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Das Verstindnis der bunten Mannigfaltigkeit der Erscheinungen soll also
dadurch zustande kommen, daf$ wir in thr einheitliche Formprinzipien erken-
nen, die in der Sprache der Mathematik ausgedriickt werden kénnen. Damit
wird auch ein enger Zusammenhang zwischen dem Verstindlichen und dem
Schiénen hergestellt. Denn wenn das Schine als Ubereinstimmung der Teile
untereinander und mit dem Ganzen erkannt wird und wenn andererseits alles
Verstdandnis erst durch diesen formalen Zusammenhang zustande kommen
kann, so wird das Erlebnis des Schonen fast identisch mit dem Erlebnis des
verstandenen oder wenigstens geahnten Zusammenhangs.

Werner Heisenberg. ,,Das Schone in der exakten Naturwissenschaft®.



Abstract

The present thesis deals with the L-linear term of the renormalized Feynman rules
and examines if there are special combinations of Feynman graphs such that the angle-
dependence drops out. After giving a short introduction to quantum field theory some
graph theoretical definitions are provided preliminarily and the Hopf algebra of rooted
trees is discussed. In order to set the stage for the parametric representation of Feynman
integrals and their renormalization, the Symanzik polynomials are introduced, which
are directly connected to the combinatorics of the graph. Using the forest formula and
rescaling the parametric integral indicates that the renormalized Feynman rules can be
written as a polynomial in the scaling parameter L. Subsequently, the linear term of
the renormalized Feynman rules is considered for total antisymmetric permutations of
nested graph insertions with the result that it is independent of the scattering angles.
The thesis is finalized by the derivation of a general formula that allows to compute the
L-linear term of the renormalized Feynman rules for the aforementioned combination
of graphs regardless of the number of graphs inserted into each other.



Zusammenfassung

In der vorliegenden Arbeit wird der L-lineare Term der renormierten Feynman-Regeln
betrachtet und es wird untersucht, ob spezielle Kombinationen von Feynman-Graphen
zu einem Wegfallen der Winkelabhangigkeit fithren. Nach einer kurzen Einfithrung
in die Quantenfeldtheorie werden préliminar einige graphtheoretische Definitionen
gegeben und es wird die Hopf-Algebra von Wurzelbdumen besprochen. Um den Weg
fiir die parametrische Darstellung von Feynman-Integralen und deren Renormierung zu
ebnen, werden zudem die mit der Kombinatorik des Graphen verkniipften Symanzik
Polynome eingefiithrt. Durch Reskalierung des parametrischen Integrals und unter
Verwendung der Waldformel zeigt sich, dass die renormierten Feynman-Regeln als
Polynom in dem Skalierungsparameter L geschrieben werden kénnen. Anschliefend
wird der lineare Term der renormierten Feynman-Regeln fiir total antisymmetrische
Permutationen von sukzessiv ineinander eingesetzten Feynman-Graphen betrachtet, mit
dem Ergebnis, dass dieser unabhangig von den Streuwinkeln ist. Den Abschluss dieser
Arbeit bildet die Herleitung einer allgemeinen Formel, die es erlaubt, den L-linearen
Term der renormierten Feynman-Regeln fiir die gefundene Kombination von Graphen
zu berechnen, unabhéngig von deren Anzahl.
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Chapter 1

Introduction

The idea that any kind of matter is composed of a finite construction kit of indivisible
elements is about 2500 years old and was first mentioned by philosophers like Empedok-
les, Demokrit, and Platon in the fifth and fourth century before Christ. Since the late
19th century, this conjecture has been reinforced by several experiments as for instance
the discovery of the electron by J. J. Thomson or the scattering experiments performed
by E. Rutherford.

In the mid-seventies physicists developed the so-called standard model (SM) of particle
physics, based on the experimental data primarily obtained from scattering experiments.
This model describes the weak, strong, and electromagnetic interaction between all
elementary particles known to us. Several attempts to incorporate gravity into the
standard model as well failed until now. Therefore, an extension or modification of the
model is expected.

Nevertheless, the model yields remarkable results in a number of experiments and
i.a. predicted the existence of some fundamental particles before they were observed.
Moreover, this theory provides a good service on the computation of cross sections
which can be measured in scattering experiments with high accuracy nowadays. The
probably most popular particle accelerator performing such experiments is the Large
Hadron Collider (LHC) at CERN in Geneva.

The increasing precision of such experiments requires equally increasing accuracy in the
theoretical calculation and prediction of their outcome. The mathematical framework
behind the standard model which is used to perform these calculations is quantum field
theory (QFT) or more precisely perturbative quantum field theory (pQFT). The latter
can be used to compute scattering amplitudes for particle collisions as a perturbation
series in which the contributory elements are given by so-called Feynman integrals.
In most cases, solving these integrals is anything but trivial not least because one
has to deal with divergences commonly occurring in the integrals. In order to extract
physically interesting, that is finite results from divergent Feynman integrals, one has
to renormalize them. In the case of scalar quantum field theory the occurring integrals
in momentum-space can be rewritten as integrals over positive real parameters. E] The
polynomials occurring in the integrand of such integrals are directly connected to the
combinatorics of the graph that visualizes the underlying scattering process. These
graphs associated to the respective Feynman integrals are called Feynman graphs.

A novel and illuminating formulation of the intricate problem of renormalization has
been presented by Dirk Kreimer and collaborators and is based on the Hopf algebraic

'Indeed, it is also possible to extend the parametric representation of the integrals from scalar to gauge
theories as it was shown in [20] for quantum electrodynamics and Yang-Mills-theories.



structure of Feynman graphs.

The aim of this thesis is to determine specific combinations of graphs in a scalar
quantum field theory that lead to a remarkable simplification of the first non-trivial
term in the perturbation series. It will be seen that the result is independent of our
renormalization scheme to the effect that it is invariant under the choice of the reference
point. To achieve that goal we will utilize the parametric representation of scalar
Feynman integrals as well as the Hopf algebraic structure of the Feynman graphs under
consideration. Moreover, we will present a formula which reduces the effort of computing
the first-order term in the perturbation series for the specific combination of graphs to
a minimum.

1.1 Background

1.1.1 Quantum field theory and Feynman integrals

In the following we want to give a brief overview on quantum field theory and Feynman
integrals. The latter should not be confused with path integrals which also go back to
Richard Feynman and can be used to give an alternative formulation on QFT besides
the canonical quantization of the fields.

There are different approaches to introduce the topic of quantum field theory, and we
will choose a more physics-based pictorial concept rather than a strict mathematical
derivation. At this point we want to state that the focus of this section is to give a
general idea of what QFT is about. For a detailed introduction of QFT the reader is
referred to one of the well-established books on this topic like [9] and [18§].

To start with, we think of two particles A and B brought to collision in a particle
accelerator. In the aftermath of the interaction process in the region of collision, two
particles C' and D are measured by the detector, where the sum of energies before
and after the collision is conserved. Now we think of a point in time long before the
collision (t — —o0), where the particles A and B are far apart from each other, and we
can disregard the interaction between them. All information on the incoming particles
we have at this time should be encoded by the initial state vector |¢) in Hilbert space.
Similarly, we assume that the final state vector (f| provides all information about
the outgoing particles C' and D at a subsequent point in time (¢t — o0o) at which the
interaction between them can be neglected. In order to calculate the probability for the
transition A + B — C' 4 D, we have to collide beams of particles A and B respectively
and count how often the result C'+ D occurs. Physically, this quantity is given by the
so-called cross section. If we want to investigate the cross section theoretically, we are
facing the problem that the only information we have is about the initial and final state
of the collision. It is impossible to make a clear statement about events within the region
of interaction. As a consequence, we have to consider all possible processes allowed by
the underlying quantum field theory. Particularly, we do not only have to consider real
particles, that is actually measurable particles appearing in the initial or final state of
the collision, but also virtual particles emerging only within the interaction region. The
reason for this lies in the fact that the transition from A+ B to C'+ D could theoretically
take place over an infinite number of intermediate states, caused by the creation and
annihilation of virtual particles that do not show up in the final state. Assuming
that this process is described by the transition operator H, we have to calculate the
scalar product (f|H|i) in order to determine the cross section of the reaction. However,



supposing that the amount of interaction energy is small compared to the kinetic energy
of the colliding particles allows us to expand the transition operator H as a power
series in the coupling g, with g scaling the interaction energy in the process under
consideration. In the case 0 < g < 1 it is therefore sufficient to consider only a finite
number of processes which means that we can truncate the power series at finite order.
Pictorially, these processes are illustrated by Feynman graphs which can be translated
into Feynman integrals in accordance with the Feynman rules. Those Feynman graphs
consist of edges and vertices, with the edges corresponding to propagating particles
whose interaction is described by the vertices. The different types of particles are
represented by several kinds of edges, e.g. in quantum electrodynamics (QED) straight
lines are used to represent fermions and wiggly lines to represent photons. Figure
shows the annihilation and creation of a fermion - anti-fermion pair. In a
virtual photon is created and annihilated, and in a virtual photon decays into
a virtual fermion - anti-fermion pair which is annihilated, again generating a virtual
photon which in turn decays into the final state particles. The arrows on the edges

I~ [~

f* f* f+ fr f+
(a) Second order Feynman diagram for (b) Fourth order Feynman diagram for
the process f~ + f* — f~+ f~. the process f~ + fT — f~+ f~.

Figure 1.1: Feynman diagrams for the annihilation and creation of a fermion - anti-
fermion pair in QED.

are representing the negative charge flow. Thereby, a reversed arrow corresponds to a
positive charge and therefore an antiparticle. Since each vertex in QED contributes a
factor g, the order of the diagram is determined by its number of vertices. Hence, the

diagram in figure is of order ¢ and that in figure of order g*.

1.1.2 Divergences and renormalization

Before we introduce some of the basic definitions and mathematical tools applied
throughout this thesis, we first want to say a few more words about divergences and
renormalization of Feynman integrals in general. As mentioned previously, it is possible
to translate Feynman graphs into Feynman integrals. To do so, we need a set of
translation regulations, the so-called Feynman rules which can be understood from
every common textbook on QFT as [9] and [18] and will not be the subject of this
thesis.

In compliance with Heisenberg’s uncertainty principle the space-time point of a particle
and its momentum cannot be determined precisely at once. Therefore, we have to
decide on which of the quantities our attention is focused. Throughout this thesis we
will work in momentum space which is the most prevalent choice. The integrals arising
from the Feynman rules (in momentum space) are of the sort

L d4 Eint 1
I gmd) = [ TGN (Whpema) 11 5 (1.1.1)
J



where L is the loop-number, k; the momentum of the i-th loop and the p. are the
external momenta. The numerator N is a function of the loop momenta as well as the
masses and momenta of the external particles and the inverse propagator is defined by
Pj = q; —m3, with m; the mass and ¢; the momentum of the internal particle or edge
labeled by j. The g; are linear combinations of the external momenta p. and the loop
momenta k;. Since the k; correspond to virtual particles that do not show up in the
initial or final state we have to integrate over all possible values. The problem arising
from the Feynman rules is that the resulting integrals are not ensured to be convergent
and well-defined. Plenty of them are divergent, for which we have to distinguish two
kinds of divergences:

e The whole integrand including [T'_, d* k; diverges if one or more |k;| — co. In
this case, [ is ultraviolet (UV) divergent.

e One or more of the inverse propagators P; have zeros in the region of integration,
i.e. the integrand has singularities. In this case, the loop momenta k; are
considered in the complex plain and we try to deform the integration path around
the singularity. If this is not possible, our integral cracks and/or is divergent. In
this particular case we say that the integral is infrared (IR) divergent.

In addition to the aforementioned divergences there are further IR divergent contribu-
tions that are revealed in the computation of transition amplitudes. The origin of these
divergences are phase space integrations over terms that correspond to the radiation of
massless particles like photons and gluons. These terms become divergent in the region
of small momenta E| Nevertheless, it becomes apparent that, if we choose a suitable
definition of the observables, the upper divergent contributions are exactly canceled
by the infrared divergences arising from loop integrals as stated by the Kinoshita-Lee-
Nauenberg- or KLN-theorem. Note that this statement is not true in general because
there are quantum field theories not satisfying the theorem. However, it is true for
QED as well as for the whole standard model that it is infrared finite.

In the following we will only focus on UV divergences. For each Feynman integral
we can define a superficial degree of ultraviolet divergence (see equation ([2.1.2])) that
enables us to draw conclusions about the high energy behavior of the integral from it. H
Indeed, it is also possible to define a superficial degree of infrared divergence that differs
from the one in equation . If the integral features UV divergences, it is, however,
possible to extract finite results if the underlying theory is renormalizable. The act of
applying two different methods to the integral, describes the regular procedure to deal
with UV divergences, namely regularization and renormalization.

Regularization is based on the idea of considering a regularized integral Ig(e) instead of
the divergent Feynman integral I. The new integral is a function of the regularization
parameter ¢, where the dependence is defined such that }gr(l) Ir(e) = I and that there

exists a region of e-values where Ig(e) is finite. Then, the result can be expanded as a
Laurent series Ip(e) = >, ¢;e" in e = 0.
One possible regularization strategy is:

e Introduce a cut-off parameter A for UV divergences [ d'k — Jwi<a d*k and,

after computing the integral, take lim .
A—oo

2Particles which carry small momentum are often referred to as soft particles.
3The idea is based on Dyson’s power counting theorem which was first proven by Weinberg for the
case of scalar Feynman integrals with euclidean metric.
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e For IR divergences we introduce a small formal mass m. such that 1%2 — o

and at the end take the limit lim .
e—0

The disadvantage of this method is that we need different regularization parameters and
aside from that, the cut-off parameter A destroys the Lorentz invariance with regard to
the loop momenta. Instead, we commonly use dimensional regularization, redefining the
space-time by D =4 — 2¢ with e € C and D — 4 for ¢ — 0. Afterwards, we evaluate
the regularized integral under the assumption that D or rather ¢ lies in a region where
the integral converges. The result /g(e) again can be expanded as a Laurent series in e.
Instead of introducing new parameters, the subject of renormalization is redefining
some of the pre-existing parameters like the coupling or the mass of the particles. This
can be done in such a way that the divergences arising from the regularization are
canceled or absorbed. The redefinition of the parameters leads to a new Lagrangian of
the underlying theory, whose deviation from the old one manifests itself in so-called
counter terms. Nevertheless, it is important to emphasize that the redefinition of the
parameters has to be done for each order of the perturbation series.



Chapter 2

Preliminaries

As mentioned in the previous section, the coefficients in the perturbative expansion of
the correlation function (or Green’s function) are integrals, which can be interpreted
as physical processes. Graphically, these processes can be represented via Feynman
diagrams, which are the central objects of perturbative quantum field theory. To treat
them in an adequate manner, it will be necessary to get familiar with some fundamental
aspects and definitions of graph theory. Afterwards, we introduce polynomials associated
with the respective graphs, called the first and second Symanzik polynomial. In section
these polynomials will also show up in the integrand of the Feynman integral when
going from momentum to parametric space, using the so-called Schwinger trick. At the
end of this chapter we establish an algebraic structure on the set of Feynman graphs
and thereby give a brief insight in the Hopf algebra of rooted trees.

The definitions in section [2.1| basically follow [14], [22], and [23]. The first one, together
with [3], was also the principal source of section [2.2]

2.1 Graph theoretical foundations

In this section, we want to acquaint ourselves with some basic definitions of graph
theory and a bit of vocabulary needed when talking about Feynman graphs and graphs
in general. Therefore, we first have to define:

Definition 2.1. (Graphs)
A graph G = (E,V,®) consists of a set of edges E, a set of vertices V', and a map ®
(incidence relation) from edges to pairs of vertices.

e An edge e € E is said to be incident to v,w € V if ®(e) = {v,w}. The vertices
v,w are called the endpoints of e.

o Two vertices v,w € V' are adjacent if de € E such that ®(e) = {v,w}.
e The valence of a vertex is given by the number of edges incident to it.
o An edge with equal endpoints is called a loop.

o A path (v,w) of length k from v to w is given by a subset Ep = {ey,...,ex} C E
such that any two edges e;, e;+1 have one endpoint in common. If v = w, the path
is called a cycle.

e [f there exists a path (v,w) for any pair v,w € V', the graph is called connected.
A connected graph without loops is said to be simply connected.

6



Figure 2.1: Sets of allowed vertices and edges for QED, QCD, and ¢*.

In addition to the graph theoretical definition given above, there are some features
that come up when treating Feynman graphs instead of standard graphs. In general,
the edges and vertices of a Feynman graph are labeled, that is assigning information
of physical interest to them like the momentum and mass of the particle represented
by the edge. Furthermore, Feynman graphs are constructed from a particular set of
edges and vertices we will denote by R = Rg U Ry, following |12] and [22]. While Rp
corresponds to the type of quantum particles, Ry determines the type of interaction
between those particles, respectively. Generally, the sets R and Ry are dictated and
restricted by the quantum field theory we are looking at. In some theories the edges
also get an orientation, corresponding to the charge flow of the particlesﬂ In figure
the sets of vertices and edges are given for quantum electrodynamics (QED), quantum
chromodynamics (QCD), and ¢*-theory |E| in D = 4 dimensions of space-time.

In the following we will denote such Feynman graphs by I' with vertex set ' and edge
set Tl In contrast to standard graph theory, we have to distinguish between internal
and external edges. An edge is called internal if it connects two vertices whereas an
external edge connects only to one vertex, that is to say it has only one endpoint. The
set of edges then is given by the union IV = I} U0,

Definition 2.2. (Feynman graphs)
A Feynman graph I' = (G, res) is given by a graph G and a map res

res : TOUTH - Ry URE (2.1.1)

which assigns to each vertexr and edge in I' an element from a set of allowed types of
edges and vertices. The elements r € R are called the allowed residues of the theory.
For any connected Feynman graph T we let ves (I') be the graph I' when all its internal
edges shrink to one point. Then, res (') is just the residue of the graph, defining its
external structure.

The allowed residues of a theory form the set of building blocks such that each
Feynman graph of the theory can be built up out of it. In literature, the terms Feynman
graph/diagram and graph/diagram are often used interchangeably and so will we do in
the following. To which kind of graphs we refer to will always be clear from the context.
Moreover, we will only consider a special kind of graphs, called one-particle irreducible
graphs, throughout this thesis.

4Clearly, only edges corresponding to charged particles (like fermions) are oriented and others are not.
Spk_theories are scalar field theories treating only one kind of particles with spin zero represented by
the one-component scalar field ¢. Those particles self-interact in groups of k& which means that all
vertices are k-valent.



graph | power counting weight w

1
I 9
WN< 0
- |
wmx< 0
o 0
mag ~1
uwin 0
_ P

X 0

Table 2.1: The power counting weights w for all vertex and edge types in QED, QCD,
and ¢*-theory.

Definition 2.3. (One-particle irreducible graphs)

A connected Feynman graph T is said to be one-particle irreducible (1PI) if it is still
connected after removing one of its internal edges. Depending on the number of external
edges, there are several kinds of 1PI graphs:

o [fI' has no external edges, it is called a vacuum graph or vacuum bubble.

o for F‘[i]t

=1 the graph is called tadpole.

o If|TV)

=2, we call T a propagator or self-energy graph.

o All other graphs with ril

> 3 are said to be vertex graphs.

As we already know, Feynman rules can be used to translate a given graph into
a Feynman integral. If the resulting integral converges, it can be solved and we are
done. Otherwise, we have to renormalize it. Since we are only interested in ultraviolet
divergent graphs, it would be convenient to investigate a method, how to deduce the
degree of divergence of the integral directly from the corresponding graph. Therefore, we
introduce the weight of a certain vertex or edge of I', given by the map w : ReURy — Z,
which assigns an integer to every element in R. The weight’s magnitude corresponds
to the negative power of the momentum, the Feynman rules associate to every single
r € R. An overview of the power counting weights for the different edge and vertex
types in QED, QCD, and ¢*-theory (cf. figure is given in table .

Assuming that the weights of all constituents of I' are known, we can define a weight
for the whole graph by

wp (D)= Y wle)+ > wlw)-D-L(T), (2.1.2)

cerll verl

int

with D the dimension of spacetime and L (I') the number of independent loops of
the graph defined in equation . The weight wp (I') is also called the superficial
degree of (ultraviolet) divergence. For wp (I') = 0,—1,—2,... the graph is said to
be (superficially) logarithmic, linear, quadratic, ... divergent. If wp (I') > 0, the

8



Figure 2.2: Example for a subgraph v and the corresponding cograph I'/~ of the
three-loop graph I

integral associated to the graph is (superficial) ultraviolet convergent. At this point it
is important to emphasize that the convergence is only superficial. Although, a graph
is superficially convergent, it is actually possible that the graph contains one or more
subgraphs, being divergent.

Definition 2.4. (Sub- and cographs)

A graph v C T is called subgraph of T if ¥ C T ~W C TW | gnd the assignment of
endpoints to edges in v and I" is the same. In the case that v contains all vertices of T,
i.e. YO =T0O1 ~ 45 said to be a spanning subgraph of T.

The cograph T'/~y is obtained from T' by shrinking all internal edges of v in T' to
length zero, i.e. to a single point, such that the external leg structure is not affected,
res (I'/) =res (I'). The operation "/, which can be used to reverse graph insertions, is
called contraction. Using this notion, the map res acting on a connected graph ', can
be seen as the mazximal contraction I'/T.

An example for a sub- and cograph is given in figure 2.2l However, the notion of
the superficial degree of divergence is very useful when studying renormalization theory,
e.g. it can be used to verify if a theory is renormalizable or not H
To get ahead we will need two other types of graphs in the following.

Definition 2.5. (Tree)
A connected and simply connected (no cycles) graph is called a tree T with vertex set
T and edge set T,

A rooted tree is a tree T with a distinguished vertex v € T, which is called the
root, such that all edges are oriented away from it.

The weight |T'| of a tree is given by its number of vertices.

Let T, be the set of all rooted trees and T,V the subset of all rooted trees with
weight |T| =14,V T € T, then we can write T, = U; T,").

A rooted tree is said to be decorated if there exists a finite set D of decorations and

a surjective map ¢ : D — T which assigns to each vertex v € TI an element
de D.

6A theory is renormalizable in D dimensions if wp (I') = wp (res (I')). This statement is equivalent to
the requirement that the dimension of the coupling parameter in a renormalizable theory is lower or
equal zero.



Definition 2.6. (Forest [])
Let T be a Feynman graph and f = {v;} a subset of divergent 1PI proper subgraphs
vi © ' such that for any v,y € f one of the following conditions is fulfilled:

(i) v C v, (i) ' Cv , or (i) yNvy = 0. (2.1.3)

That is, the elements of f are either disjoint or contained in each other. Then, f is
called a forest and F (I') denotes the set of all forests of the graph.

o A forest f of a Feynman graph U is said to be mazximal if and only if the cograph
I'/f =T/Uyesv is a 1PI graph, not containing any divergent proper 1PI subgraphs.
Such graphs are called primitive.

o A mazimal forest f of I' is complete if any v € f is either primitive or there exists
a proper subgraph 7' € f of v such that the cograph /v is primitive.

o If f consists of k connected components, it is called a k-forest. A 1-forest is a
tree.

e The union of rooted trees gives a rooted forest and its set is denoted by F,.

Remark 2.1. Hereafter, we will often restrict ourselves to trees and forests which are
spanning subgraphs of the considered graph. In this case, we call them spanning trees
and spanning forests respectz'velgﬂ. It is also important not to confuse spanning and
rooted trees and forests. While the sets of spanning trees and forests of a graph will be
used to define the graph polynomials in section[2.3, the sets of rooted trees and forests
do not correspond to a specific graph even though one or more elements of T, can be
associated to a graph, representing its subgraph structure, as we will see. Moreover, we
will set up a Hopf algebra structure on the set of rooted trees in section [2.5

As an example, we consider the two-loop graph
(2.1.4)

whose spanning trees and spanning 2-forests are given in figure [2.3] and [2.4] respectively.
Assume that f = {v,'} is a complete forest of I" with primitive elements v/~" and ~'.
Then, we can write f as a sequence of subsets

Y Cygr (2.1.5)

to show how the graph and the subgraphs are nested. Using the notion of forests and
trees, we can associate a decorated rooted tree to each complete forest of a graph T

"It should be pointed out that there are two different definitions of the notion of a forest. In the present
case we define the forest (of subdivergences) in the context of renormalization and Hopf algebra.
This definition is also in accordance with the forest formula introduced in section Within the
framework of graph polynomials (cf. section the forest (or k-forest) is defined as a graph without
cycles/loops consisting of k connected components. That is, a k-forest is given by the disjoint union
of k trees. For example, the forest set in figure follows this definition.

8Note that in literature, especially when talking about graph polynomials, the terms "tree" and "forest"
are used as they would imply that the respective subgraph is spanning. This is not true and we will
always prefix the supplement "spanning" if we assume that the graph and the subgraph share the
same set of vertices.

10
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Figure 2.3: Set of spanning trees F! for the two-loop graph in (2.1.4)).

Taking the complete forest in equation ([2.1.5)), the corresponding decorated rooted tree
is given by

r r
~y or T/y . (2.1.6)
o v/

It becomes apparent that each Feynman diagram I' furnishes a tree whose decorations
are the elements of the complete forest. The rooted tree of a graph can also be read off
from the box system as one can see in the example above, in which each box contains a
divergent subgraph of the graph and corresponds to a leaf of the tree. The root is given
by the whole graph (the outermost box). Like the elements in the complete forest, the
boxes are not allowed to overlap, but rather are nested or disjoint.

Example 2.1.
We consider the 4-loop vertex graph

I = (2.1.7)

from QED. The diagram shows the decay of a photon into a fermion - anti-fermion
pair. Recalling the definition of the superficial degree of UV divergence from equation
and the weights of the vertices and edges listed in table we can identify two

UV divergent subgraphs, namely
and Yo = & (2.1.8)

N

with superficial degree of divergence

wi(1) =0 and wy(y)=-1. (2.1.9)

Thus, v1 is logarithmic and ~yo linear UV divergent. The rooted tree of the graph T,
representing its subgraph structure, can now be obtained by taking the whole graph and

11
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Figure 2.4: Set of spanning 2-forests (2 for the two-loop graph in (2.1.4)).

drawing a box around each divergent subgraph. Also, we have to draw a box around the
entire graph since 1" is logarithmic UV divergent as well. Afterwards, we draw a vertex
at the top of each box labeled by the (sub-)graph and connect these vertices by edges,
starting at the outermost box and draw edges from the outer boxes to all of their inner
bozes at the same level. In the present case this procedure yields

r
and hence " (2.1.10)

72

is the rooted tree associated to I', representing its subgraph structure.

In contrast to the foregoing example, there can be more than one rooted tree associated
to the graph wherefore the choice of the tree is not unique anymore. For example, this
can be seen by looking at the 2-loop gluon self-energy graph

I = (2.1.11)
from QCD. The divergent subgraphs are
v = and + = (2.1.12)

with power counting weights
wi(y)=-1 and wy(?)=0. (2.1.13)

The graph as a whole is quadratic UV divergent. As before, we draw boxes around the
subgraphs and connect the boxes by edges, yielding

R A
%@ﬁm . (2.1.14)
,@()
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The problem arising from this graph is that we have overlapping sub-divergences. There-
fore, we have to choose one of the rooted trees. Nevertheless, for theories we are
interested in it can be shown that for D = 4 dimensions of space-time every complete
forest has the same number of elements, i.e. every rooted tree has the same structure
and number of vertices wherefore the choice of the tree does not matter. This is not
invariably the case. For example in ¢S-theory this statement fails.

2.2 Feynman graph polynomials

In the last section we presented some fundamentals of graph theory which will be
needed to introduce the Feynman graph polynomials. These polynomials, known as
the first and second Symanzik polynomial, have many special properties and can be
read off directly from the corresponding graph. Also, they play a crucial role in the
computation of Feynman loop integrals since they are directly related to the integrand
of such integrals. From the variety of methods to determine the graph polynomials [3],
we will only consider one by interpreting the polynomials in terms of spanning trees and
spanning forests. Likewise, it is also possible to compute them with the aid of matrices,
associated to the graph. This approach suits well when performing computer algebra
since, after the particular matrices are known, the only thing left to do is computing
the determinant of a matrix. The basic principle of this approach is the matrix-tree
theorem, invented by Gustav Kirchhoff, which exhibits the possibility to compute the
number of a graph’s spanning trees as the determinant of a matrix derived from the
graph. In addition to his contributions to the fundamental understanding of electric
circuits and spectroscopy, Kirchhoff was also the one who invented the notion of graph
polynomials.

Throughout this thesis let I' be a connected graph with Er = ’F[ﬂ

Vi o= ’F[O}‘ vertices, and loop number L (I') defined by

internal edges,

L(T)=Er— Vp + 1. (2.2.1)

This number is also called the first Betti number or the cyclomatic number of the graph.
For disconnected graphs we have to replace 1 by k, with k£ the number of connected
components of the graph H .

Furthermore, let ) be the set of all spanning k-forests (see definition and Fy be
the set of all spanning forests of the graph I', given by

Fo=JF®. (2.2.2)
k

Then f € F® can be obtained from I' by deleting L + k — 1 of its internal edges. The
elements of a spanning k-forest are composed of the connected components T; of F¥),
which are necessary trees, and will be denoted by

k
UTi=T,T,...,T:) € FP. (2.2.3)
i=1

From now on we will only consider scalar Feynman graphs in D dimensions of spacetime.

The edges of the graph are associated with particles of mass m.. Following the

9Note that, not only here but also in literature, the variable k also denotes the connected components
of a forest. However, this will not cause any confusion since we are only dealing with connected
graphs. Thus, in the following k always refers to the components of a k-forest.
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conventions, the momenta of the particles will be denoted by p, for e € Tl and ¢,
for e € T, We impose momentum conservation at each vertex, i.e. the sum of the
momenta flowing into the vertex equals the sum of all outgoing momenta. Particularly,
with regard to the external momenta it follows that Ze erll Pe = 0 if the momenta
are taken to flow outwards. Therefore, the internal momenta ge of a tree graph are
completely determined by the external momenta p.. To determine the internal momenta
of a loop graph uniquely we have to add L (I") internal momenta k;, with [ labeling
the independent loops of the graph I'. Since these loop-momenta cannot be observed
physically we have to integrate over all possible values, and therefore the amplitude
does not depend on the k; after all. For example, the momenta of the one-loop graph
of ¢*-theory can be labeled as follows

E—(pi+p)=q=Fk—(p3s+ps)
p1 o> P4

><>< . (2.2.4)
b ps

o=k

<

We will now come back to the topic of this section and define the two Symanzik
polynomials.

Definition 2.7. (First Symanzik polynomial)
Let FY be the set of all spanning trees of T', such that T € FY is obtained from T' by
deleting L of its internal edges. We introduce parameters o, € R, associated to the

internal edges e € i of the graph I". Then, the first Symanzik polynomial is defined by

vr= > ][ e (2.2.5)

TeF{t) egTl
where the sum is over all spanning trees of I' and T denotes the edge set of T.

The parameters a. are the so-called Schwinger parameters, which will also show up
in the parametric representation of Feynman integrals in section |3.1}

Remark 2.2. There exists another graph polynomial which is closely linked to the first
Symanzik polynomial, called the the Kirchhoff polynomial, defined by

Kr= > 1l e (2.2.6)

TeFV €Tl

This definition is quite similar to the previous one in equation since we only
have to replace the product of the edges which do not belong to the tree by the product
of the tree’s edges. Thus, there is a simple relation between the two graph polynomials

vr({ae}) = IT ae-Kr ({ac'}) (2.2.7)

661"[1]

int

Although the Kirchhoff polynomial will not be considered anymore throughout this thesis,
it plays an important role, for example, when going from a graph to its dual. To the
reader interested in this topic, we strongly recommend [5] for a review.

14



Definition 2.8. (Second Symanzik polynomial)

Let F@ be the set of all spanning 2-forests of T, such that (Ty,Ty) € F?) is obtained
from T by deleting L + 1 of its internal edges. The mass of the particles associated with
the edges of the graph I will be denoted by m.. Then, the second Symanzik polynomial
is defined by

or =r+yr Y am; (2.2.8)
eGFEi]t
with
por=— > QMN)Qn) [ e (2.2.9)
(T1,T)eF egTHuT!

The sum is over all spanning 2-forests of the graph ', and Q(T;) denotes the sum of all
euclidean momenta flowing into the tree Tj.

By momentum conservation it is clear that the sum of all incoming momenta of 7T;
and the sum of all momenta flowing outwards only differ in the sign. Therefore, the
product Q(T}) - Q(T3) is equal to minus the square of the sum of the momenta flowing
through the cut lines from one tree to the other. Obviously, it is generally valid that
Q(T1) = ~Q(T3) and hence Q(T3) - Q(T) < 0.

Having defined the Symanzik polynomials, we can collect some of their elementary
properties:

e The dependence on masses and external momenta is solely given by ¢r whereas
Yr is independent of physical quantities.

e Both Symanzik polynomials are homogeneous in the Schwinger parameters. The
degree of ¥r is L and that of ¢r is L + 1.

e Y and ¢r are linear in every single a.. ¢r is at most quadratic in the Schwinger
parameters (if m, # 0).

e For a product of graphs I" =[], v; the polynomials ¢r and ¢ can be decomposed
as follows:

vr =T, and =Yg [Tt (22.10)
i { J
J#i

Note that in literature the graph polynomials are also denoted as U = ¢ and F = ¢r.
We will close this review by giving an example.

Example 2.2.
Consider the graph

(2.2.11)
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we already mentioned in the last section. The edges are labeled as in the diagram above
and carry momentum q. and mass m.. We impose momentum conservation at each
vertex, and the momenta are assumed to flow from left to the right. The first Symanzik

polynomial with respect to the set of spanning trees of the graph (figure is
given by

@/J@ = (Ozl + 044)(042 + 043) + 015(041 + (0] + Q3 4+ 014). (2212)

The single terms in the upper sum are composed of the parameters o, corresponding
to the edges we have to delete to get one of the spanning trees of the graph. Obuviously,
there are two possible ways to construct a spanning tree out of the graph: Fither we
delete one edge on the left (1 or 4) and on the right (2 or 3) side, respectively, or we
delete the fifth and any of the other edges. This fact is also reflected in the structure of
Y as one can see. The second Symanzik polynomial is based on the spanning
2-forests of the graph given in figure[2.fl There are ten spanning 2-forests, though only
eight of them contribute to ¢q.. The last two of them do not show up in the polynomial
since the sum of the momenta flowing from one tree to the other is zero. Thus,

o =[(a1 + aq)asas + (a2 + az)aiay

5
(a1 + o) (s + as)as] s + g Y aem? (2.2.13)
e=1
where we used q1 + qs = —(qo + q3) (momentum conservation), and s = (¢, + qu)* =

(g2 + q3)? denotes the center of mass energy.

2.3 The Hopf algebra of rooted trees

The aim of this section is to establish an algebra on the set of Feynman graphs. It was
discovered in [13] that the fundamental mathematical structure on which perturbative
renormalization is based on is the Hopf algebra.

At first, we want to give some basic definitions and afterwards introduce the Hopf
algebra of rooted trees, following [1], [7], [10], and [16]. What we aim at with this
section is to give a brief overview of this topic and not a full mathematical description.
Let K be a field of characteristic zero, Vi and V2 two vector spaces, and 7y, v, :
Vi ® Vo — Vo ® V) the flip map that interchanges the elements in a tensor product
T(v1 ® V) = Vg ® V1.

Definition 2.9. (Algebra)
An associative K-algebra (A,m) is a K-vector space A together with a linear map
m:A®A— A, called product, such that

mo (id®m) =mo (m®id). (2.3.1)
If there exists a linear map 1 : K — A fulfilling
mo (id®I) =id = mo (I®id), (2.3.2)

the algebra (A, m,1) is said to be unital, and I is called the unit map.
For m ot =m the algebra is commutative.

10This notation is very common when treating scattering processes in particle physics. s is one of the
Mandelstam variables. The other two are u = (q1 — q2)% = (g3 — q4)? and t = (¢1 — ¢3)° = (2 — qu)*.
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The conditions (2.3.1]) and (2.3.2)) are the same as demanding that the diagrams

A®A®Am®idA®A K®A]I®idA®Aid®]IA®K

id®ml lm and \ lm (2.3.3)
A® A m A B A

commute. By reversing the arrows of the diagrams, one can derive objects which are
somehow dual to algebras, namely coalgebras.

1

Definition 2.10. (Coalgebra)
A coassociative K-coalgebra (C;A) consists of a K-vector space C and a linear map
A:C — C®C, called coproduct, such that coassociativity is fulfilled

(id®A)o A =(A®id) o A. (2.3.4)
If there exists a linear map I:C— K with
(I®id) oA =id = (idel) o A, (2.3.5)

the coalgebra (C, A,ﬁ) s satid to be counital, and 1 is called the counit map.
For 7 o A = A the coalgebra is cocommutative.

As we mentioned before, the properties (2.3.4) and (2.3.5)) are equivalent to the
commutativity of the diagrams

A [®id id @1

c CwC K& C C®C CoK
A | lid@A and ‘A (2.3.6)
cocl%d e tge = . =

which are dual to those in (2.3.3]). More generally, we will extend the definition of the
coproduct to that of the iterated coproduct A" : C' @ C®"+1) by

A’ :=id and A" = (A ® id®") o A" for n € Ny. (2.3.7)

Clearly, the recursive definition above is invariant under a variation of the order in
which the coproduct is applied. This fact follows from the coassociativity of A (see

equation (2.3.4))) and therefore
A" — (id®m QA ® id®("—m>) o A" V¥m,n € Ny, m < n. (2.3.8)

Remark 2.3. In literature it is very common to use Sweedlers notation for the coproduct
A(x) = 2’ @ 2" with x € C, which is shorthand for A(z) = 32, x(;) @ x(.

Definition 2.11. (Algebra and coalgebra morphism)
Consider two algebras (A1, my) and (A, ms). The linear map ¢ : Ay — Ay is an algebra

morphism if

gzﬁoml =TTy O (¢®¢) and quHl = Hg (239)
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in the case of unital algebras. 3
For coalgebras (C1,A1) and (Cy,Ay), the linear map ¢ : C; — Cy is an coalgebra
morphism if

Ayodh= (95®<5)0A1 and Tod=1, (2.3.10)
is fulfilled. The latter only holds for the counital case.

Before we come to the notion of Hopf algebras, we first need to merge algebras and
coalgebras to bialgebras as described in the following definition.

Definition 2.12. (Bialgebra)
A K-vector space B together with a unital K-algebra structure (m,I) and a counital

K-coalgebra structure (A,ﬁ) is called a (unital and counital) K-bialgebra (B,m,]l, A,ﬁ)
if one of the following conditions hold:

(i) The linear maps (m, 1) are morphisms of coalgebras, or

(ii) the linear maps (A,ﬁ) are morphisms of algebras.

Note, that the requirements (i) and (ii) in the definition above are equivalent, as it
was proven in [10]. Therefore, it suffices if only one of the conditions is fulfilled.
Since we will always assume (co-)algebras to be (co-)unital and bialgebras to be both
of it, we can conveniently waive this prefix and just refer to them as (bi-, co-)algebras.
Motivated by the coproduct, there is another coassociative map one can define on
bialgebras by

A:B—-B®B and A:=A-(ildol+I®id). (2.3.11)

The map A is called the reduced coproduct, and the space Prim(B) of primitive elements
is given by the kernel of A

Prim(B) =ker A ={be B: A(b)) =b@1+1Qb}. (2.3.12)

Analogous to the iterated coproduct in equations (2.3.7) and ([2.3.8)), we define the
iterated reduced coproduct recursively by the following definition.

A’ :=id and A" = (id®m QA ® id®("_m)) o A" Vm,ne Ny, m<n (2.3.13)

since A itself is coassociative, too. Now we will extend the notion of a bialgebra to that
of a Hopf algebra.

Definition 2.13. (Hopf algebra)
A Hopf algebra (H, m, I, AL S) is a K-bialgebra together with an endomorphism S :
H — H, called the antipode, satisfying

mo(S®id)oA=Tol=mo (id®S)oA. (2.3.14)

Remark 2.4. Consider an algebra (A, m,I) and a coalgebra (C,A,f[). Then, one
can define an algebra (Homg (C, A), *,€), consisting of the vector space Homg (C, A) of
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linear maps from C to A, a unit e, and a bilinear map *, called the convolution product,
given by

e=TIol and fxg=mo(f®g)oA Vf ge Homg(C,A). (2.3.15)

Taking a Hopf algebra (H,m,]l, AT S), the antipode S € Homg(H, H) on H can be
defined by

Sxidy =idg =S = e. (2.3.16)

Let H be a bialgebra with antipode S. Then, the requirement for H being a Hopf
algebra can be expressed by the commutativity of the following diagram

S ®id
HoH—22% pmen
s AN
y 1 K I g . (2.3.17)
i\\ /4{
id
HoH 999  pon

The Hopf algebra of rooted trees, we will introduce soon, has the property to be
connected and graded. Therefore, we have to clarify these terms first of all by

Definition 2.14. (Connectivity and graduation)
A Hopf algebra H over a field K is graded and connected if there exist subspaces H;
such that the following conditions hold

H=@ H, Hy~K, H,=0Vi<O0, (2.3.18)

n€Ng

and

m(H, ® Hy) = HyHy C Hyym

i+j=n 1=0
S(H,) C H,

for any n,m € Ng.

In section [2.1] we already introduced the concept of rooted trees and denoted its
set by 7., while F, is the set of all rooted forests, i.e. the set of all disjoint unions of
rooted trees. The empty tree EI (or empty forest) is denoted by I := ) and has weight
zero |I| = 0. We consider a Hopf algebra H, over Q generated by the elements of 7,
(including the empty tree I) and define its Hopf algebra structure (H NN AW ﬁ, S ) as
follows:

e For 17, Ty € 7, the product m(T) ® Ty) = T1T5 is given by the forest T} U T5, that
is the disjoint union of the graphs.

'Note that, by abuse of notation, I denotes the unit map as well as the empty tree.
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e The unit map I: Q — H® sends g € Qtoq-T€ HO.
e The coproduct on a tree T € 7, is defined through

AT)=I1T+Tel+ Y PYT)®R(T) (2.3.20)

ceC(T)

where the sum runs over all admissible cuts ¢ of the tree, whose set C is given by

[
C(T)={cC E(T):|ecn(rv)|<1VveV(T),c#0}. (2.3.21)

By making a cut ¢, one or more edges of T" are removed and the tree decomposes
in a pruned part and a part still containing the root, denoted by P¢(T") and R(T),
respectively (see example below). For a product of trees, i.e. a forest f = U,;T;,
we have A(f) =[1; A(T;). The coassociativity of A was shown in [13].

0, T#I

, sends everythin
1T =1 YRS

e The counit map I: H, — Q, defined by I(T) = {

that is not the empty tree to zero.

e A recursive relation for the antipode S acting on a tree can be derived by using

S(I) =T and equations (2.3.14) and ([2.3.20]), obtaining
m(S®idy, ) AT)=SMT+IS(T)+ > S(PYT))RY(T)

ceC(T)
=1(I(1)) =0 (2.3.22)
and thus
S(T)=-T- Y S(PYT))R(T) = — Y. PYT)S(RYT)). (2.3.23)
ceC(T) ceC(T)

For a forest f, the antipode is given by S(f) = S(T1...Tx) = S(Tx) ... S(T1).

Example 2.3.
Take the tree

(2.3.24)

with edge set TI% = {a, b, c} and vertea: set T = {1,2,3,4}. The set of admissible cuts
is given by C(T) = {a,b,c, (a,b), (a,c)} or pictorially

oA A A

12For reminding the notation, see definition E

(2.3.25)
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Therefore, the coproduct of the tree yields

9

2
S 1/}3 :_1/}3 T el
4 1

where we used that S(TxTy) = S(T1)S(T2), S(s) = —+ and S (I) = —I + oo

(2.3.27)

It was, for example, shown in [19] that the upper definition of gH ,m, A, ]AI, S) gives a
commutative, non-cocommutative, connected, and graded Hopf algebra with a natural
grading given by the weight (= the node number) of the rooted trees. Taking |T| to be
the weight of the rooted tree T', the weight of a forest is just |f| = >, |T;| for f = U,T;.
Defining subspaces

H™ = spang {f € .7-“,@")} with  F"W ={fecF :|fl=n} VneNy (2.3.28)
H, decomposes as

H. =@ H" (2.3.29)

neNp

which defines a grading on H,. Another subspace of the Hopf algebra of rooted trees is
the augmentation ideal

Augy =P HM =P H" = kerl (2.3.30)
neN n=1

given by the kernel of the counit. An important endomorphism of H, is the grafting
operator By : H, — spang(7;) C H,. This operator creates a new root and joins the
roots of its arguments to it, returning a single tree:

B (I)=e and By(T)...T,)= A . (2.3.31)

nTn, T,

The operator B, satisfies the relation
AoB, =B, ®I+ (1d®By)o A (2.3.32)

which can be regarded as a recursive definition of the coproduct since every tree can be
written as T'= B (X) and A(I) =I® L

Remark 2.5. In fact, equation implies that By is a 1-cocycle in the Hochschild
cohomology of H,, see [6] or (§] for ezample.
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At the end of this section, we want to introduce a sub-Hopf algebra of H,, namely
the Hopf algebra of ladders, we will come back to, later. Generally, a sub-Hopf algebra
of a graded Hopf algebra (H, m, [, AT, S) with H = @;H® is defined as the subspace
H C H, such that H has a Hopf algebra structure (F[,m,]l, A,ﬁ, S) and a grading
H = @, (ﬁ[ N H(i)). We define a ladder of weight k by A, = (B )*(I), which is the
k-fold application of the grafting operator on the empty tree. Thus, ladders can be
generated iteratively through A\, = By(A\x_1) with A\g := I. Therefore, the diagrams
take the form:

M= M=o, A= I Moo= 8, A= |, oo Ae= . Sk-times.  (2.3.33)

The sub-Hopf algebra H, generated by the ladders, decomposes in the subspaces
Hé") C H{™ which consist of the elements of weight n. The coproduct on H, is given
by A(M\g) = ;?:0 Aj & Ay
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Chapter 3

Parametric renormalization

The Feynman rules ® assign to every graph I' an integral It = ® (I") which is usually
expressed in momentum space. Making use of the Schwinger trick, these integrals can
be rewritten in parametric representation such that the integration variables we are left
with are given by some abstract parameters a, H . Its advantage is, as we will see, that
the integrand of parametric integrals is directly connected to the combinatorics of the
graph and can be constructed out of it.

In order to rescale the integral, one can introduce dimensionless scattering angles. If
we then go from parametric to projective space and make use of the well-known forest
formula, the integral can be written as a polynomial in the scaling parameter. Assuming,
the scale of the process under consideration is very small, we can expand the integral
and only consider the lowest orders in the scaling. Indeed, we will only look at the term
linear in the scale parameter and ask for special combination of graphs such that the
linear term is independent of the scattering angles.

3.1 Parametric representation

We now consider any Feynman diagram [' in a scalar theory with arbitrarily oriented
edges, meaning that each edge has a source and a target vertex. In general, the Feynman
rules of the underlying theory assign the euclidean integral (cf. [17])

() = H]/RD iDZe( ! I #2269 I pv) = Y eweke | (3.1.1)

2 2)ae
eerlt ke +me) vel O\ {vo} ecril

int int

to the graph, which is already dimensional regularized. The internal momenta k.
are partly determined through the external momenta p. by momentum conservation
expressed via the delta distribution. The incident matrix ¢, is given by

+1 if v is the source vertex of e,
= ¢ —1 if v is the target vertex of e, and (3.1.2)

Eve

0 if e is not incident to v.

p(v) denotes the sum of all incoming external momenta p, at the vertex v and obviously
> veriol p(v) = 0. For internal vertices that are not connected to an external edge, we

13Indeed, these are the same parameters which already showed up in the definition of the two Symanzik
polynomials.
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have p(v) = 0. In the product of delta-functions we excluded one arbitrary vertex vy to
get 1id of an overall factor §P) (3, cro p(v)).

Remark 3.1. Actually, the integral obtained from the Feynman rules are not euclidean
since the momentum vectors are elements of the Minkowski space. Thus, the scalar
products of the momenta are defined with respect to the Minkowski metric. This problem
can be remedied by a transformation of the time coordinate, namely

KO =iK° and K =K’ forj>0. (3.1.3)

Hence, k* = —K? is the ordinary euclidean scalar product and we can integrate over
RP . The results for Minkowski space can be obtained from the computations in euclidean
space by analytic continuation. The transformation is referred to as Wick
rotation, and can be looked up in every conventionally textbook about quantum field
theory like (9] and [18].

In order to obtain the parametric representation of the integral (3.1.1]), we have to
apply the Schwinger E trick

1 1 0
= F(a)/o a* e da for z,Re(a) >0 (3.1.4)

to it, and substitute the delta function by its Fourier transform

(27T)D(5(D) p(v) — Z Eveke :/dDyvexp —iy, | p(v) — Z cveke || - (3.1.5)
eel“Ll]]t eGFl[n]t

Remark 3.2. The Schwinger trick can be obtained through reorganization from the
integral representation of the I'-function

I(a) = /OO a e da /OO a“ % da  for x,Re(a) > 0. (3.1.6)
0 0

Using (3.1.4), we can rewrite the product of propagators in (3.1.1]) as a exponential
function of the sum, and together with (3.1.5)) this leads to the following representation

of the scalar Feynman integral:

A%k, [~ atda.
®(I) = H /RD ﬂ.D/Z/ T'(a.)

exp {—Oée (k? + m?)]

X H /]RD D/2 exp | —iy, | p(v) — Z eveke || - (3.1.7)

veTIN {vg} eer

int

After interchanging the order of the integrals, the exponent can be rewritten in the
form of matrices associated to the graph, which was done, for example, in [17]. Through
completion of the square, we are left with Gaussian integrals over k. and y, afterwards.

14 Julian Seymour Schwinger (1918-94) was a theoretical physicist. Along with R. Feynman and S.
Tomonaga, he was awarded with the Nobel Prize in Physics in 1965, for their fundamental work on
quantum electrodynamics.
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Solving these integrals, finally leads to the parametric representation of the integral

BLI) (ct. [17)

oM = ] (3.1.8)

/ e 14 e e—%r/vr
e€ling(1 R+ CLe

o

We will not give the explicit derivation here, but refer the reader to [17] for a very cute
and compact version of this proof, or to [9] for a more detailed derivation.
The exponent in (3.1.8)) only depends on the two Symanzik polynomials defined in

(2.2.5) and (2.2.8)). For a massless graph ¢r can be replaced by ¢r.

Example 3.1.
Consider the graph

r— — | (3.1.9)

from ¢ -theory in D dimensions of spacetime with external momenta p;. The internal
edges are labeled from 1 to 3 and to the particles associated with them we assign a mass
me and momentum k. € RP. According to equation , the Feynman rules assign
the integral

B / / / d” ki dP ko d” ks
_7rD/2 R0 JrD JrD (K +m?) (k3 +m3) (k3 + m3)

x 0P (p1 — ky + k2) 6P (po — ky + k) (3.1.10)

to the graph. Performing the integrals over ko and k3 gives

1 / a” kq
mP/2 Jro (kf +m3) ((p1 — k1)? +m3) ((pr + p2 — k1)? +m3)

o () = (3.1.11)

In the case D = 6, this integral is ultraviolet logarithmically divergent since for ki — 0o
the integrand decreases as 1/|ki|. In order to go from momentum to parametric space,
we apply the Schwinger trick to each of the three propagators separately and get

o (I') = 1/ dal/ d o das ¢~ (aumi+asmi+azm3)
wD/2 Jr, Ry Ry
></ dP ky e lonkitaz(pr—ka) o (prtpa—hn)?] (3.1.12)
RD
First, we focus on the ky-integration and rewrite the exponent as follows

ark? + ag(pr — k1) + as(pr +p2 — k1)?

2
aop1 + as(p1 + p2)
a1+ Qo + (g

—(041 + g + Oég) |]€1 —

_ qaepi + anas(pr + p2)? + asasp)
ay + oo + Qg

(3.1.13)
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in which we completed the square on the right hand side. Thus, the ki integral is reduced
to a Gaussian integral which yields

(o +agtan) [y 22p1tasmi+ps) | D/2
[Pk e o) [l 2atateatr ) | :<7T> | (3.1.14)
RD a1 +oag + a3

Hence, inserting everything back into (3.1.11]), we are left with the integral

CI)(F):/ / dOéldOéQdOég
Ry JRy JR4
041042P§+0<1Dt3(P1+P2)2+0420‘3P§

2 2 2
e ( 1y 2Mmy 3 ) a]tagtag

. 3.1.15
% (Oél—i‘Oéz—f—Oég)D/z ( )

As we can see, the ultraviolet divergence in momentum space has turned into an infrared
divergence in parametric space caused by the singularity at 0 € Ry x Ry x Ry = R?,
where all the Schwinger parameters collectively vanish.

Now we want to rewrite the integrand in form of the graph polynomials. The spanning

trees of the graph T in are

FO = {/[ \[ <} (3.1.16)

and the set of spanning 2-forests is given by

;8@):{/:\*,« [} (3.1.17)

Therefore, the two Symanzik polynomials of the graph take the form

Yr=a;+as+a3 and (3.1.18)

3
¢r = 1P} + araz(pr + p2)? + aeasps +dr Y aims. (3.1.19)
=1

These are exactly the expressions that show up in the integrand of and, finally,
the parametric integral becomes

67¢F/w1—‘

o) = [ dardazday™ (3.1.20)
RS (8

T

Remark 3.3. Another parametric representation in terms of Feynman parameters can
be derived by using the so-called Feynman trick, see [2] or [18]. Furthermore, note
that the integral s given in momentum space. Applying the Schwinger trick to
a position space integral yields the dual parametric representation of the integral. By
analogy with the Fourier transform, one can use the Cremona transform to go from
parametric to dual parametric space and vice versa.

3.2 Rescaling, projective space and the forest for-
mula

The parametric representation (3.1.8)) of the scalar Feynman integral (3.1.1]) introduced
in the previous section is, in general, a function of the Schwinger parameters a., the
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squared particle masses m2, and the scalar products of the momenta p; - p; (i,j € Tlll).

ext
Now, we want to rescale the Feynman rules ® (I') by a parameter S. Therefore, we
introduce dimensionless scattering angles {0} = {©;;, ©.} given by the scaled variables

2

Di - Pj me
@ij = S J and @e = ? (321)
The variable S sets the scale of the graph I' defined by
S= Y p (3.2.2)

eEF[ .

ext

such that S > 0 and S = 0 only if all external momenta collectively vanish. The
rescaled Feynman rules then can be written as a function of the scale variable and the
angles

o (1) {50, 50.} — ® () {S,0,,0.}. (3.2.3)

This rescaling only affects the second Symanzik polynomial ¢r in the integrand of ® (I")
whereas ¢r is left unchanged since it only depends on the Schwinger parameters. We
write

gbp = ¢r (5,0) = S¢r (©) and (3.2.4)
m?
or (©) = +¢r > oze S =or(0) +vr > 0. (3.2.5)
eerll) eerll)
Then, the integral in equation (3.1.8) becomes
S¢r(@)
o () {5, 0} = H / doeS— M with a, =1 Ve € Tl (3.2.6)

eEF

mt

In the following we will always set the exponents a. equal to 1.
To carry out one of the integrations, we substitute o, — ta, which leads to [14]

I[ dee = t" "1 dt A Qr (3.2.7)

eEF[ |

int

where A denotes the exterior product (or wedge product) and the (Er — 1)-form Qr
defines the volume form Qr = Zfrl (— 1)“rl a; dag A+ A da, a; A+ --ANdag. in projective
space Pp := PPr=! (R,). The circumflex accent ™ means that the argument is omitted.
The Symanzik polynomials are homogeneous in the a.’s and of degree L and L + 1,
respectively. Thus, they transform like ¢F — t¢F and @/JD/ 2 tL%wf /2. The projective

integral finally takes the form

¢r(@)
Y
) {S,0} = /R+/P th/%D/QQF (3.2.8)

with wp the superficial degree of divergence defined in equation (2.1.2]).

Remark 3.4. In ¢%-theory, the superficial degree of divergence is given by wp =
2. Er — D - L since the weight of the edges and vertices is w(e) = 2 and w(v) = 0,
respectively.
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Now we want to perform the t-integration to get rid of the exponential. Therefore,
we have to distinguish between the case wp > 0, where the integral converges, and the
case of ultraviolet divergence, i.e. wp < 0. We are only interested in the latter case,
thus we have to renormalize the integral. We apply kinetic renormalization conditions to
® (I'), that is to say that the renormalized amplitude of the graph I' vanishes at a chosen
reference or renormalization point {Sy, ©g}, as well as all of its first wp derivatives in
the Taylor expansion around that point.

In the logarithmic divergent case (wp = 0), this condition can be implemented by
modifying ® (") as follows

o ([){S,0} — @(I) {S,0} — & (T') {So, O} . (3.2.9)

Hence, the overall divergence can be cured by a subtraction at the reference point. For
wp < 0, we also have to consider the derivatives which will not be done here but can
be looked up, for example, in [4].

If T" has only logarithmic subdivergences, the integrand can be renormalized by Zim-
mermanns well-known forest formula [4]

¢ () {S.0} = > (D)™ (f){S, 00} (I/f){S,0} (3.2.10)

fer @)

with # f denoting the number of connected components of the forest f. Assuming that
I' has not only logarithmic subdivergences but is additionally overall divergent, the
forest formula yields [20]

©a () {5,50,0,00} = 3= (=10 (/) {S0. €} & (I/1) {5.6}
fer (@)
~ @ () {5,00} ©(T/£) {S0,00} | (3211

for the renormalized integrand, where the sum is over all forests f of the graph I, also
including the empty one but excluding the forest containing I itself.

Remark 3.5. Note that for the empty forest f = {0}, the graph polynomials are defined
as g =1 and ¢p(©) = 0.

In order to come back to our primary goal, namely performing the t-integration,
we replace the ®’s in the renormalized Feynman rules @5 by their parametric integral
representation (3.2.8)) for wp =0

1 o ¢r/f>]
_ X S
0= B e (o
— exp [—Sot ( Ly ¢F/f>1 } ar A Qr (3.2.12)
Yy Yryy ¢

in which we already combined the products of exponentials and used the short hand
notation ¢r = ¢r(0) and ¢Y = ¢r(60y). Due to the %—integration over R, the upper
integral is singular at ¢ = 0. Nevertheless, it can be regularized by introducing a
regulator ¢, using that, for sufficiently small ¢ > 0,

/

0o p—tX

dt=—Ilnc—InX — v+ O(clne) (3.2.13)

28



with X > 0 fixed and g the Euler-Mascheroni constant. A proof of this formula is
given in [14]. To take the limit ¢ — 0, we have to subtract the integral at X, which
yields

0 Lx ey dit
liy | [e7tX —tXo] ~ =~ In(X/Xo). (3.2.14)

Therefore, we found a way to carry out the ¢t-integration. Applying the formula above
to the integral (3.2.12)) finally delivers

-/

for the renormalized Feynman rules in projective form.

So(i’(p)/fwf-i-Sod)?cwr/f

D/2 D2 r
Uri ¥y

S +S0¢°
In ( P/ s+S0@ try ¢ )
#f Q

(3.2.15)
r fef(r

3.3 L-linear term of the renormalized Feynman rules

So far, we have seen that the divergent Feynman integral in a scalar theory can
be rewritten in parametric space by making use of the so-called Schwinger trick. The
resulting integrand in is a function of the squared particle masses, the scalar
products of the external momenta, and the Schwinger parameters which combine to the
Symanzik polynomials of the graph. In order to renormalize the integral, we put some
constrains to our Feynman rules and assume that ® (I') vanishes at a chosen reference
point. In the case of logarithmic divergence, this condition can be implemented by simply
subtracting at the renomralization point. To deal with logarithmic subdivergences, we
also have to consider the forests of the graph and the integrand turns into a sum over the
forest-set of I , due to Zimmermanns forest formula. The number of integrations
can be reduced by one, going from parametric to projective space. Performing the
t-integration also helps us to get rid of the exponential in the integrand. Finally, we
achieve that the renormalized Feynman integral in a scalar quantum field theory
can be written as a function of the energy variable L = In(S/Sp) and the dimensionless
scattering angles O, with S setting the scale of the process under consideration.

It was shown by Brown and Kreimer that the renormalized Feynman rules @ (I") can
be decomposed into angle- and scale-dependent parts, which was well discussed in [4].
Indeed, for an overall divergent Feynman graph with divergent subgraphs, &y is a
polynomial in L and can be written as

Z(j ' (©,0,) L (3.3.1)

where cg (6, 0p) is a scale-independent function of the angles and ¢, (0, 0p) is an
angle-independent coefficient. The integer cor (I") is called the co- radlcal degree of I’
defined as the maximal number j,., € N, such that

AfmaIT 20 and AT =0, Vj > jmax (3.3.2)

in which A7 is the iterated reduced coproduct defined in equation ([2.3.13)). In other
words, the co-radical degree equals the weight |T" (") | of the rooted tree T associated
to the graph T, i.e. T'(T") € H* @) or, roughly speaking, cor (I') gives the amount of
divergent subgraphs nested in I'.
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Example 3.2.

Let T be a primitive graph, i.e. the complete forest of the graph is the empty set f = {0}.
Then, the rooted tree corresponding to the graph is just + € HWY, and therefore the
Feynman graph T evaluates to

dp(T) =ch (0,00) +ct (6,0) L. (3.3.3)

On the other hand the renormalized Feynman integral associated to the graph can be

deduced from . In projective space the integral is given by

(I)R (F) - _ /PF In (¢F/¢10")D—i/_21n<8/80) QF (334)

r

which is indeed a polynomial in L. Through equating of the coefficients, we get that

In (¢r/op) Qr
I r I
Co = — /E;F WQF and T = — - ? = Pr. (335)

In contrast to cf), the coefficient ¢ is not only independent of the angles but a pem’od

. The L-linear term ¢t is constant and thus renormalization scheme independent, that

is ¢b is invariant under a change of the renormalization point.

We are interested in the coefficient ¢} (0, ) of the term of @5 linear in L. Therefore,
we first have to differentiate (3.2.15)) with respect to L

0 0
o r(l) =555 (T) (3.3.6)
which yields
1 S or by
(-1)* > Q. (3.3.7)
/PF fe;(F) V7 S%¢F/f¢f + ¢3ibrys

Taking the derivative at S = Sy, or equivalent L = 0, gives us the L-linear term of the
renormalized Feynman rules we are looking for

B (1) = (0, 0y) = ! Pl o 338
e A St T T

If we assume that L is very small, this term gives us the main contribution to ®g
together with the L-independent term.

5 These are complex numbers “whose real and imaginary parts are values of absolutely convergent
integrals of rational functions with rational coefficients, over domains in R™ given by polynomial
inequalities with rational coefficients” [11, p. 773]. For example, the famous irrational number
m=23.14..., given by the circumference of a circle of unit diameter, can be represented as a period

by the integral = = ffw2+y2<1 dzdy.
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Chapter 4

Fun with flags

After we introduced the mathematical and physical background knowledge in the
previous chapters, we want to present the results of this thesis now. Therefore, we will
define a special class of graphs, called flags. For symmetric flags it was already shown
that the angle-dependence drops out in the L-linear term of the renormalized Feynman
rules, and we will prove that this is also true in the case of total antisymmetric flags.
Moreover, we present a formula which allows us to compute all (angle-independent)
terms surviving in the sum. Thereby, the problem of finding all forests of a graph is
boiled down to the much more simple task of figuring out all possible decomposition of
the co-radical degree of the graph into positive integers.

4.1 Flags

Consider a graph I' that consists of nested insertions of primitive graphs ; into each
other. Analogous to [15] we define:

Definition 4.1. (Flag)
A Hopf algebra element I' of co-radical degree cor(I') = rr is said to be a flag if there
exists a sequence of primitive graphs v; with 1 < i < rp such that

Arr—lrzfyl@)...@%ﬂr' (4.1.1)

If T is a flag, the corresponding rooted tree is given by the (decorated) ladder
Arsesl) — (4.1.2)

of weight rr. The expression +,. ; is shorthand for the successive nested insertion
Yrp < (- <= 71), meaning that we start with -, insert it into 7o, insert the resulting
graph v2; into 3, and so on until we end up with inserting 7,._1..1 into v, receiving
the graph I' = 7, 1. In the following it will prove beneficial to label the vertices of the
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ladder only by the leading index of the subgraph associated with it, i. e.

Yrp...1 rp
} Yrp—1...1 { rp—1

_ = : . (4.1.3)
71 1
Let A,. be a sum of rr flags A

A =3 A0, (4.1.4)
=1

This sum is called a symmetric flag A} if

Arr—lA:-F — Zﬁ)/cr(l) KRR Yo (rr) (415)

where the sum is over all rp! permutations of the primitive graphs 7;. Accordingly, we
say that A[_ is a total antisymmetric flag if

~ T
ATTAL = Y i Y @ ® Yy (4.1.6)

i1peyivp =1

for a sequence of primitive graphs v; with 1 <4 < rp. In terms of ladders, A, can then
be written as

ing
o — a I
- _ o\ rpeen) R
ATF - Z 811---“1* )\TF - Z 511"'17'1“ : (417)
7;17-”72'7*1‘:1 ’il,...,irrzl l
i1

and analogously A .

4.2 Angle-independence of @%) (AT_F)

Finally, we come to the central proposition of this thesis. It was already shown
in [15] that the coefficient @g) (A;}) of the linear term is angle-independent if the
renormalization point preserves scattering angles, i.e. © = ©¢. What we want to assert
is:

Proposition 1.
Let A, be a total antisymmetric flag as defined in . Then, the L-linear term

(IDS) (A;F) of the renormalized Feynman rules is independent of the second Symanzik
polynomaal and, therefore, angle-independent under the assumption that the renormal-
ization point preserves scattering angles.

In order to prove the upper proposition, we will proceed as follows: At first, we will

show explicitly that the angle-dependence drops out for total antisymmetric flags of
co-radical degree three, four, and five. Afterwards, we give a brief explanation why
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these terms cancel each other or add up to unity, such that the second Symanzik
polynomial do not show up in the result. It will then be quite natural to assume that
this angle-independence also holds for arbitrary co-radical degrees because there is no
evidence that this is not the case.

Subsequently, we want to present a recipe how to determine the terms (and their

coefficients) surviving in CIDS) (A;F) for arbitrary co-radical degree. This procedure uses
a more pictorial approach and was deduced from the notion of Ferrers diagram (see

appendix [A]).

4.2.1 (1) T = 3
We are looking at the graph 7;x = 7 < (7; < ) with 1 <4, j,k <3 and ¢ # j # k.
—————

Vik
Yijk
The decorated rooted tree associated to the graph is given by 47+, and the forest-set

Yk
deduced from it turns out to be

F(vigr) = {0, vjres Vo> Vi U e } - (4.2.1)

The coefficient q)g%l) of the L-linear term is (see equation ((3.3.8]))

) () = [ 1) with (4.2.2)
I(’}/ ) _ 1 _ 1 ¢z]wk N 1 @%k
wE ik Uk Gtk + Oribig IV dibik + il
! AL (4.2.3)

T OGRSt + (500 + uty) Ui

if we assume that the renormalization point preserves scattering angles. To make it more
compact, we used the shorthand notation v, ; = ¥(7;..4,) and analogue for ¢. In the
last term of I (7,51 ), which corresponds to the forest 7;;, U7, we used the decomposition
rules for products of graphs to rewrite the Symanzik polynomials. Now we
intend to show the angle-independence of the L-linear term for a total antisymmetric
flag of co-radical degree three. For that purpose we use

1
ik = 3 {€ijr + jwi + Exij}t (4.2.4)
to get
ikl (Vijk)
1{1+1+1 1 1 1+1}(425)
- 787’k - - - . L.
3\ Y YRy SR VR R YRR

A more detailed computation of the upper integrand is given in appendix [B] As one
can see, all ¢g-dependent terms summed up to unity such that the whole expression is
independent of the scattering angles. The first and the second three terms in the upper
equation are just cyclic permutations of each other. Therefore, they add up to one term
if we sum over all indices i, 7, and k. The last term in equation cancels in the

33



sum because of the sign change due to the Levi-Cevita-tensor. As a consequence, the
total antisymmetric sum of the L-linear terms of all graphs ~;; yields

o (A7) = Z ein®% (ijk) /Q Z e”k{ - _;W} (4.2.6)
ij Tk

i,5,k=1 ,5,k=1 ijk

This expression only depends on the first Symanzik polynomial and is thus independent
of the renormalization point.

4.2.2 (ii) rr =4
Yijkl

The case rr = 4 corresponds to the rooted tree o given by the graph viju = v <
Tkl
M

Ykl
—_——

(v; < (v < 1)) with forest set

Vikl

F (Vi) = {0, Yty Yirs Yoo Vit Y Yars Vit Y Va5 Yer U Y, Yiwr Uy Ui} (4.2.7)

The integrand of the L-linear term in the renormalized Feynman rules takes the form

o T ( ) 1 { 1 n 1 . 1 . 1 1 1 1
ijkid \Yijkl) = —Eijkl - -
’ ’ 47" o Vi Vg ¢ﬁjk (ORI S VR
1 1 1 n 1 n 1
2Un R iR R R}
1 1 1
+ + — 4.2.8
NN NENY Wﬁ%W} (4.28)

in which we used the same trick as before to rewrite the Levi-Cevita-tensor. Taking the
antisymmetric sum over all 4, j,k, 1 € {1,2, 3,4} reduces the coefficient of the L-linear
term to

4
ol (AZ) = 3 ) (vin)

ik, l=1

1 1 1 1
= Q Eiikl { — 55 — = } (429)
/ Z ’ 22]kl ¢2 7kl 2 ¢Zj¢kl

,7,k,l=1

4.2.3 (iii) rr =
Yijklm
Viklm
Now we have the graph 7;jx,» whose subgraph structure is given by the ladder ¢ . .
Vim

Tm

The set of forests of the graph can directly be read off from the rooted tree, yielding

F (Nijrim) = {0, Yjkims Yetms Yims Yms Vikim I Vetms YViktm Y Yims Viktm U Yms
Vitm Y Yims Yetm Y Yims Yim Y Y, Viktm Y Vetm U Yim,
Yiklm ) Vkim U Vs Vielm U Yim U Y Viklm U Velm U Yim U Wm} . (42]-0)

34



Following the same procedure as before, the coefficient of the linear term in the
renormalized Feynman rules adds up to

5
Py (A5> = 3 ciam®y (ijim)
i,5,k,l,m=1
5
/” Z,jvk%nﬂ N N R L e

4.2.4 A general argument

So far, we have seen that the L-linear term @g) is indeed angle-independent for

total antisymmetric flags of co-radical degree three, four, and five. The reason for
that is the following: Taking the forest f = {%'j...z‘l U Yip.in Y Vipoia U%‘m...z‘l} with
rr > j >k >1>m > 1 that generates the term

L Girigir Vi Cinivgs Qi1 Vi i
[aen V3 > aep Pdllaep, Yar

d'#d

with D = {z’m B Ty Tk e 01y T ity T - zl}

(4.2.12)

in @S). Now we have to distinguish between two cases:

(1) There are at least two ;. ;, , with s =t + 1.

Without loss of generality we assume that k =1+ 1 and [ = m + 1. Therefore, the

numerator in (4.2.12)) takes the form
Piy i1 Vigin 1 Vi iy Vi - (4.2.13)

When changing 75 and 7;, we get a sign flip from the Levi-Cevita-tensor but the whole
fraction stays invariant under that permutation and thus these terms cancel in the sum.

(2) There is at most one ;. with s =¢+ 1.

R ARY

In this case, we can find cyclic permutation @y ... % —> Tj41. .. Gply ... 0j = Gpg1 - - - bpp
By ik = Qg1 dppit e ] = Gyt -+ Gy - - - Gy that leave the denominator of
invariant. If we assume 7 = k + 1 and sum over all cyclic permutations of the indices,
we get an expression of the form

1 ¢z’m...ik+2¢ik+1¢ik,...il+1wil...im+1¢im,,,i1 + (cyclic permutations)
[aen 3 >dep Pallaep, Ya '

d'#d

(4.2.14)

Since the numerator and denominator of the second factor are equal, the whole term
turns to unity, and what we get is just the prefactor

1
Maen ¥

that only depends on the first Symanzik polynomial and no longer on the scattering
angles.

(4.2.15)
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4.3 A general formula

The method we want to present now is in principle based on the idea to figure out all
possible combinations of subgraphs building a forest and, afterwards, discard those
forests that cancel in the sum. Let us look again at the graph «;;;, we already considered
in section m The forest-set of the graph is given in and we will write it
pictorially as

; i TZ 'Y
FOir) =1 &J lj , Tj , ¥ (4.3.1)
e lk k ok

where each box stands for a forest and the nested ones for a union of trees building up
that forest (see example [2.1)). For reasons that will become clear later, we cut the trees
at each edge that is crossed by a box, yielding the graphs

1
iok eie)]
J I : I , and  ejejek - (4.3.2)
J k
k
From this, it seems like that the forest-set is equal to the set of possibilities to cut
the rooted tree into different parts, using 0, 1, and 2 cuts. For 0 and 2 cuts, there is
obviously only one possibility, assuming that it does not matter in which order the cuts
are performed, and for 1 cut we have two possibilities.
Comparing the integrand of @2)(%jk) with the upper representation of the
forests in terms of dissected rooted trees, there are two things that should attract our
attention: For one thing, the products that show up in the integrand have just as many
factors as dissected trees that build up the corresponding forest. For another thing, the

polynomials in the products are subscripted by the decorations of the dissected trees.
For example, the forest denoted by

corresponds to

YK Y] 1 Ok
— 4.3.3
I e VIS, b + G (433)

with the sign given by —1 to the power of # f, which equals the number of cuts we
performed to build the forest out of the ladder.

The reason for the close connection between the dissected trees and the integrand lies
in the decomposition rule of the second Symanzik polynomial. For a union
of trees 7k U 7jx we can write qb'Yiij'ij - ¢7ijk/7jk1/}7jk + ¢'7jk¢’Yijk/’ij = ¢Vjk + Ojkti-
Thus, cutting the tree can be understood as a contraction, splitting the graph ~ into a
product of graphs (v/v4) Y4 = Y4 Where the rooted part v, is generated by contracting
the original graph ~ with the dissected graph ~,. Therefore, the upper set of dissected

trees (4.3.2) in terms of graphs is given by
Yijks Vi Vks ViViks  and ¥y ve (4.3.4)

generating the integrand (4.2.3)).
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Remark 4.1. Note that the graphs in have nothing to do with the true forests
of the graph and do not show up in the forest set. These graphs only arise from cutting
the rooted tree in all possible ways and can be identified with the resulting dissected trees.

Like in section we assume angle preservation such that the integrand of the
antisymmetric flag of co-radical degree three takes the form (cf. equation (4.2.5)))

1 11 1 1 11
} (4.3.5)

oD (Vi) = s - -
k! ) = € { R R R - M R0
If we bear in mind that we have to sum over all 1 <4, 5, k < 3, the last term cancels in
the sum since interchanging any of the three indices changes the sign (due to ¢;;;,) but
not the expression itself and, therefore, they sum up to zero. Furthermore, the second
and third term in the integrand add up to one term because they can be converted into
each other via cyclic permutation of the indices. Altogether, the only forests that show

i

up in the result (4.2.6|) are the empty one () and 7, or, figuratively speaking, }j and

k
Ii-k
J

Remark 4.2. Indeed, the choice of the second forest z's not unique smce we sum over all
permutations. Therefore, it is also possible to write 2 instead of TS wg and choose the

R

forest 'IZ together with the uncut tree as the contributory elements of the forest-set.

The question we want to face know is, how far the upper representation (4 of
the forests can be linked to the integrand of CD%) (ATF) or more precisely: Is it p0881b1e
to deduce the terms in the resulting integrand by just looking at the possible cuts or
dissections of the corresponding tree? The answer is yes. To see how this can be done,
we first want to reformulate the L-linear term of the renormalized Feynman rules
for ladder graphs.

Let P </\ i > be the set of all partitions of the ladder )\Tr Vinto 1 up to rr ladders

)\,(ji) with weight k; and decoration d;. Of course we have |d;| = k;, otherwise this would
not make sense. The set (D, <) of all decorations D = {iy,...,4,.} has a strict total
ordering 7, < i;, Vj,k € R:j < k such that the Hasse diagram of D is given by the
decorated rooted tree belonging to it.

Remark 4.3. To visualize the ordering of a set S one can draw the corresponding
Hasse diagram as follows (see [21]): At first, we identify each element in S with a vertex
decorated by the element itself. Afterwards, we start by drawing the vertex, decorated
by the largest element a on top and connect it to the vertex b by an edge if and only
ifb=<a,ie Pc€S withb < c < a. Fromb we draw an edge to the vertex decorated
by ¢, if ¢ is the next lower element, and so on until we end up with drawing the vertex
associated to the smallest element at the bottom. Indeed, there can be more than one
minimal element and hence the set S has no minimum. The same holds for the maximal
element. In both cases the Hasse diagram is no longer a ladder but a branched tree
diagram.
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We decompose the set P into subsets P fulfilling

Tr n n
P=UP" and P = {p eP:p=UNDAS ki =rr Adigs < di} (4.3.6)

n=1 i=1 =1

with subsets d; C D such that D = ", d;. The ordering condition d;;; < d; means
that i, < 4;, Vi; € d;, i € dip1 and of course 4; < ¢, Vi;, 4 € d; : j < l. Thus, the
order of the decorations always has to stay the same no matter how many dissections
were performed. For example, the set can be written as

P (AN =POUPBUPE  with
PO = PO = INPAPAPNTL and PO = AAPAP}. (43.7)

Since each element of P (Aﬁ? )) can be linked to a term in @%) (vp) of the graph vp,

whose subgraph structure is visualized through )\gf ), we can reformulate @g) ()\5? )) in
terms of ladders as follows

CI)E%) (’Yil...z'rr) <I>(1) ()\ - ZTF))

S n 1 Pay 117 Y,
=> (=™ L2 438
nz::l( ) pep(nz):)\(m H:L 1 @Zjd Z:L 1 de H] 1 wd ( )

For convenience, we make use of the notation ¢y, = v ()\,(ji)> = 1 (y4,) and analogously

Pd; -
Now we go one step further and ask for q)ﬁ? (AT_F> in terms of the possible partitions
p € P. Therefore, we have to recall the cases (1) and (2) from section for the

integrand of @2) (A,Tr). From case (1) it follows in terms of partitions that all elements
p € P containing more than one ladder of weight 1 do not contribute to the integrand,
as we have seen for the fourth forest in (4.3.2)). The second case tells us that the sum
of all partitions of a graph consisting of the same number of ladders with fixed weight,
contributes only one single term to the integrand (cf. the second and third forest in
(4.3.2))).

To get a more adapted formulation of those two cases, we deﬁne a multiplicity m, (k) for

each element p in (4.3.6)), given by the number of ladders )\ k of weight k contained
in p. Let m, be the rp- tuple of all multiplicities of p, i.e. mp = (mp(k))py, . =
(mp(1),...,mp(rr)). Then, we claim that two elements p and p’ of P are independent
of each other if and only if there exists at least one weight k such that m,(k) # my (k).

That is to say that p and p’ have not the same tuple of multiplicities. Therefore, it

follows that the two forests Ii'_.k and ”IJ are not independent of each other since
j K

they have the same multiplicity tuple given by (m(1) = 1,m(2) =1, m(3) = 0).
Based on the invented notion of the multiplicity tuple, we define

Pus (M) = {p € P (ALD) s 1y # myy V.0’ € Puns (VD) } (4.3.9)

to be the set of all independent partitions of )\7(/3), which means that all elements of
P.na are pairwise independent of each other. Clearly, this set is not unique because out
of all partitions in P ()\,(frj )) with the same multiplicity tuple we have to choose only
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one to be contained in P,,,. Nevertheless, this will not bother us since our formula is
completely independent of the choice of the specific partition as we will see. m
Consequently, without loss of generality, we will always choose the partition consisting
of ladders with equal or decreasing weight for a fixed multiplicity tuple, meaning that
p = U,-)\,(;ji) with k; > k;.1 > 1. This selection rule allows us to write the set of
independent partitions of a ladder A{?) as

T
Pua = |J P with
n=1

Pi(:cli) = {p c Pind p= U )\,(;le) A Zkl =1rr A kz Z ]{Zi+1 Z 1A di+1 < dl} . (4310)

=1 i=1

Now we are on the verge of giving a compact formulation of the final integrand
CIDS) (A* ) Calling to mind that all partitions containing more than one ladder of

T
weight 1 do not contribute to the integrand (cf. case (1) in section [4.2.4)), P,.q ()\ff))
gives the full set of partitions we need to build up the integrand of A, if we discard

all elements p with m,(1) > 1. The only thing we need for the final expression is the
numerical prefactor of the terms contributing to the integrand. Let us see how this can
be done by giving an example. Consider the case rr = 6. The set of partitions p with
multiplicity tuple m, = (1,1,1) is given by

iIl'n i'lIm ° .jIm '/:Ij l Ii'kf l I’/:'k"”/
{ J em , { J noo, % ken k } mo J } moo, and J k l
k

l o o m

(4.3.11)
As we already know, those terms will sum up to the single one W times a
ijk VlmTn

numerical prefactor which is composed as follows. The number of partitions with the
same multiplicity for rp fixed is just the number of possibilities to arrange the ladders
in the respective partition. If we forget the decorations of the trees for a moment, this
number would be just the number of ladders in p factorial. Since the decorations of
the ladders are strictly ordered we do not get a new partition if we interchange ladders
of the same weight in the partition. Therefore, the factorial of the number of ladders
in p has to be divided by the multiplicity factorial for each weight. In our example
we get 11?511 = 6 for the number of partitions with multiplicity m, = (1,1,1). The
integrand associated to the first partition in the upper example is (cf. equation )

1 ijkVim¥n ..
T ST e e ST T As one can see, each three of the partitions add

uf) in such a way that the angle dependent term turns to unity. More generally, if n is
the number of ladders in the partition, each n of the partitions will add up to one term
in the sum. Therefore, dividing the number of partitions with the same multiplicity
by the number of ladders in each partition gives the prefactor in the integrand we are
looking for. In the present example this factor is = 2. In general, the prefactor

can be defined as

3!
1111113

np!

Ity (=1 ( imy(ky) — 1)!
Tp [T:E 1 my (ki)' 155, my,(K;)!

with n, the number of ladders in the partition p. For an example of the prefactor for
some partitions see table 4.1} in which we omitted the factors 0! in the denominators and

(4.3.12)
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.. np—1)!
Partition p | Prefactor TT, ki)l

1
m = |1

«®
L=

1t

3! = 3

211!

|
||
{I
{I
i
o
1
|

{ mam = 30

11212111

Table 4.1: The prefactor from equation (4.3.12)) for a variety of partitions.

the decorations of the trees for convenience. Finally, the linear term of the renormalized
Feynman rules for an antisymmetric flag takes the compact form

_ L n+1 L (TL — 1)' 1
):AQVZ(—D >Yeo X oo (3
n=1 deD d=1 pefpi(:d)(Agg)) g=1"""p\"v) =1 "d;

myp(1)<1

where g(py is the Levi-Cevita-tensor indexed by the full decoration set of the corre-
sponding flag and the sum Y ;cp YL, runs over all elements of the decoration set, each
of them taking on values from 1 up to rr. Note, that d denotes an element and d; an
ordered subset of D so they should not be confused with each other.

The upper result is very striking since the problem of finding all the forests of a graph
is boiled down to the task of finding all partitions of the corresponding ladder graph
which is straightforward. A very easy and pictorial way to cope with this task will be
given in the following section.

4.4 A pictorial approach using flag diagrams

In the last section we presented a formula that allows us to calculate the linear term of
the renormalized Feynman rules of an antisymmetric flag by looking at the possible
(independent) partitions of the corresponding ladder. There is also a pictorial way to

deduce the set P,.4 ()\gf )) for a given ladder )\ﬁ? ), which is based on the idea of Ferrers

16To some extent, this was already discussed in remark
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. . J J

° k

3 = 241 = 1+41+1 _drawedges @0 A a0
(a) Ferrers diagrams for rr = 3 label vertices (b) Flag diagram for rp = 3

Figure 4.1: Ferrers diagrams of all possible partitions of rr = 3 into positive integers
and the corresponding flag diagram constructed out of them.

diagrams (see appendix . Such a pictorial representation of the set of independent
partitions of a ladder graph, we will refer to as a flag diagram. To see how these
diagrams can be constructed, we first think of the partition of the co-radical degree rp
into n positive integers k; such that (cf. equation (A.1]))

e = Zkl and kz Z ]{7@'_;,_1 Z 1. (441)

This partition can be illustrated by drawing the corresponding Ferrers diagram (see for
example figure |A.1)). Alternatively we can write

AP = U M with
Zkl =1r, k; > ki-f—l >1, and dz’+1 < d; (442)

in terms of ladders. The set of all possible partitions of )\ )inton =1 up ton = rp
ladders fulfilling equation (4 , equals the set (4.3.10]) of all independent partitions of
the ladder. But the problem of finding all those partltlons can be reduced to the problem
of finding all possible decompositions of the co-radical degree rr inton = 1,...,rp
positive integers as in (4.4.1)).

To see how this can be done, we consider the case rr = 3. The possible decompositions
of rprare rp =3=2+1=1+ 1+ 1 with the corresponding Ferrers diagrams given
in figure [£.1(a)] Now, the set of independent partitions for rr = 3 can directly be
constructed out of Ferrers diagrams in figure by simply drawing edges between
the dots in the same column. Afterwards, we can label the dots in each diagram by
the elements in the decoration set, going from top to bottom and from left to right,
yielding the flag diagram in figure . The generalization of this construction is
straightforward.

To determine the partitions in the flag diagram that contribute to the integrand of
CD(I) (AT ) we have to discard all partitions with more than one ladder of weight one,
e.g. the third one in figure _ Or, in terms of Ferrers diagrams, we discard all
diagrams containing more than one column with only one entry. Figure [4.2] shows the
flag diagram for co-radical degree four and five, in which we already crossed out those
partitions that do not show up in the integrand. At the end of this section, we want
to give an explicit example for rr = 6 in which we first draw the flag diagram and
afterwards calculate the integrand using equation (4.3.13)).

Example 4.1.
We

41



(a) Flag diagram for rr = 4

J el

z ’L'-Om [LIZ 4_.l o Iz‘ Ik om I‘ﬂOk o] o7 | |oi siet—wl e |

m

(b) Flag diagram for rp =5

Figure 4.2: Flag diagrams for co-radical degree four and five with all partitions that do
not contribute to integrand crossed out.

sum of positive integers, namely

6=5+1=4+2=4+14+1=34+3=3+2+1=3+1+1+1
=24+24+2=24+24+14+1=24+141414+1=1+1+1+1+1+1. (4.43)

Each of those decompositions can be illustrated by a Ferrers diagram, and from the set
of diagrams we can deduce the corresponding flag diagram given in figure [{.3. Our goal

i i en i m i emen i 9l i 9l on i ol emen
J J J I n l J l m l J I m l J
k k k k k k k

l l l l

<

n

n

IiIkIm IiIk'm'n Iz o/ o] emen o oj o) o] emen
J el en J el J

Figure 4.3: Flag diagram for co-radical degree rr = 6.

is to calculate the integrand of the antisymmetric flag. Therefore, we can discard the
fourth and seventh partition in the first, and all but the first partition in the second line
of the flag diagram. The remaining partitions that contribute to the integrand are

and AP AFD ) (4.4.4)
with prefactors (see equation )

1, 1, 1, =, 2 and (4.4.5)
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Thus, the integrand from equation evaluates to

6
1 1 1
(1)5121) Ag :/Q Eijklmn - -
( 6) i,j,k,l,zm,nzl ’ 1'2jklmn ¢12]klmw721 i2jkl %n
1 1 2 1 1

SRS Tt 0 R
This calculation was done without any great effort and nearly took a half page. In
contrast, we can think of the explicit calculation as it was outlined in sections -
[4.2.53. For the ladder of co-radical degree 6 we would get a total number of 32 forests,
each giving us one term in the integrand corresponding to the forest formula in equation
. To see how the angle-dependence cancels out, we can rewrite the integrand using
Eijklmn = % [€ijkimn + Ejkimni + - - -], giving us a total amount of 32 x 6 = 192 terms that
have to be combined until we end up with the expression . Thus, our formula not
only saves a lot of time and paperwork but also is more elegant in a combinatorial sense.
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Chapter 5

Conclusion

Within the scope of the present thesis, we initially considered scalar Feynman integrals
in parametric representation. After introducing dimensionless scattering angles and
carrying out one of the integrations, it becomes apparent that the renormalized Feynman
rules can be written as a polynomial in the scaling parameter L = In (S/Sp). Assuming
that L is very small, the dominant contributions of &y arise from the low-order terms
in the polynomial. Therefore, we focus on the L-linear term of the renormalized
Feynman rules. In quest of finding combinations of graphs such that the linear term is
significantly simplified, we end up at so-called flags. It turned out that in the case of
total antisymmetric flags (as well as in the case of symmetric flags) the ¢-dependence
and thus the angle-dependence drops out in the linear term of ®5 if we assume that
scattering angles are preserved. Based on our discovery, we thought about a concept
how to compute @%) for antisymmetric flags of arbitrary order and developed a formula
whereby the calculations are facilitated and shortened. In a concluding example, we
showed how advantageous this formula can be. Indeed, the formula can also be used
to compute CIJS) for symmetric flags. The sole difference is that all ladders in the flag-
diagram contribute to the integrand. Consequently, the claim m,(1) < 1 is dropped (cf.
equation (4.3.13))). Apart from this, the formula is unchanged such as the computation
of the prefactor (cf. equation (4.3.12)). Within the context of this thesis, we also
considered combinations of ladder graphs with branched rooted trees for rp fixed.
However, investigations of those combinations of graphs gave no reason to expect the
angle-independence of the L-linear term so far.

In a future work, one could examine if the angle-independence of @g) (Arir ) also shows
up in the parametric representation of other theories such as QED, where the PhD
thesis of Matthias Sars [20] could serve as a basis. Additionally, further studies on this
topic, based on the paper of Dirk Kreimer and Olaf Kriiger [15], are possible by looking
at the Lie-brackets of different graphs.
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Appendix A

Ferrers diagram

Based upon [5] and [21], we briefly give an overview on what is called Ferrers diagram,
named after the mathematician N. M. Ferrers (1829 - 1903), which can also be connected
to Young diagrams.

Consider a partition of an integer n into k parts, given by the k-tuple n = (y1, ..., yx)
of positive integers y; with

y1+yet-ty=n and Yy >y > >yp > 1 (A1)

Alternatively, we can write n = 2" ...2]" in terms of the multiplicity m; of the
different integers z; showing up in the partition, such that x1 > x9 > --- > 2; > 1 and
Zﬁzl m; = k. For example, one possibility to decompose n = 15 into k = 7 parts is
15=(4,3,2,2,2,1,1) or 15 = 4'3!231%2. Note that the ladder one is not a product but
a listing of the different elements in the partition and their multiplicity.

A useful way to represent such a partition pictorially as an array of points is Ferrers
diagram. This diagram consists of k rows and y; = x; columns, where the first row
contains y; points, the second one y, points, and so on, such that the number of points
in the columns and rows decreases when going from left to right and top to bottom,
respectively. For example, the Ferrers diagram of the partition of 15 into 7 parts, we

mentioned above, is shown in figure [A.1(a)]

There is also a conjugate partition if we consider the columns (and not the rows)

0000

000

L N

L N 0000000

o0 00000

[ L N

[ ®
(a) Ferrers (b) Transposed Ferrers dia-
diagram gram

Figure A.1: Pictorial representation (a) of the partition 15 = 4'3'2%1? via Ferrers
diagram and (b) its conjugate partition 15 = 7'51211! as the transposed of the original
diagram.

of the diagram from left to right and link the number of points contained in them to
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positive integers z;, such that n = ), z;. Indeed, this partition is obtained from the
diagram by interchanging the rows and columns, that is to say taking the transpose
of the diagram. For example, the transpose of figure leads to the partition
15=7+5+2+1="7"52"1" (see figure[A.1(b)). The map from n to the conjugate n’

gives the following theorem whose proof is also given in [21]:

Theorem A.1. (|21, theorem 3.1])
The number of partitions of n with k parts is equal to the number of partitions of n
whose largest part is k.
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Appendix B
Computation of CID%> (A3)

We consider the graph «;;, of co-radical degree three, whose forest set is given in (4.2.1)).
The linear term of the renormalized Feynman rules already stated in equations
and (4.2.3) can be used to calculate @2) (Ag ) Therefore, we rewrite the Levi-Cevita
tensor as in equation , such that the integrand takes the form

eijrd (’Yijk)
1 {e' l 1 o1 Pijk
3| S VHUR Gighr + drtliy V5, Gt + Gl
1 Oithj ]
WW% i)tk + (d50n + drtby) Vi
T [ L1 ot 1 ¢ ki
W VR Gt + dithin VRUR, btk + Drithy
. 1 Ok ]
VIVRDE bl + (Orthi + dstdr) bj
+ e [ 1 Prit; 1 Prij
' ¢13¢j %%i%z' brithj + G5k R ZQJ Orij + Qi
1 OrYi;
F ORI Gty + (s + 030) wk] } (B1)

Using €5 = €k = €kij, the terms in the afore-stated expression can be combined as
follows

gijid (Viji)

3 Y 123143 ]kz ¢k’b] %¢km ¢/€77Z}1] ¢ 77Z)]’£W ¢jk‘¢z

1 bt 1 ijw@wm
PR 5T + ouith; | RO Gyt (@ytn + duiy) Y

which is identical to equation (4.2.5). Taking the sum over i, j, and k the first and
second three terms add up to one term with a factor of 3 that cancels with the prefactor
and the last term drops out, giving

1 1
Z gzjk] ’}/ij; Z €ij{ 2}. (BS)

B 2
i,7,k=1 i,7,k=1 zjk ij¢k
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