g°gsmy [ d7ki [ dTks [ d7k
Sis —EB #(p) + 231’3'255( ) = NcCr 16 / (27)]; / (27T)l2) / 3

st g i
5

-1

8
[

B’ 255 mh /255
—Gpans Ty T om2 Tes )

2 w
(6.34)

The diagrams proportional to the product of Yukawa coupling y,ys, i.e. the diagrams
— 2
involving two Hbb vertices, contain the smallest prefactor, due to the ratio T%b Here,

w
we provide one explanatory example as well, namely the first diagram in table 6.2. The
diagram with W-boson is illustrated in fig.6.6.

—k2 ks

p ko + k3 D

—ka—p k3 —

Figure 6.6: The diagram corresponding to topology B’ sector 509 with W-boson. Dashed
lines denote Higgs bosons, curled lines gluons, orange lines W-bosons, straight black lines
bottom quarks and blue lines top-quarks.
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Together with the corresponding diagram containing a Goldstone boson, fig.6.6 ex-
pressed via Feynman rules (section 2.2.1) and simplified afterwards becomes

, dPky, [ dPky [ dPks 1 N
»B :Ncggsmb/ / / PP
w09(P) =NeCr=5 m3, | @mP ) @oP ) eop L ( ‘ )
i#2
ko + k3 (kz + k3
(_9“2#4 +(1- §g)( );;B/ )u4> <_guw37-3 509 | TGBBE>09> 7
5
(6.35)
where the respective traces are

Ty 7% = {%erb ML = y5) (=K1 + M3 + m )y (—Kh — Ko+ my)

Y31 —v5) (—Ho +mp) (=Ko — p + mp) Y (W3 — p + map)

= T | (Bs + mo)y { (=i + b+ me) ™ (s — Ko+ me) + (<M + o — mo)y™

V55 (—H1 — Ko — mu) py" (=K + mp) (—Ha — p+ mp)yV (s — p+ mw) |,
=1

m

TT[(% +mp) <(1 ) (1 - ’75)b> (=M1 + K3+ m )y (=i — Ko + my)
mw mw
((1 S (L) ) (b ) (e~ o )y (O )
(K3 + mp) { M_(— K1 + K5 +mu) 7" (=K — Ko + mu) — Mo (— Ky + K5 — my )"

575(/?/1 + Ko A me) (=Ko + ) (=Ko — P+ )y (W — P+ mb)} :

’ﬂ
=

In this section, we explained the steps accompanying the evaluation of the scattering

(O‘QO‘S)W

amplitude X, related to the mixed QCD-electroweak corrections to the decay
rate H — bb via the optical theorem (6.7), see especially (6.19), (6.23) and (6.25). We
discussed the emerging colour factor (6.9) and the fifth Dirac matrix in NDR (6.15),
(6.16). The resulting scattering amplitude (6.25) depends on the master integrals, we
derived in the subsequent chapter (5.69), (5.70), (5.71). As already mentioned they
contain ultraviolet divergences. Hence, we consider renormalisation in the next section.

6.5 Renormalisation

In section 6.2, we decided to calculate the mixed QCD-electroweak corrections involving

W-/charged Goldstone bosons A%’,‘as) toll (H — bB) with the help of the optical theorem
(6.7). Consequently, we started calculating a three-loop two-point scattering amplitude
in section 6.4. The scattering amplitude corresponds to a sum over the master integrals
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derived in the subsequent chapter (5.69), (5.70), (5.71),

2a 2b
5 Nisy Nif Nifr
« as)

22 W (p) = NoCrg'g ZflJ + Z FPK; + Z Ly,

with rational factors f7. Feynman diagrams may give rise to integrals containing diver-
gences, as elaborated in section 2.3. Sine we work in dimensional regularisation with
D= (4—- 26) these manifest themselves as poles in the dimensional regularisation pa-
rameter . We may remove the ultraviolet divergent parts emerging out of the diagrams
in table 6 1 and table 6.2 if we consider appropriate counter term diagrams. Evaluating
them we obtain the same poles in €, but with inverse sign. Appropriate counter term
diagrams are found if loops of the original diagrams are pinched and counter term in-
sertions are placed instead. They may also be generated with QGRAF [115] or FeynArts
[116]. In this section, we discuss the counter term diagrams corresponding to the di-
agrams proportional to the product of Yukawa couplings ypy; (table 6.5, table 6.6) in
order to illustrate the concept of renormalisation.

We consider the diagram corresponding to topology A sector 255 (see section 6.4.1,
fig.6.4) as example and display the diagrams cancelling its UV-divergent parts in fig.6.7.
These diagrams are obtained as we close one or both loops and insert a counterterm
instead, denoted by a cross. The former exchange particle demands the proportionality
of the inserted counterterm. Closing the right loop of the original diagram contain-
ing a W-/charged Goldstone, we construct the diagram in the middle of fig.6.7, with

a counterterm insertion proportional to o = %. We construct the diagram in the
right of fig.6.7 if we close the left loop of the original diagram containing a gluon and

2
place a counterterm insertion proportional to ag = Z—; instead. Pinching both loops

simultaneously, we obtain the first diagram in fig.6.7.

p ke p
k‘l O kl k2
@)
B P B S P B b
~ X @, ~ X
k1 S k1 ko —p
14 k2 —p 12

Figure 6.7: The counterterm diagrams cancelling the UV-divergent parts of the diagrams
corresponding to topology A sector 255 displayed in fig.6.4. Dashed lines denote Higgs
bosons, curled lines gluons, orange lines W-bosons, straight black lines bottom quarks
and blue lines top-quarks. Counterterm insertions are denoted by a cross.

We calculate the diagrams in fig.6.7 in the same way we calculated the original Feynman
diagrams. We label momenta according to momentum conservation and apply Feynman
rules. The Feynman rules for counterterm insertions are listed in the appendix C.2. They
depend on renormalisation constants, defined by the chosen renormalisation scheme. We
have to take the renormalisation constant at the correct order of coupling constants (see
(C.7), (C.2), (C.2)). In correspondence, the one-loop diagram of fig.6.7 evaluates to
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A
EC’J{(pam?)
:/(de N Ty —i & ga _9me .k—i—mt ( s jagl gmt) (k ?+mt

2m)D “am qu2mw kQ—mf Z471' 199 9y k—p)?—
:/ dPk Ca2as M} el gl Tr [(F+my) (}é p+mt)]
(2m)P 42m mg, Hea"Haa (k2 —m3) ((k m3)

4(k.(k—p)+m?)
(k27'm?)((k7p)277n%)

2
_ 2 2 8my —2p
_(kQ—m%+<k—p)2—m$+<k2—m$)<<k—p>2—m$>>
2 2
a~Qg my a1 Zas,l
4D/2+2,D/2+1 m%/ Hqq™ Hqq

=ie” " NC

vl

-2

D _
<—2 (12) 2 T Ty(D,m) + 2 (4m2 — p?) (1) 2 Bu(p?,m?, mf)) :

with the tadpole T, (3.13) and the bubble integral B,,,, (3.24) as defined in section 3.2.

The diagram in the middle of fig.6.7 with a counterterm insertion proportional to «
becomes

D D 2
A2 gluon 2\ d kl d k2. 2 my
Yo (p,my) —/ (@m)D / (27r)Dzoz aszCCF%

Z g {—guu Fa-gy® _(Z)i(:;); a)y
7 [(Ka 4+ ma) v (K 4 me) (K — p+me)y” (Ko — p+my)]
(k3 —m?)(k} —m3) ((k1 — p)? — m?) ((k2 — p)? —m?) (k1 — ko)?

The resulting Feynman integrals correspond to topology CT1 with propagators P¢T1,
PICTl = k% - mz%v
‘P2CT1 = k% - mz%v

= (ky — ko)%. (6.36)

We have to consider the diagram in the right of fig.6.7 with a counterterm insertion
. . .. A2 W ..
proportional to as twice, once containing a W-boson ¥’ and once containing a

charged Goldstone boson Eég OB We find

ZA’Q’W( ):/ de'l / de2 ia5a2ﬂmbmtzas,1

N, —
or emP )] emP s my, Hay (=9

7 [(Ka 4+ mp) v (1 = 5) (W + me) (B — p+ ma)y” (1= 5) (Bo — p + ma)|
(k3 —m@)(k§ —m7) (k1 — p)2 —m7) ((k2 = p)? = mf) (k1 — k2)? — mi},)’

156



5. Renormalisation

where the trace may be split into

Tr | (o + m )y (e + me) (s = p+ ma)y” = {35, (B + me) (B — p+mo)y”}

+75(Kh +me) (K — p + mt)v"%) (o —p+ mb)] : (6.37)
=(—kr+me) (Fh—p—me)y”

Furthermore,
D D : 2

A2,GB d”ky d%ky  iasagtmymy a [ mg — myp
E 14y — N Z s, T R

CcT (p) / (27_[_)1) / (27T)D C S 4m‘2/[/ Hqq T (]?/2 + mb) mw

me + my my — My me + my
95T | (o) (s — ) s (B~ p+ )]
myy myy myy

(k3 — m) (k3 — m3) (k1 — p)® = m3) (ko — p)? = m3) (k1 — k2)® —mBy)]

where the trace is

my — my)? mi +m
Tr [(k}/z + my) ((721’)(@/1 +my) (B — p+my) + g [757 (B +me)(Kh —p+ mt)}
_ (77%7:77%) s(1 +my) (b —p+ mt)’75) (Ko —p+ mb)} . (6.38)
W

=(—K1+me)(—F+ptme)

The emerging Feynman integrals correspond to topology C'T'2 with propagators PC72,
PCTQ — k2 mta
PCTQ — kQa

PET2 = (b = p)? — i,
POT2 (kQ - p)za
PET2 — (ky — ko) — mb,. (6.39)

We summarise all diagrams with counterterm insertion sufficient to remove the UV-
divergent parts of the diagrams proportional to the product of Yukawa couplings ypy:
(table 6.5, table 6.6) in table 6.7 and table 6.8. We thereby require a third topology,

PCTS = k2 —m2,

PCTS _ k‘2,

PST3 = (ky — ko)® —mj,

PCTs = (ky — p)Q _ m?,

PET3 = (ky — p)2. (6.40)
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Diagrams Expressions via Feynman rules Topology

Removing divergences from Asgss, fig.6.4

Al 2 ey ol Hag,l
S (pmi)=ie ENcmm ZHqq%Haq

~ ~ (—2(u2)%_1T1(D,m?)+2(4m?—p2)(#2)% Bi1(p*,m7 ,m?))

A2, luon dPk P
ZC ! 2) f (27) é (27\')%
2
m? a1 (k1 —ko) (k1 —ko)y
‘A Zaa?NCCFg V;Zqu[ g“”+(1_£‘1)%] (636)
Tr[<%+mt>w<k/1+mtwl ptm)r” (o —ptmy)]
(k3 —m?) (kF=mZ) (k1 —p)2—m?) ((ka—p)2 —m?) (k1 —h2)?

EA,Q,W( )=/ aPry fd ’Cz wzsa27r mpMt Fas,l

cT (2mD 3 m%/V qu [—guv]

Tr[(hp+mp) 7 (1= W5)(k/1+mt>(k/1 prme)r” (1—75) (Ko —p+mp)]
<k§—m§)<k%—m$>((k1—p)2—m2)((k2 p)2=m? ) ((k1—k2)2—m3, )’

A2,GB, v dPky  dP k2 mangbmt as,1
ZCT ( )71‘ (27T>D f 8S 4m%/V ZH?]q (639)

Tr[(k/ﬁmb)( tv;”b 95 LT ) (i 4me)
(=) (P s LR ) ()
(3= (3 —r) (k1 —9)?—2) (kap)?—m) (k1 k)=, )]

Removing divergences from 3255

E ZCT(p7 mb)

Eg,jg,gluon _ EA 2,gluon(p7 mg) (636)

B,2,W+GB A2, W+GB
)Y = ZCT (P)

cr (6.39)

23 A2, W+GB
@ S8y(e) = AT o
- . qq

Table 6.7: Diagrams removing the UV-divergent parts of the three-loop diagrams pro-
portional to the product of Yukawa couplings vy:, which are denoted by topologysector
(table 6.5, table 6.6); Part 1. See description of table 6.8.
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Diagrams

Expressions via Feynman rules

Topology

Removing divergences

from D223

D N, 204
d~k oo as
CT p’mt) [(2W>D 121

mt 7% 1 TT[(ZZK_(ZQJ'_Z}YL)mt)(k_p""mt)]
m%v Hqq (kfp)Qfth

D 2 2
_e—e'yE(#Q)j—l Noa‘as my
D724, D/2F3 2

Z50 (823 —2L)ym?Th (4726,171%)]

2 2

E,2,gl dPk g=m

SERINN (pm2)=] A5 [ 4 o
ko, ko

Z?Iqlq|: Guv+(1—&g) p V}
k3

Tr[(Ki+m)vH (KL —kb+mi)vY (K +me) (K —pt+my)]
(k3—m3)2((k1—p)2—m7) ((k1—k2)2—m7) k3

zaachC’F

(2= )D

(6.40)

E,2,W P aPr ca2x mpm
> =/ (277)117 f(z )127 mé; - nl:%‘,t (=]

TT[(%‘Fmb)W“(l—Ws)[sz/l—(zg-*-zrln)mt](’%—¢+mz)v”(l—ws)(l@é—yﬂ-mb)}
(k%—mg)(wl—pﬂ—m?)((@ —p)2=mZ) (k1 —k2)2-mi; )
E,2,GB _ d k d k lasa2ﬂ— mpm
ZCT ( f (2.,1.)[1) f (2.,\.)% 8 n?%vt

T | (Warmy) (s L ) [ 23y — (23424,

(M ¢+mt)<mt - ’Ysmt+mb>(/?’2—¢+mb)]

"LW ’"LW
[(k3—m2)((k1—p)2—m3?)((ka—p)?—m3 ) ((k1—k2)2—m}, )]

—1

)

(6.39)

Removing divergences

from D247

Ser = g (p,m3)

F2.gluon _ «F 2,gluon 2
Yo =X (p, mb)

(6.40)

F2,w, \_ r dPky  aP kg A 25 mpmy
Sor (p) f(2 YD J (2 )D msga = m2, (—9ur]

Tr[( 23 ko —(Z3+20,)myp )7H (1=75) (b +mp) (g —p+mi)y” (1—v5) (B —p+mp)]

(k3 =m?)((k1—p)2—m? )(<k2 p)2—m2 ) ((k1—kg)2—m3, )
F2,GB Pk dPk za5a2ﬂ—m m
ZC’T ( ] (QW)Ll) I (27r)g 8 77?2 L

Tr[(ZQIk/Q (Z3+23, )mb)(%+ "ij#)(k/ﬁmt)

(’f//l—,yé-O-mt)(w—’}’smtJr b)(% ¢+mb)]

mw

[(k2—m2) (k1 —p)2—m3) (k2—p)2—m2 ) (k1 —k2)2—m3, )] "

)

(6.39)

Table 6.8: Diagrams removing the UV-divergent parts of the three-loop diagrams pro-
portional to the product of Yukawa couplings ypy:, which are denoted by topology..ctor
(table 6.5, table 6.6); Part 2. Crosses denote counterterm insertions, dashed lines denote
Higgs bosons, curled lines gluons, orange lines W-/charged Goldstone bosons, straight
black lines bottom quarks and blue lines top-quarks.
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6.6 Outlook

The partial decay width of the Higgs boson’s predominant decay mode,
[ (H = bb) = TO(1 4+ Al 4 A@) 4 Alons) 4y,

significantly influences the Higgs boson’s total decay width and, therefore, its branch-
ing ratios. A precise theoretical prediction is indispensable. We address mixed QCD-
electroweak corrections involving W-bosons or charged Goldstone bosons, a rather com-
plicated contribution. As discussed in section 6.2, we utilise the optical theorem,

_ 1
I'(H — bb) = m—Im (Zu(* = my +ie))
H
— A(aas) — le E(a2as)w(p2 — m%{ + Ze) (641)
w me H ’

relating the decay rate to the imaginary part of a two-point function. In section 6.3

(table 6.1 and table 6.2), we derived all Feynman diagrams entering the right hand side

of (6.41). The diagrams are expressible through the topologies discussed in section 5.2.
2

Hence, it is possible to determine the scattering amplitude ES @)w (see section 6.4)

- —

as sum over the master integrals of uniform weight derived in chapter 5 (J (5.69), K

=

(5.70), L (5.71)),

1 2a 2b
NIMI N]WI NJVII

s () = NoCrg'e? ST+ K+ L
J J J

with rational factors f;.

Beforehand, we have to calculate the scattering amplitude via Feynman rules. In section
6.4.1 and section 6.4.2, we demonstrated the application of Feynman rules. We automa-
tise the calculation utilising QGRAF [115] and FORM [119]. QGRAF generates all required
Feynman diagrams. Within FORM, we evaluate traces and replace scalar products to ob-
tain scalar integrals. Furthermore, we embed relations among integrals obtained from
an integration by parts reduction program like Kira [82, 83| or FIRE/LiteRed [84-87].
Afterwards, we relate those to the master integrals of uniform weight. Furthermore, we
have to finish the work started in section 6.5. We have to add all counterterm diagrams
to the scattering amplitude to remove poles in the dimensional regularisation parameter,
which emerge out of the master integrals of uniform weight.

A similar procedure enables the analytic calculation of mixed QCD-electroweak cor-
rections involving Z-bosons or neutral Goldstone bosons to I' (H — bE). Most of the
required diagrams resemble those in table 6.1 and table 6.2, but contain a neutral weak
boson and consequently only bottom quarks. Here, we may translate our results straight-
forwardly if we set m; — myp. As mixed QCD-QED corrections are already calculated
[114], the calculation of corrections involving gluons and Z-bosons/neutral Goldstone
bosons would complete the mixed QCD-electroweak corrections to I (H — bg).
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CHAPTER
SEVEN

CONCLUSION AND OUTLOOK

In this thesis, I considered three-loop Feynman integrals containing two different kinds
of masses within the framework of differential equations as well as a phenomenological
application of them. Feynman integrals arise in the evaluation of higher orders in per-
turbation theory. Hence, Feynman integrals are indispensable for precision calculations.
In order to probe the successful but limited theory of the Standard Model, the determi-
nation of Feynman integrals corresponding to its properties is essential. Here, a special
emphasise should be put on the Higgs boson, which gives masses to fermions as well as
to W- and Z-bosons. However, the number of loops and the number of kinematic vari-
ables complicates the analytic evaluation of Feynman integrals rapidly. Beyond one-loop
advanced solution methods are crucial. Within the framework of differential equations
for Feynman integrals, a distinguished solution strategy involves the e-form or canonical
form of differential equations (3.72). After reducing Feynman integrals to a set of basis
or master integrals, the e-form enables a straightforward solution of their differential
equations order by order in the dimensional regularisation parameter ¢. Here, the main
task is the search for two kinds of transformations resulting in the e-form: basis trans-
formations factoring out €, and if required variable transformations, which eliminate
square roots within differential equations (see box 1).

We analytically evaluated a previously unknown building block of Higgs precision physics:
All master integrals relevant to the three-loop Higgs boson self-energy at O (azas) in-
volving internal W-boson and top-quark propagators. We kept the full dependence on
the heavy particle masses myy, m; and the external momentum p?. The presence of
W- and top-propagators complicates the calculations. Hence, the considered Feynman
integrals are a complex contribution to this order in perturbation theory.

In chapter 5, we studied the Feynman integrals contributing to the three-loop Higgs
boson self-energy with internal W-boson, gluon, top-quark and bottom-quark propaga-
tors, working in the massless bottom quark approximation. We aimed to obtain the
analytic results by first transforming differential equations to an e-form. We divided
the Feynman diagrams and their associated integrals (5.1) into three systems. The first
system corresponds to diagrams proportional to the product of Yukawa couplings ypy;.
System 2a consists of diagrams containing an HW W~ vertex. Diagrams of system 2b
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are proportional to the product of Yukawa couplings y,y,. We summarised the char-
acteristics of each system in table 5.9. After creating all top sector diagrams (fig.5.1),
we constructed appropriate topologies (fig.5.5, fig. 5.7 and table 5.1). We generated
three bases of pre-canonical master integrals (system 1: table 5.6, system 2a: table 5.7,
system 2b: table 5.8). After setting u?> = m?, we derived their differential equations
with respect to

D m
V=, w=
my my

We have seen in this thesis that it is beneficial to arrange differential equations sector by
sector. The resulting matrices are lower block-triangular, where sectors appear as blocks
on the diagonal, and sub-sector contributions are to their left. The task ahead consists
of finding transformations which bring all these blocks and thereby the whole system
of differential equations into a canonical form. We discussed, that it is advantageous to
transform the differential equations bottom-up, starting with the lowest sector (fig.5.9).
We thereby applied two kinds of transformation matrices. U; (5.27) transforms diagonal
blocks, leaving diagonal blocks of lower sectors unchanged. Furthermore a version of
Uy solely depending on € (5.33) may be utilised to simplify the dependence of sub-
sector contributions on € (5.32). Afterwards Uz (5.29), which only acts on the intended
off-diagonal block, serves the purpose of bringing the sub-sector contributions into e-
form. To find appropriate transformations for the diagonal blocks of matrices, i.e.
the homogeneous part of a sector’s differential equation, we constructed ansétze for
integrals of uniform transcendental weight. We have seen how to efficiently make use
of the maximal cut in this context: We start as we shift the considered integral to
Baikov representation either democratically (3.44) if the majority of propagators is
present in the considered integral as in (5.45) or loop-by-loop (3.42) to end up with
fewer integration variables (5.53),(5.54),(5.55). All Baikov variables situated in the
denominator and raised to positive powers are cut (3.93). We discussed how to modify
the integration contour (5.47), (5.50) and integrand of the leading term of the resulting
maximally cut integral in order to obtain a constant of weight zero,

MaxCut (I (e =0)) = / v — ¢’ = constant of weight zero.
CMaxCut c’

Modifying the integrand of the original integral accordingly, we gained the sought-after
ansatz (see for example (5.48)). This approach is summarised in Box 2. If the regarded
sector contains multiple integrals, it is important to choose independent integration con-
tours.

For each system, we found a basis of master integrals of uniform weight. The basis
integrals are listed in (5.69), (5.70) and (5.71). We divided the master integrals into
three systems to simplify dependencies on square roots and to be able to rationalise all
square roots within one system simultaneously. We found appropriate variable trans-
formations for all three systems (5.74), (5.77), (5.80), (5.81). Afterwards, each system
of differential equations could be written in terms of differential one-forms containing
only simple poles, i.e. dlog-forms (3.74). All sufficient dlog-forms contain only ratio-
nal functions depending on kinematic variables. They are listed in (5.85), (5.90). As
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boundary point, we chose v = 0, w = 1, as most integrals vanish at this point. We ob-
tained relations between different boundary values with the help of integral reductions
at the boundary point as well as from the fact that the integrals must be constant on
the boundary point (5.91). We explicitly calculated remaining boundary values (5.92),
(5.94). Our efforts culminate as we are able to express all master integrals via multiple
polylogarithms to all orders in the dimensional regularisation parameter € (section 5.5.4).

The Higgs boson self-energy is a key ingredient of Higgs precision physics. It enters
the Higgs mass definition via renormalisation. Furthermore, it is linked to the Higgs
boson decay rate via the optical theorem (2.8), (6.41). In chapter 6, we consequently
considered the predominant decay mode of the Higgs boson, the decay into a bottom
quark pair. The decay rate,

T (H —bb) =TO1 + A 4 Ales) g Aloas) )

consists of the Born decay rate I'®©) (6.2) enhanced by electroweak-corrections A,
QCD-corrections A(®s) and mixed QCD-electroweak corrections A(®®s) (6.4), which
may be split with regards to the involved electroweak bosons. The contributions con-
taining W-/charged Goldstone bosons and Z-/neutral Goldstone bosons were so far
only computed with the help of Padé approximations [45]. We address the mixed QCD-
electroweak correction involving W-/charged Goldstone bosons Ag;as), which is the more
complicated contribution, due to the presence of W- and top-propagators. We gener-
ated all contributing Feynman diagrams (table 6.1 and table 6.2) and translated them
to mathematical expressions (table 6.5, table 6.6, (6.34) and (6.35)). Since we utilise
the optical theorem (6.41), the required two-point three-loop diagrams correspond to
the topologies and top sectors from chapter 5. We simplify the scattering amplitude
in (6.19) and (6.23). Finally, the scattering amplitude will be given in terms of the
canonical basis of master integrals (6.25).

The master integrals we derived can be helpful in another context as well. On the
one hand, they may be transferred directly to other three-loop processes. An example is
the analytic calculation of the Higgs boson self-energy at O (aQas) involving Z-bosons
and accordingly the mixed QCD-electroweak corrections involving Z- /neutral Goldstone
bosons to I’ (H — bB). Most of the diagrams involving Z-boson propagators resemble
those in fig.5.1, table 6.1 and table 6.2, but contain a neutral weak boson instead of a
charged weak boson and consequently only bottom quarks. Hence, those diagrams and
corresponding master integrals are a special case of our results, we may obtain them
through the shift m; — my. (In addition, Feynman diagrams with closed top quark
loops contribute to the Higgs boson self-energy at O (aQOzS) involving Z-boson.) On
the other hand, the integrals we found may be utilised as building blocks for even more
intrinsic integrals, which are currently still out of reach. We demonstrated this proce-
dure in section 5.4.3. An ansatz for an integral of uniform weight may be composed out
of simpler integrals for which a representation of uniform weight is already known (5.43).

We analytically calculated all master integrals relevant to the NNLO Higgs boson self-

energy at O (OéQOéS) containing W- and top-propagators. We presented a basis of uniform
weight expressible through multiple polylogarithms to any order in e. We kept the full
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Conclusion and outlook

dependence on m%,V,mf and p?. Consequently, we determined all integrals required
for the mixed QCD-electroweak corrections to I' (H — bB) with internal W-/charged
Goldstone bosons. Furthermore, the missing integrals of the Higgs boson self-energy at
@ (a2a5) with internal Z-propagators are within reach.
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APPENDIX
A

ADDENDUM TO CHAPTER 3

A.1 Generalised spherical coordinates

Spherical coordinates in D dimensions are defined as (cf. [50])

Ky = K cos 0,
K1 = Ksin©q cos ©9

Kp_o=KsinO;...sinOp_scosOp_1

Kp_1=Ksin©;...sinOp_ssinOp_q,

with K being the radial variable, ©;, 1 < j < D — 2 being the polar angles and ©p_1
being the azimuthal angle.

A.2 DMassive bubble integral

The bubble integral with equal masses is defined as

B 2 2 9\ _ evm (,2\V" % d°k !
v (D7, MY, m3) = €77 (1) P2 (—k2 +m3)™ (—(k — p)2 +m3)"™’

with

2
V= E l/j.
j=1

W is an arbitrary parameter with mass dimension one, vg is Euler’s constant,

Dy— D
= 2 5
is the dimensional regularisation parameter and D the dimension. For v; = vy = 1, it
is given by (cf. [50])

€ Dy e N,

—€
1 m? —L(nt+e X"
It = Bi1(p2. m2.m2) = e [ 2 1—x)"¢ Al
1= Bulp®,mg,my) = ge <u2 (1-2) ,;)T(nJrl)(nJr%) -



Addendum to chapter 3

with
2 n
—T b X
X = = = =—In(1l —x),
1—z p? —4mg —
i X ——2—iln(1—\/§)+iln(l+\/§()
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B.1 Overview of master integrals

Topology | Sector | Propagators | Master Integrals
A 25 | 1,4,5 J1
27 1 1,2,4,5 Jo
30 | 2,3,4,5 Js3, Jy
85 11,3,5,7 J5, Jg
86 | 2,3,5,7 J7, Js, Jo, J1o
89 | 1,4,5,7 J11
113 | 1,5,6,7 J12, J13, J14
201 | 1,4,7,8 J1s
209 | 1,5,7,8 Ji6
59 | 1,2,4,5,6 J17
87 11,2,3,5,7 J1s, J19
911 1,2,4,5,7 Jao

Table B.1: Overview of the set of master integrals; Part 1. The first column denotes the
topology, the second column labels consecutively the sectors, the third column gives the
sector identity defined in (3.46), the fourth column lists the propagators with positive
exponent, the fifth column lists the master integrals in the basis J.
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Topology | Sector | Propagators Master Integrals

A 94 | 2,3,4,5,7 Ja1, Ja2, Jos
115 | 1,2,5,6,7 Joa, Jas, J26
117 | 1,3,5,6,7 Jaz, Jag, Jag, J30
121 | 1,4,5,6,7 J31
203 | 1,2,4,7,8 J32
206 | 2,3,4,7,8 J33, J34
211 | 1,2,5,7,8 Jss
213 | 1,3,5,7,8 J36
119 | 1,2,3,5,6,7 J37, J3g
123 | 1,2,4,5,6,7 J3g
215 | 1,2,3,5,7,8 Jao, Ja1, Jaz
222 | 2,3,4,5,7,8 Jus, Jaa
2351 1,2,4,6,7,8 Jus5
249 | 1,4,5,6,7,8 Jue
223 | 1,2,3,4,5,7,8 | Ju7, Jug, Juo
251 | 1,2,4,5,6,7,8 | Jso

B 113 | 1,5,6,7 Js1
116 | 3,5,6,7 Js0
115 | 1,2,5,6,7 J53
117 | 1,3,5,6,7 Js4, J55, Js56
206 | 2,3,4,7,8 Js7, JI58, Js9
233 | 1,4,6,7,8 J60
236 | 3,4,6,7,8 J61
119 | 1,2,3,5,6,7 Je2, Je3

Table B.2: Overview of the set of master integrals; Part 2. The first column denotes the
topology, the second column labels consecutively the sectors, the third column gives the
sector identity defined in (3.46), the fourth column lists the propagators with positive
exponent, the fifth column lists the master integrals in the basis J.
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1. Overview of master integrals

Topology | Sector | Propagators Master Integrals
B 207 | 1,2,3,4,7,8 Jea
235 | 1,2,4,6,7,8 Jes
223 1 1,2,3,4,5,7,8 Je6
239 | 1,2,3,4,6,7,8 Je7
C 101 | 1,3,6,7 Jes; J69, J70
102 | 2,3,6,7 Jr1
103 | 1,2,3,6,7 J72
117 | 1,3,5,6,7 J3, Jra, J7s
118 | 2,3,5,6,7 Jre, Jr7, J78
173 | 1,3,4,6,8 J79, J30
181 | 1,3,5,6,8 Jg1
119 | 1,2,3,5,6,7 Jga, Jg3, Ja4
175 | 1,2,3,4,6,8 Jgs
183 | 1,2,3,5,6,8 Jg6
189 | 1,3,4,5,6,8 Jg7, Jsg
190 | 2,3,4,5,6,8 Jg9
2311 1,2,3,6,7,8 Joo, Jo1, Jo2
246 | 2,3,5,6,7,8 Jos, Joa
191 | 1,2,3,4,5,6,8 Jos, Joe, Jo7, Jog
2471 1,2,3,5,6,7,8 J99, J100, J101, J102
253 | 1,3,4,5,6,7,8 J103
255 1 1,2,3,4,5,6,7,8 | Jioa
D 239 | 1,2,3,4,6,7,8 J105

Table B.3: Overview of the set of master integrals; Part 3. The first column denotes the
topology, the second column labels consecutively the sectors, the third column gives the
sector identity defined in (3.46), the fourth column lists the propagators with positive
exponent, the fifth column lists the master integrals in the basis J.
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B.2 Numerical results

In table B.4 and table B.5 we show numerical results of system 1 as reference value at
the kinematic point

where
myg = 125.2 GeV.
The other masses are given by
my = 80.38 GeV, my = 173.1 GeV.

p? > 0, hence, we are not in the Euclidean region. Due to Feynman’s id-prescription we
have to take a small imaginary part into account: p?> — p® + 4, selecting the correct
branches for the two square roots.

rl\pzzm% = —4 1.3487

Tg‘pzzm%{ = —10.6188

1
= 2l = = (2—v—11) = 0.7384 + i 0.6743
H 2 p2=m%_1
To —T1 .
_ = — =1 0.3987
y‘pQ_m%I 1—w+ 20 pP=m2,

Table B.4 and table B.5 display the first four orders in €. The first five orders can be
viewed in [1].
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2. Numerical results

60 61 62 63 64
Jy 1 1.5342081 3.6442984 3.1853184 5.1462966
Ja 0 —1.4801083i —2.40974954 —5.6149488i —5.23330014
J3 0 1.48010834 —0.22727279i 7.1496293i —6.3831371
J4 0 0 —0.54768013 —0.36476197 —2.891637
Js 0 1.5342081 —2.9983034 19.075365 —53.393746
Js 0.33333333  1.5342081 —0.088235985 15.450021 —32.95737
J7 0 —1.4585842i 1.294182¢ —18.724204i 33.200239i
Js 0.33333333 0 3.7496407 —3.6797304 30.246157
Jo 0.33333333  1.5342081 1.3128219 16.578415 —17.750719
Jio | O 0 —2.2406312 1.0647958 —26.559377
Jii | 0 —1.5342081 0.91070302 —7.2586694 10.224944
Jia | O 1.4585842i 0.050868134i 7.6533633i —4.6991476i
Jiz | 0 1.5342081 —1.7502763 7.0599975 —14.845047
Jig |1 1.5342081 5.8849296 4.6861424 17.388435
Jis | 2 1.295828 + 6.28318534 —7.8048778 + 4.0709638;  —12.450557 — 3.84889567  —11.660945 — 25.721646i
Jig | 2 4.3642443 + 6.2831853i —3.4630132 + 13.710678;  —21.696071 + 9.7914742i  —38.706617 — 23.053895i
Jiz | 0 0 2.1907205 3.772359 8.6571337
Jis | O —1.4801083i 0.5445262i —15.995422i 23.868581
Jig | O 0 —5.22506984 10.295242i —65.298537i
Jao | O 0 2.2707942i —1.1347528i 10.6290464
Ja1 | O 1.4801083i —5.4523426i 28.891559i —88.331183i
Jao | O —1.5342081 3.2901965 —18.78899 54.646442
Jaz | O 1.5342081 —2.1449256 21.075678 —46.255399
Jag | O 0 2.1588625 0.27796832 11.346261
Jas | O 0 —2.2707942i 2.3774122i —10.218327i
Jag | O —1.4801083i —2.40974954 —8.9313256i —7.7660295i
Jar | O —1.4585842i 1.5911765i —16.821522i 38.929474i
Jog | O —1.4801083i 5.4523426i —27.832513i 90.872416i
Jao | 0.33333333 0 4.2973208 —7.8296127 39.354989
Jso | O 0 0 3.9327313 —9.7902493
J31 | O —1.4801083i 2.8153204i —9.1045495i 18.7525184i
J3z | O —2.96021667% 9.2997946 — 2.19587631 6.898549 + 11.35639i —5.0820522 + 19.5019614
Jsz | O 2.9602166i —9.2997946 — 3.0781682i  9.6703505 — 3.6126738i —19.245548 — 12.824796i
J3q | O 0 —1.0953603 0.24128744 — 3.4411758i  1.6402683 + 0.75802684i
Jss | O —2.9602166i 9.2997946 — 6.7374647i 21.16637 + 4.5035873i 16.446661 + 32.5590444
Jsg | O —1.5342081 —2.6034827 — 9.6397141i  26.9974 — 0.523589961 —27.747558 — 12.2100784
Jsz | O 0 0 0 2.4095606
Jsg | O 0 0 —0.80345343 2.3774716
Jzg | O 0 2.1907205 —3.9613101 13.09607
Jio | O 2.9602166i —9.2997946 — 3.7126754 14.988491 — 6.3598329i —8.0684303 — 1.800144
Ju | O 0 0 —1.2199963 — 1.2715067i  5.3143264 — 0.864154714
Jiz | O 0 0 0 4.2051087 + 3.3549988i
Jaz | O 0 0 0 2.6414875 + 2.24095651
Jag | O 0 0 —1.2199963 — 1.2715067i  4.98217 — 0.700829914
Jss | O 0 4.381441 3.6614725 + 13.764703i —16.48045 + 11.502855i
Jis | O 0 0 —1.2199963 — 1.2715067i  3.4643984 — 1.4351478i
Jaz | O 0 0 0 0
Jig | O 0 0 0 0.65371112 + 1.09318334
Jig | O 0 0 0 1.6251574 + 0.75070903i
Jso | O 0 0 0 0.94098377 — 0.90286329i
Js1 | -3 —3.887484 — 18.8495564 59.166272 — 24.4257834 118.51311 + 123.702444 —92.180991 + 423.20939
Jso | -3 —8.4901085 — 18.849556i  49.671371 — 53.344925i 202.90571 + 64.044212i 156.24311 + 572.903094
Jss | O 4.4403248i —27.899384 + 6.1707632i  —38.772048 — 87.008884i  179.55177 — 183.60241i
Jsa | O —2.9171683i 9.1645545 — 1.9918105i 24.127791 + 5.32122594 —21.804448 + 120.954244

Table B.4: Numerical results for the first five terms of the e-expansion of the master

integrals Ji-Js4 at the kinematic point p? = m -

2
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60 61 62 63 64
J55 0 —1.5342081 —8.2052687 — 19.279428i  79.333963 — 36.244239; 118.23648 + 121.59754
J56 —0.66666667  —1.5342081 —7.3030938 —22.007405 — 14.0783014 —7.7964625 — 73.294671
J57 0 2.91716834 —9.1645545 + 1.99181054  —6.2574572 — 3.20925244 —20.068012 — 19.4460514
J58 0 3.0684163 —1.5124828 + 9.63971413  —7.6933829 — 4.7516047i —18.562293 + 7.5439134
J59 2 4.3642443 + 6.28318537  —1.2223821 + 13.7106787  —18.743511 + 16.830625i —39.764537 — 13.778153i
Je0o 4 5.1833121 + 25.132741% —78.888363 + 32.567714% —129.16811 — 164.93658% 199.25544 — 383.013284
Je1 4 11.320145 + 25.1327414  —66.228494 + 71.1265660  —241.69158 — 85.3922834 —87.715765 — 582.60488i
Je2 0 0 0 —1.2199963 — 1.27150674 5.9914141 — 3.47793044
J63 0 2.96021661 —9.2997946 — 3.712675% —16.248795 — 0.647641844 40.454671 — 155.251554
Je4 0 —2.96021664 9.2997946 + 3.712675i —11.663712 + 4.29517781 17.101399 + 9.44303981
Jes 0 —5.92043311% 37.199178 — 8.22768421 51.696065 4 116.011854% —239.40236 + 202.103034%
Je6 0 0 0 0 0
Jer 0 0 0 1.2199963 + 1.27150674 —6.6685018 + 6.09170614
Jes 0 —1.48010834 5.1350892i —25.8372561 86.9386041
Je9 0 0 1.0953603 —3.0231166 16.571142
J70 0.33333333 0 1.3701472 1.8283464 —4.959024
J71 1 0 2.4674011 8.4143983 —35.10786
J72 0 —1.4801083% 2.4980671% —15.018754 37.560716%
J73 0 —1.45858424 1.5911765¢ —15.7797614 37.3761561
J74 0 1.5342081 —2.1449256 18.664175 —47.494038
J7s 0 —1.5342081 —0.2345679 —8.9971424 3.8407769
J76 0 —1.45858421 1.294182i —16.1045684 36.1515514%
J7r7 0.33333333 1.5342081 0.62627943 18.031643 —37.794484
J7s 0 0 0 1.5692999 —6.5217998
J79 0 2.96021661 —9.2997946 — 3.0781682i  —14.67018 — 1.68060183 50.404394 — 150.6488i
Jso 0 0 —0.54768013 —0.41446154 — 1.72058794 —2.3612249 — 7.51284874
Js1 0 1.5342081 —2.9983034 17.247662 —52.439144
Jg2 0 1.48010834 —5.45234261 23.141893i —87.484869i
Jg3 0 0 0 —0.80345343 2.4731997
Jga 0 0 0 0 1.6505684
Jgs 0 0 0 —0.9800827 — 0.860293944 4.9546534 — 1.99533681
Js6 0 0 —0.317253414 —1.49707834 1.4980741
Jg7 0 0 —0.13692003 2.3004984 — 0.43014697: —6.0933617 — 0.637423544
Jss 0 0 0 —1.2199963 — 1.27150674 5.1907304 — 3.6242119;
Jgo 0 0 0 —1.3411296 — 1.31879871% 5.076922 — 3.9113363¢
Joo 0 0 0 —0.9800827 — 0.860293944 4.8178105 + 0.243142473
Jo1 0 0 0 0 2.4985099 + 1.7074518i
Jo2 0 1.48010834 —9.2997946 + 2.05692115  2.2589826 — 23.245834i —5.6384268 + 23.9749174
Jos 0 0 0 0 2.7500878 + 2.2730554i
Jo4 0 0 0 —1.3411296 — 1.3187987i 4.9222387 — 0.914312414
Jos 0 0 0 0 0
Jo6 0 0 0 0 0.21789937 + 0.0421316554%
Jor 0 0 0 —0.23991356 — 0.411212737  0.85908359 — 1.50442674
Jog 0 0 0 0 0.78680569 — 5.322460514
Joog 0 0 0 0 0
J100 0 0 0 0 0.39649658 + 0.585541034
Jio1 0 0 0 —0.36104693 — 0.458504731% 0.35197787 — 1.32978744
J102 0 0 0 0 0.96352362 — 0.983276561
J103 0 0 0 0 0
J104 0 0 0 0 0
J105 0 0 0 0 0.10737705 + 0.157590374

Table B.5: Numerical results for the first five terms of the e-expansion of the master

integrals Jss5-J105 at the kinematic point p? = m
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C.1 Contradictions arising for 75 in D dimensions

The four-dimensional 5 is defined by

%=1 (C.1)
{r5,7"} =0, (C.2)
Trlyu Yo v V5] = ideuvor (C.3

Unfortunately, we can not transport all properties to D dimensions. Contradictions to
the property (C.3) arise if we utilise the anticommuting property (C.2) in D dimensions,

cyclic

DTr [y yovpvs) = Tr ey v vevpys] = =T [V %0 %077 7]

anticom.

1)
= —Tr [V vu"Ye (290r — ¥7Y0)¥5) = =217 Vo Yu Yo Yo¥s) + T [V Yu Yo Yo ¥r Vo V5)

1)
= 277 [V Yo YpYs] + T [V Ve (290 — Y0 )Yp V5]

cyc.+anticom.

1)

=277 [y Yo¥p¥s] + 217 [YoYu oo ¥s) — T [V Vi (200 — Yo ¥0) Yoo ¥s)
=277 [Yu Yo Vo) + 217 YoV 1o Yo Y5)

— 2T [ Yo YeYs) + 217 [Yu Yo YoYpYs) — 17 [Dyuyo Yo Yo Ys)

S 2DTr [Yu VYoV vs] = 417 [Vu v Yo Yo ¥5) + 207 [YoYu Yo Yo vs] — 217 [ Y Yo Ve V5) »
(C.4)

where 1) is defined by {v., 7%} = 29w © VY = 20 — Vo Vu-
Contracting equation (C.4) with #¥?? and dividing by 2, we find

DePTr [y Yo vps] = 2677 Tr [YumYoyovs] + - €7PTr o 0s)

T, PV

Vo
€771 Ty vorpys)
—ehvop

v—o

— "PTr [y Yu YoV Ys)

v VHOD |
v
—_ehvop

VYo Yo Yo V5]
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= 4" PTr [y, Yo Yp5) 5
& (D =4I [y ye7p75) = 0. (C.5)
C.2 Counter term Feynman rules

We described in section 2.3 that we may derive Feynman rules for counterterm insertions
from a counterterm Lagrangian Lor. We therefore split the bare Lagrangian,

L— ['bare = ['renm“malised + LCT- (06)

In section 2.2, we obtained the Feynman rule of the quark propagator. The quark
propagator with counterterm insertion arises in a similar way out of

Lygre = Z2d(i'7ua,u - meq)q
= Lor = (j((Z2 - 1)1',7#3# - (Z2Zm - 1)mQ)Q-
It amounts to

‘IR
D i[(Zy — V) = (Z2Zm — 1)my) .

We require the renormalisation constants Z3 and Z%@(ﬂ which may be constructed from
the quark self-energy, at order g,

«

Zo =1+ ﬁzzl + ..,
T = 1+Z‘—;Z,;+..., (C.7)

implying for the quark propagator with counterterm insertion
. O
i((Z2 = Vb = (ZoZim — Vg =152 (23 = (Z + Z})mg] + O(a?) + Ofa).

The Feynman rule for a Hqq vertex with counterterm insertion amounts to

gmy
2my

_i(Zqu - 1)

The renormalisation constant Z 4, consists of the renormalisation constants of the quark
mass and field as well as the W-boson mass and the strong coupling. The Feynman rule
for a W*¢g vertex with counterterm insertion is

Feynman diagrams in section C.2 were created with [120]
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2. Counter term Feynman rules

g 1=
l(Zqu 1)57# 9 Vijs

g o 1-— 5 *
i(Zwqq Uﬁ’)’ B Vijs

where the renormalisation constant Zyy 44, which we need at order oy, is a composition
of the renormalisation constants of the quark field, the W-boson field and the strong
coupling,

o
Zqu =1+ ﬁZ‘%qu + O(Ozi) + O(a)>
Qs

. g 1= . g
= 1(Zwqq — 1)@7“ 9 Vij = 12—\/57“(1 - 75)VijEZIIA/qq + O(ag) + O(a).

The ®*¢qG vertex with counterterm insertion

o
]
1 . My, mq;
i(ZHgqg — 1) g [(1_')’5> — (14+15) ]:|V;'j7
24/2 mw mw
U, d
I
I
()
'
! . g My, mq.
i(Zigg — 1) 2= | (1 + Lo(1- iy
J (ZHqq )2\/5 [( 75)mw ( 75)mw} ;
J Uj

depends again on Zp44. Hence we require Zp44 at order a and at order oy,

Lo goel  Lzel 1+ 0(a?) + 0(a?),

Jrgq =1+ 4r “Haa T oyp

Z}{ gq €A1 be constructed if we consider the a; correction to the gg Higgs vertex. We may
obtain Zp4q at O(a) from the a correction to the Hqq vertex, whereas one contribution
arises from flavour changing particles and one from non-flavour changing particles. The
latter should be dropped, since we do not consider non-flavour changing electroweak
bosons.
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