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The B function of quantum electrodynamics is computed to two loops using di-
mensional regularization in momentum space, and the Corolla differential developed
by Kreimer. The one-loop coefficient is %, the two-loop coefficient is 4. The Corolla
integrand is analyzed regarding its subgraph structure.
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Die S-Funktion der Quantenelektrodynamik wird zu zwei Schleifen berechnet,
sowohl mit dimensionaler Regularisierung im Impulsraum, als auch mit Hilfe des
Korolla-Differenzials, das Kreimer entwickelte. Der Koeffizient der Ein-Schleifen-
Rechnung ist %, der der Zwei-Schleifen-Rechnung ist 4. Der Korolla-Integrand wird
beziiglich der Subgraphen-Struktur untersucht.
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1. Introduction

In my master thesis, I will discuss the g function of quantum electrodynamics,
which is given by the photonic propagator, or vacuum polarization. The computa-
tion, which will be done to two loops, can be utilized in different ways. Here, we
are showing dimensional regularization in momentum space, the standard textbook
approach and the subject matter in most quantum field theory courses, and the
computation using the Corolla polynomial, a graph polynomial which Dirk Kreimer
has decribed in great detail in [1] and [2]. Even though quantum electrodynamics to
two loops is nothing new, the computations are important because they enable the
testing of new methods, in this case the transition from scalar to gauge amplitudes
using the Corolla differential. Dimensional regularization in momentum space is
very straight-forward and comparatively easy to follow, but has its mathematical
stumbling blocks. The computation using the Corolla polynomial is a lot more rig-
orous and also has a lot more potential.

Doing the computations, a lot of help has come from [3], lecture notes from a QED
and QCD lecture with a lot of detailed computations. During the traditional com-
putations, we are going to use dimensional regularization, a technique in which the
dimension of space-time, D, is altered by shifting it by a small value € to D = 4 —2¢
in order to isolate the poles of the amplitudes at D = 4. During this thesis, we will
encounter single and double poles in €.

In the first part of the thesis, the § function and renormalization in general are
explained. After that, a short remark to the Ward identities is made. Next, the
computation of the one-loop and the two-loop graphs contributing to vacuum polar-
ization in done first in momentum space, then using the Corolla approach. At last,
the results are discussed. In the appendix, the computation of traces of v matrices
and the one-loop master formula for dimensional regularization with a lot of ex-
plicit results is found, as well as the derivation of an important formula for two-loop
computations, called the triangle relation, and the Feynman rules for QED.

1.1. The S-function

When dealing with quantum field theories, one usually uses a perturbative expansion
of graphs for the computations, which are completed to a fixed order of perturba-
tion, normally given by the loop order, or first Betti number, of a graph. However,
perturbation theory bares some problems and cannot be the only approach to a
complete quantum field theory.

Let us consider an amplitude involving momenta of order ¢, for example the vacuum
polarization of quantum electrodynamics. Its n-loop contribution contains the per-
turbation parameter, the fine-structure constant «, to the n-th power, ™. There are

also up to n factors of In ( 22) Consequently, perturbation theory has its limitations
2

when « ‘ln (—2)

q
m,

<15 )| becomes large, even though « by itself might be small, which is the
case in quantum electrodynamics. By introducing some scale u, a renormalization
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point is fixed and this point defines the renormalized coupling. The introduction of
this renormalization scale leads to the appearance of logarithms In (%), so pertur-
bation theory is bound to break down whenever £ > p or E < u, even though the
coupling constant might still be small at that energy.

To find remedy, one could think about introducing not a constant, but a “sliding”
renormalization scale p, which is not related to the particle masses in a fixed way.
One could choose 1 to be of the same magnitude as the energy E of the process in
question, and thereby taking away the possible harm of the In (E) terms. As long as
the coupling constants g, defined at this sliding scale y remain small, perturbation
theory is still possible. [4]

1.1.1. The renormalization group

Think about the coupling constants defined at a given scale u. Using perturbation
theory, one could derive the physical amplitudes and from them the coupling con-
stants at a new scale p + du. One would get a differential equation to integrate,
which relates the coupling constants at different scales. The method of the renor-
malization group can also give insight on the asymptotic behaviour at very high or
very low energies, even though the coupling constants might not be small enough at
these scales to use perturbation theory anymore. In fact, it turns out that in order
to perform calculations at some energy F, one must first eliminate the degrees of
freedom of much higher energy.

One very intuitive way to do this is by simply using a finite cut-off. This goes along
with ensuring that the physical quantities in the thoery remain cut-off-independent,
eventually leading to having to introduce an infinite amount of interaction types
allowed by the theory. Obviously, using a cut-off is not very convenient for renor-
malizable theories, especially because it violates Lorentz invariance.

In order to get around the large logarithms mentioned above, one needs to find an
adequate way of defining renormalized coupling constants and operators. Renor-
malization group methods do exactly that.[4]

Renormalization group equations

Presume there is a coupling constant g, which depends on a sliding scale p, but not
on the masses of the particles in the theory. In ordner to calculate gg at a given
energy F. it would be of no help to use perturbation theory, since we are interested
in the results where perturbation theory no longer holds. Instead, we proceed as
follows: First, we understand the discrete steps where g, may be calculated in terms
of the renormalized coupling gr as long as £ is small enough, i.e. not much larger
than unity. g, can be computed in terms of g, just as long as % is small enough.
Following these steps, one eventually reaches gr. Next, we go from discrete to
continuous calculations.

From dimensional analysis we can derive that the relation between any two couplings
g, and g,y is of the form

pom
g':G<g7_7_> 1.1
u o (1.1)
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Now, we differentiate both sides with respect to p/ and then set ' = u. We get the

following differential equation
10 m
= _a_f G<g,u7f7_>
= M H

where we have written f = %’ and used the chain rule for the derivative on the
right-hand side. Bringing the u to the other side and renaming p/ = u yields

d 0 m m
Md_ug“ = a G (g,“ I ;> - =p (EIM, E) . (1.2)

There is no zero mass singularity, so for g > m, Eq. (1.2) becomes

d
W

f=1

ud—jgu — 3(g0) = 5 (g) (1.3)

which is referred to as the Callan-Symanzik equation.

In order to calculate g, one would integrate Eq. (1.3), where an initial value p; = M
has to be chosen such that it is large enough to neglect masses m compared with
p for p > M, but also small enough to avoid large logarithms In (%) which would
not allow the use of perturbation theory. Then we can calculate g,; by using the
conventional renormalized coupling constant gr. As long as §(g) does not vanish
between Gj; and Gg, we can formally write

In (%) :gi};% . (1.4)

Please note that the results derived do not depend on pertubative methods. How-
ever, perturbation theory may and will be used to produce results for the functions
G and (. This is independent of the derivation of the formulas.|[4]

Renormalizing operators

When renormalizing an operator O, for example a field, one intoduces on N-factor,
(0), = N0 (1.5)

N©) is chosen in such a way that N© F(p) becomes finite at a chosen renormal-
ization point, where F'(p) is a divergent factor in the matrix elements of O(p). For

example, one could define (O) in such a way that N© F(0) = 1. This, however,
leads to an infrared singularity.

To avoid singularities due to branch cuts, one option is to calculate off-shell matrix
elements of operators since branch cuts lie on the real axis. For example, if a particle
with momentum p decays into several particles with masses m;, then there will be
a branch cut on the positive real p?-axis for p* > (3, mi)2. There is no singularity
if the initial particle has mass M < Y, m; because then, p> = M? is off the cut.
Problematically, for massless theories, the value of p? and the branch point at which
the cut starts both meet at the origin, resulting in a singularity. Therefore, it might
make sense to analyze off-shell matrix elements. Then, we need to consider the
N-factors that appear in the definition of the renormalized operators whose matrix
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elements are finite. These N-factors can be defined in a way that the correction
factors resulting from divergent subgraphs all cancel when the operator has zero
momentum, or if a field is on its mass shell, or in any other convenient way. As
discussed above, the formula for the N-factor holds zero-mass singularities which
will result in large logarithms at energies E > m, and we will try to fix this problem
by introducing a sliding scale . The matrix elements of the renormalized operator
will read

0,=N0. (1.6)
The correction factor due to divergent subgraphs containing operator O are cancelled
at a renormalization point which has energy scale u, brought about by N lgO>.[4]

1.1.2. The p-function of quantum electrodynamics

In electrodynamics, two renormalization constants turn out to be dependent on
_1
just one function, referred to as Z3 for historical reasons. Z; * renormalizes the
1
electromagnetic field, whereas Z3§ renormalizes the electric charge of the electron,
1

er = Zie. Please note that this is a very special case and that in general, each
renormalized function carries an independent renormalization constant.

Naturally, one defines the renormalized electric charge and the renormalized elec-
tromagnetic field at a sliding scale p such that

11
€u = N;(LA)ile = Z3 2@6}3 . (17)
N
1
Al = NMAY = ZENY AY, (1.8)

Then, e, times the field IV, }SA)A” renormalized at scale p is independent of the choice
of u,

ep Al =erAfg . (1.9)
Please note that in this notation, v denotes a Lorentz index whereas pu represents
the sliding scale.
We see (for example in [4]) that for small e,,, e,, increases when p increases. However,

the asymptotic behaviour is still unknown and cannot be explored using perturbation
theory.

Asymptotic behaviour of the j-function

Using the methods of the renormalization group, one finds that there are several
possible behaviours of the g-function for large couplings, connected to the behaviour
of g, for large p. The following analysis deals with theories with only one coupling
constant. For a discussion on a theory with more than one coupling constant, please
refer to .

In theories like ¢*-theory or quantum electrodynamics, the S-function for small g is
positive, so ,ud%L gy > 0 for small g. Quantum chromodynamics, on the other hand,

has 3(g) < 0 for small g. [4]
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1.1.3. Ward-Takahashi identities

A more graphical approach

In order to get a feeling for the Ward-Takahashi identities, imagine an amplitude
for some QED process which involves an external photon, which we will assign
momentum k. As we know, the amplitude M can be written in the form

M(k) = e,(k)M" (k)

where M is a Fourier-transformed correlation function. Let us take a close look at
the diagram with an external photon line. This diagram is a contribution to the
amplitude M (k), which consists of all diagrams with the external-leg structure of
M (k). If that photon line is removed, we obtain a simpler diagram which is part of a
simpler amplitude, call it M. Next, we can reinsert the photon at any point allowed
by the Feynman rules, the results are always contributions to M (k). If one sums
over all diagrams that contribute to M, (that is, over all graphs with the external
leg structure of My), and then sums over all possible insertion places for the photon
line, the result is M (k).

The Feynman rules of QED only allow for one type of vertex, namely a photon
coupling to a fermion and an antifermion. Therefore, a new external photon can
only be attached on a fermionic line. This line can either be part of a closed loop,
or part of a fermion running through the graph.

If the electron runs between external points, and the electron propagators
have momenta, say, p,p1 = p+ q1,p2 = P1 + G2, ..., P = Pn_1 + qn, the ¢, are the
momenta of the other photons coupling to the fermion line, and there are n vertices,
that gives us n + 1 insertion points.

For an insertion after the i" vertex, the momentum for any electron propagators p;
with j > 4 is increased by k.

If we contract the new vertex with k,, we can rewrite the expression as

In the integrand corresponding with the amplitude, the vertex will be multiplied
with the two adjacent propagators, from the left and right, respectively.

iy (ﬁ ) pﬂé)

Thus, when writing down the entire integrand, we will encounter terms like

2 | | | |
e () ) )

qi

Now, if we sum over all terms given by inserting the photon in all n 4 ¢ possible
spots, every term but the very first and last will cancel due to the changing signs.
This corresponds to the graphical expression

qi+1t

q

insertion
points

p+k
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If the photon attaches to an internal electron loop, then the very “first” term
and the very “last” term will cancel because they are identical, so there will be
no contribution. Thus, the diagrams in which a photon is attached along a closed
fermion loop add up to zero when summing over all diagrams.

Since all external fermion lines must be running through, there is always an even
number of external fermionic legs. Say, the amplitude M (k) has 2n external fermions,
the incoming ones labeled with momenta p;, the outgoing ones labeled with momenta
gi- Then the amplitude M, is short one external photon v(k), but is otherwise iden-
tical to M(k). Now, to extract k,M*(k), we need to sum over all diagrams which
give a contribution to M, and then sum over positions at which the photon could
be inserted, and do this for each of these diagrams. The result is

kMY (;p, - Pas @, - ) = (1.10)
:ez(Mo(pl,...,pn;ql,...,qi—k,...)—Mo(pl,...,pi+k,...;q1,...,qn))

Eq. (1.10) is called the Ward-Takahashi identity for correlation functions.
The simplest case, namely the n = 1 case, is a nice example:

p+k P p+k
ko | A —e - (1.11)
k
p p p+k

The propagators we see on the right-hand side of Eq. (1.11) are the exact electron
propagators S(p) and S(p + k), given by

S(P):m

where X (p) is the sum of all 1PI graphs contributing to the electronic propagator
(the self-energy).

We rewrite the full three-point function as a product of full fermionic propagators
and an amputated scattering function whose vertex is denoted by I'*(p+k, p). Then,
we multiply with the inverse propagators from the left and right, respectively.

S(p+ k)( —iek, I (p + k,p))S(p) = e(S(p) —Sp+ k))
= —ikJ"(p+k,p)=e(S ' p+k)— S (p)) (1.12)
Eq. (1.12) is also sometimes referred to as Ward-Takahashi identity. This iden-
tity gives us the opportunity to retrieve a general relation between renormalization
factors:

TH(p+k,p) = Z7'4" as k—0

Let Z be the residue of the pole in S(p):




Chapter 1 Introduction

Setting p near mass shell and expanding Eq. (1.12) about k& = 0 gives to first order:

—iZ = —iZ
== ARSI

This relation is also sometimes called the Ward-Takahashi identity. Anyway it guar-
antees the exact cancellation of infinite rescaling factors in the electronic scattering
amplitude. Because of the Ward-Takahashi identity, it suffices to compute the pho-
ton propagator in order to obtain the § function of quantum electrodynamics. [5]

A more analytic approach

The previous derivation of the Ward-Takahashi identity was rather graph-oriented,
in this paragraph we will try a more analytic approach. Recall that in gauge theory,
the Lagrangian density £ (involving some matter fields ¢, and the bosonic field A,,)
is invariant under a global gauge transformation,

Py — ey « = const.

Because of this invariance, there must exist a current which is conserved (a Noether
corrent):

oL
3r =iy
? ; a(a“'l/}l> Qlwl

0, J" =0

A Noether current always comes with a Noether charge:
Q:/&Mo

Q is time-independent ([Q, H] = 0), translation-invariant ([P, Q] = 0), and invariant
under homogeneous Lorentz transformations ([J*, Q] = 0). Furthermore, @) acting
on the true vacuum state 1)y must be proportional to the vacuum again, Qv = qoo.
Because of Lorentz invariance, we can require that (¢ |J,1) = 0 and therefore
Qo = 0.

() acting on a one-particle state 15, where P’ denotes its momentum, o its spin,
and n the kind of particle in the state, must give the same state again with the
same momentum, spin, and Lorentz transformation properties: QVp.n = qn)Vp,0.n-
q(n) is independent of p'and o. We call q(,) the electric charge of the one-particle
state, where that charge is nothing more than the quantum number associated with
the conserved current.

The canonical commutation relations are:

[T, ), (7, B)] = (7, )0P (&, )
[Q, (¥, t)] = —qthi (Y, 1)

But even more so, we can define some F' to be a (local) function of the fields, field
derivatives, and their adjoints, and the canonical commutation relations give

Q, F(y)] = —qrF'(y)
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with ¢ the sum of all ¢; of the fields and field derivatives minus the sum of all ¢; of
the adjoints. Therefore,

(o [[Q. F)) ) = (Y0 [F ()| Ysom) (07 — diy) = 0

Consequently, gr = q(n) as long as (¢o [F(y)| ¥p.00) # 0.
This condition takes care that momentum space Green functions that involve F' will

have poles at the corresponding one-particle state values for the respective 155 ..
Thus, for a one-particle state, where F' = 1, we have qr = q.

We call ¢; the electric charge. However, this need not be the physical electric charge.
q: is a parameter in the Lagrangian £, but the condition that £ be invariant unter
the global gauge transformation 1, — €%, does not fix the overall scale of the
q;- So what is the physical charge? Well, the physical electric charge describes the
response of a matter fields to a given renormalized electromagnetic field A*. The
scale of the ¢; is fixed as soon as we require that this renormalized electromagnetic
field shall appear in the matter Lagrangian £j;, namely in the linear combinations
resulting from the local gauge transformation, the covariant derivative (9, —igq A, )y,
such that for our conserved Noether current, J* = MM holds.

Still, the renormalized electromagnetic field does not equal the bare field, and neither
do the physical and the bare charge.

AM#A ) C]l#@Bl

Let us take a close look at the simplest form the Lagrangian can take.
1 .
L= _Z(GMABV — OVABM)(&‘ABV _ 8”143”) —+ ,CM(’(/}I, [8M — ZquABM]’(/Jl)

e A* the renormalized electromagnetic field, is the complete propagator with
1

pole at p? = 0 with unit residue: A* = Z; 2 Ag*

e ¢ is the physical response of charged particles to the renormalized electromag-
1
netic field A* (and not Ag"): q = Z3qp,

It is obvious that the relation between the bare charge and renormalized charge is
achieved by the use of the same scaling constant for all particles!

So, charge renormalization results merely from radiative corrections to the prop-
agator of the photon. As a consequence, there appear numerous cancellations
among other radiative corrections to the propagators and electromagnetic vertices
of charged particles. These cancellations are called the Ward idendities. [6]




2. Textbook Approach

In this chapter, we are going to compute the one- and two-loop contributions to the
photon propagator of quantum electrodynamics. For now, the standard textbook
approach, in which the Feynman rules of QED are written down and the integrals
are solved using dimensional regularization, is executed. At the end of the thesis,
both approaches will be evaluated.

Regardless of the loop number, the ansatz for the amplitude is always the same.

2.1. Ansatz for the Amplitude

Regardless of the number of ~ matrices in the trace, or of the number of loop
momenta to be integrated out, the Feynman amplitude is of the form

Op — / APk Ir

where I+ denotes the Feynman integrand of the graph I', D is the dimension of
space time, and k is used as an abbreviation for all loop momenta. Dimensional
analysis shows that ®r is quadratically divergent, but it is also known that the
photon propagator is transversal, or in other words: It is possible to extract a factor
(¢*9w — quqv) from the expression, where ¢ is the external momentum, and p and
v are the Lorentz indices of the vertices the external photons couple to. These two
factors of ¢ which can be extracted leave a scalar expression F(¢?) which is only
logarithmically divergent! [7]

Or = (g — 4uav) F(0%) (2.1)

The problem is reduced to finding the function F(¢?) since the overall structure of
the amplitude is already known. In order to achieve this, contract both sides of
Eq. (2.1) with g" and solve for F(¢%):

9" ®r = 3¢°F(q°)
= F(¢*) = 59" r (2.2)

Therefore, it suffices to compute not ®r, but a much easier expression, namely
g"' ®p. The result for & can then be read off using Eq. (2.1).

%) is logarithmically divergent, a simple subtraction at some
reference scale ¢ = p? will be necessary. Therefore, the notation F' (%) will also
t

be used. It indicates that the subtraction would already have taken place.

Remark Since F'(q
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2.2. The One-Loop Graph

Let us start this chapter by computing the one-loop photon propagator of abelian
gauge theory, also known as quantum electrodynamics, the traditional way we learn
it in every introductory quantum field theory course. We take the graph

and write down its unrenormalized Feynman integrand according to the Feynman
rules of QED (see Chapter D), and integrate the expression using dimensional reg-
ularization. We use the standard Feynman slash notation, where y = v,y”. The
Feynman integrand of -O- is given by

kg ok
I =-Tr (zewz(k n q)QZe%Zﬁ

k+q)*kP
- _ 2 T (

The loop momentum of the only loop is k, so there will be a D-dimensional integra-
tion of the Feynman integrand over k. The Feynman amplitude of -O- yields

O = @(@w):/d%f@

Because the incoming and outgoing photons are only attached to the vertices at u
and v, Eq. (2.1) yields that ®(-O-) is of the following form:

O(-0) = (g — quav) F (Z_22>

where subtraction at ¢* = p? is understood. Keeping Eq. (2.2) in mind and com-
puting the contraction of the integrand with ¢g"”, we get

v 2 (k: + q)akﬁ
gﬂ Ime = —e"Tr (’Yufyafyuf}/ﬂ) (k’ +q>2k’2

k+q)*k?
962 Ty () K
e r (7@75) (k’ + q)2k2
S (k+q) -k
(k + q)%k?
o2 K+ kg
(k +q)*k?

K2+ k-q
o =8e [ L aly 2.
= g 8e i+ 97k (2.3)

= 8¢?

In the second line, we use the v matrix identity v,v.7" = —27,. In the third line,
we used the trace identity Tr <7a75 ) = 4¢°P.

10
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In order to solve Eq. (2.3), one uses a trick by splitting the sum and rewriting & - ¢
using Eq. (A.4). After that, all summands are in a form that allow the use of the
one-loop Master integral for dimensional regulariz ation, cf. Eq. (B.2), and Chapter
B in general.

k2 + (k+q)* — ¢
v _ 2

g =de / (k + q)2k?

= 46> (M(0,1,D,¢*) + M(1,0,D,0) — ?M(1,1,D,¢%)  (2.4)
= —4*¢*M(1,1, D, ¢°)

D_

= 1) T

dPk

, I2(2-1rE-2
Eq. (B8)=> = —4é¥(¢*)21 ( F(D)_ 5) ) . _1 5
Eq. (B.9) = = —4é*(*)" = <§ + 0(1)> (2.5)

In the second line, we used the master integral. Because of the properties of the
master integral, M(0,3,D,q*) = M(«a,0,D,q*) = 0, two of the three terms in
Eq. (2.4), vanish. In the last line, we used dimensional regularization where we set
D =4—2¢.

Let us continue the computation of the full contribution to the amplitude, since
Eq. (2.5) still has a pole at ¢ — 0. Without subtraction at some reference momentum
i, we would get

2 4 90 9v—c (1
Fi.(22) = F@) =3¢ " (2 +00)
= —%eQ [1 —eln(¢?) + 0(82)} (é + (’)(1))

and the expression would diverge when the limit € — 0 were to be taken. However,
when the subtraction at ¢® = p? is acted out, we get

F (Zé) = _§e2 [ (1-eln(¢®) +0@E) — (1—eln(u?) + 0(&))1 (é + 0(1))

_ _262 [_5 In (Z—Z) + 0(52)1 G + @(1))

_ 362 [m (Z—Z) + 0(6)1 (1+06)

2 4 2
= lim F ) = —e%1n 4
e—0 12 3 2

The coefficient % of the function F (%) is the one-loop (B function of quantum
electrodynamics.

We have computed the one-loop [ function of QED using the standard physics
approach with subtraction and dimensional regularization. However, this approach
is very weak on a mathematical level because it is not very rigorous, especially
because integrals are written down that are non-existent because they diverge. To
gain a more general knowledge of the structure of the 3 function, let us have a look

at a more combinatorical level in Chapter 3.

11



Chapter 2 Textbook Approach

2.3. The Two-Loop Graphs

For the two-loop graphs, the application of Feynman rules proves slightly more
tricky than in the one-loop case. A lot of the computations can be attributed to the
one-loop computations, but there are a few subtleties to be taken into account that
we did not have to pay attention to before.

Because we are going to use dimensional regularization, we will need to rethink our
use of 7 matrices in traces and contractions in D instead of 4 dimensions. We did
not have to do that before because the pole we encountered in Section 2.2 was only
of order €.

The Clifford algebra demands that {,,7,} = 2g,, be fulfilled at all times. It is con-
ventional to choose Tr (I) = 4 (and not D), but is is only a matter of choice because
the trace of Unity may be any smooth function of D which satisfies Tr (I)|,_, = 4.
For contractions of v matrices, we use [7]

Vo1’ = (2= D)y (2.6)
VYo7 = (D = 63577 = 2(D = 4) (9o = Guo Vo + G ) (2.7)

Keep in mind that even though Tr (I) = 4, g,,¢"" = D = 4 — 2¢ during our compu-
tations.

The Feynman integrals of the two-loop graphs contain a trace of eight v matrices
and contractions with several momenta. There are two independent loop-momenta
which are integrated out, one for each loop.

2.4. The Graph with a Fermionic Subgraph

In this section, the one-particle irreducible! two-loop graphs of the graphical ex-
pansion of the vacuum polarization will be taken into account where the divergent
(one-loop) subgraph, < is inserted into one fermionic edge of the one-loop photon
propagator, -O-. We are facing two graphs of the kind

gtk

1

The second graph would have the fermionic subgraph inserted in the upper fermionic
line. Since there are two fermionic edges, there are exactly two possible insertion
places. However, both graphs produce the same results when computing their am-
plitudes, which will be shown later in Section 2.4.3.

According to the Feynman rules of QED (see Chapter D), the Feynman integrand

!One-particle irreducible (1PI) means that the graph will not fall apart into two disjoint graphs
if any one internal edge is removed.

12



Chapter 2 Textbook Approach

of & is given by

Fd k] k)gw iy
k+1)2 2

I =-Tr (zew ( g el 12

7)2671/ kale’%f (
=19 ¢l (2.8)

Obviously, the amplitude of -©- is the sum of two independent parts due to the
internal photon propagator which depends on the gauge parameter £. This did not
appear in the one-loop case because there was no internal photon line. The value
of £ depends on the choice of gauge. Very common are the Feynman gauge, £ = 0
where half the computation is obsolete, and the Landau gauge, £ = 1, where the
internal photon propagator becomes transveral. We will see that this is quite a nice
choice for quantum electrodynamics because it will dispose of subdivergences: All
graphs will only have simple poles in the dimensional regularization parameter ¢.
As discussed in Section 2.1, the amplitude is given by the transversality of the
photon, and a scalar function, F'-_ (Z—z) To determine F ( 2), one contracts
Eq. (2.8) with g".

In the next subsections, we are going to compute the amplitudes I wg®m and [ Ml@n , with

T {110275707957 3 (R + Q)°k7 (k + 1)k
l

9 = 29

o b+ aP 02 P+ b (29)
oot {11570 157500 } Ok + @) K7 (k + D k1712 (2.10)
= (k+ QP2 P+ h)? |

2.4.1. The ¢g" part

Let us start the computation of the amplitude of the gauge-independent part, I mg@n
Take Eq. (2.9) and use the identity v,7,7" = (2 — D)y, (see Eq. (2.6)).

Tr {fyufyafy,/yg%’yn}(k +q)kP(k +1)°k"
(k+q)2(K2)*12(1 + k)?

1Y, =—ie'(2-D)

In Eq. (A.3), the trace of the six  matrices is given. The trace and the momenta in
the numerator are contracted using mathematica (cf. Chapter E). Next, the result
is contracted with g"”.

B2((k 1)+ (k-q) = (¢ 1) +2(k - D(k- q) + (K)°

gL = —4ie’(D —2)°

(k +q)2(k2)*12(1 + k)2
(2.11)
Now, rewriting the scalar products using Eq. (A.4) yields
2 2 2 _ g2 22 _ 912 .
o _2i64(D_2)2((k+q) @) (14 k)2 = 12) + (k) = 2k q - | 0.12)

(k + )2 (k2)*12(1 + k)?

Note that the scalar product ¢ - [ has not been rewritten because there is no factor
(I & ¢)? in the denominator.

According to Chapter B, the integral will vanish if there is only one factor with
k or [ in the denominator, regarless of its power. This means that every term in

13



Chapter 2 Textbook Approach

Eq. (2.12) which contains a factor I? or (I + k)? can be omitted because its integral
will vanish.? This leaves us with

k2 —21-q
W = —2ie*(D —2)’
9 Lo ie’( ) (k + q)2k22(1 + k)2
So, our final integral is
g ::/ythdengU&} (2.13)
k* —2q,l"

— 9 —2//£mwz
ie*(D (k+qPWPU+kP

dPk dPk Iz
— _2ie*(D — 2)? / 2/————— /dW—————
i€ ){ (k + q)? Pl+k (k + q)zk2 2(1 1 k)2

:_w%55+5§) (2.14)

I wgél_m is simply solved using the master formula for one-loop graphs, as in Chapter
B. It yields

dPk
%' = 2(D - 2)? (/
o ( (k+q)? Pl+k
—%D—Qf/ k1D
=L 1(1#)%*
dPk

R s

L~ i~12.D
In Section B.2.5, we find the results for I’})’lfgz >. First, we insert the result in
terms of D, in the next line we have set the space-time dimension D to its regularized
value D =4 — 2¢.

gl _ oyzg 2031 (5_1)P(5_D) 1 !

1% =2(D - 2)*(¢") r(2-q)  @-D) 3-p)(E2-4)
B 2, 1213 (1—e)T(1+2e) 1 1
_2<2—2<€) (q ) F(2—35) 2_ ( 1+28)(2—38)
:(8+0@D@5P%)07%+0“D .
_ (q2>172s (_g + 0(1)) (2'16>

The solving of fgm is a little bit more tricky. The second integrand has a Lorentz
index, so we cannot blindly use the master integral as we did before. However,

2Tn the future, instead of referencing Chapter B every time we use it, we will simply call this the
“properties of the master integral”.

14



Chapter 2 Textbook Approach

because of this Lorentz index, the integral must be a four-vector which is then
contracted with g,. Since [ is the loop momentum in this case and it is integrated
out, the result cannot be dependent on {#, only on k*, and a scalar function of k2.
So we make the ansatz

/ o A 0 LRk (2.17)

In order to obtain F'(k?), we contract Eq. (2.17) with %, and solve for F/(k?), using
Eq. (A4).

dD
k2/ lzl—l—k

1 I+ Ek)?—12—Fk

T 2k2 12(1 + k)?
1 1
B ST
= —5/\/1(1, 1,D, k%) (2.18)
= /lelz(ZlfMW - —%M(l,l,D,kQ) (2.19)

Therefore, we get for I fgm:

192 ——4(D—2)2/& /leL
o (ki) B R

) dPk 1., )
_ 21,1 D q-k 22

(k+q)? -k —¢
(k+q)2(k?)* 2

) D D
— _(D- 2)%};1{/\4 (1,2 _ E,D,(f) M (1,3 _ E,D,(f) }

~ ~19_D ~ ~13_D
Do TS T )

—2(D — 2)2T}. %/ APk

In the fourth line, ¢ - k was rewritten using Eq. (A.4) and all factors of k* were put
in the denominator. Next, the (k + ¢)* term was dropped since it would lead to
a vanishing integral due to the properties discussed above and in Chapter B. The
remaining integrals have been expressed using the one-loop master integral. Now,
using Section B.2.5 and Section B.2.6, the products of I' functions need evaluation.

~11~19-D ~11~13=-L
12 =~ I e IRy

——E+0() =i+

:(q2)1*2€(—4+8s+(9( < é(
o(1)

1-2¢ 2 1
= (¢*) <—;+g( 5+47E

—72)+0(1)

OALL)

9%
4
) (2.20)
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Chapter 2 Textbook Approach

Use Eq. (2.16) and Eq. (2.20) to solve Eq. (2.14):

s, =i (2 12)
(2 2 1
— —ie'(®)' {(— g) + (— S5+ g(—5+4w)) +(9(1)}
. e 1 1,07
_ _4264((12)1 2 {_ 2_€2+E(_ ZJFVE) +(9(1)} (2.21)

The double and simple poles in € have been isolated and everything else is finite
when the limit € — 0 is taken. Because of the double pole in ¢, a simple subtraction
at some value ¢*> = p? seems insufficient. However, because of the Ward identities in
QED, for the sum of all graphs contributing to the two-loop expansion of the pho-
tonic amplitude a simple subtraction suffices. We saw about that at the beginning
of this chapter, when we learned that the quadratically divergent amplitude can
be separated into a factor g,,¢* — ¢,¢, and a logarithmically divergent function F,
which we have computed here, thus a simple subtraction must be enough. Bear in
mind that this accounts for the sum of all graphs alone, not for every single graph.
In Section 2.6.2, the subtractions for the graphs in the Landau gauge and for the
sum of all two-loop graphs in an arbitrary gauge take place.

2.4.2. The /"l part

Basically, we are going to repeat the same computation for the gauge-dependent
part of the photon propagator. The amplitude is given by Eq. (2.10):

1 {’ma’mmwwp%}(k +q)*K?(k + 1)°kmele
(k+q)2(k2)*(12)*(1 + k)?

l .
[@— 1€

num(]f@)
Tl (2.22)

.

The trace is computed using mathematica (cf. Chapter E) and the contractions,
including the contraction with ¢, is also done this way. The result is

g mum(I' ) =2(D = 2) (k) [~ (k + q)* + 2 = 20 - g+ ¢*] + 8K (k +1)* [(k+ )* + 1 q — ¢*] +
4 [k + 02 [~k + @ + @] + Ak + 02 [k + 9’ — 2]

Because of the form of the denominator,
den(I', ) = (k + q)*(K*) (1) (I + k)?

and because of the property of the one-loop master integral of dimensional regular-
ization, Eq. (B.2), that the integral will vanish if one of the exponents is zero or
a negative integer, not all terms in g"’num(/ f®m) survive the integration. In fact,
')
term involving (12)* or (I + k)? will lead to a vanishing integral and can therefore
be omitted. Moreover, the term (k2)’(k 4 ¢)* will also yields a vanishing integral
because it will leave only one term with k in the denominator.

since there are three factors with & in den( , but only two factors with [, any
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Chapter 2 Textbook Approach

The resulting amplitude, with all terms leading to vanishing integrals omitted, is

(k2’1 + (k)’* — 2(k*)°1 - q

¢nb=—x0—m&<hwwﬁﬂmm+m2

_ _op )it L e =2
(k +q)2(12)°(1 + k)?
2?2
= gl =D -2t [[ aPpatn L=
(k+q)*(?)"(L + k)?
= —iet {1 + 17 +17} (2.23)

Compute the three integrals:

A // dPkd”I
o (k+q)22(l + k)2
dPk )
:2(D—2)/ G ML)

. D
= 2(D —2)T ' M <1, 2-2.D, q2)

~11~19_D _
=2(D - 2)IB'T 7 (»)" (2.24)

< 1s12-D
The result for T}jll"}f > can be found in Section B.2.5. We get for Ij’®1mz

M —2(p—2 oI (F - YTG-D) 1 2.25
w@m_( —2)(¢) F(%—) .(4_D).(3—D)(%—4) (2.25)
=202 20) ()" (- + 0)
—4+0(1)
= (@) (-1 + o) (2.26)

Next is the second integral:

A2 // de le
e (k + q)2(12)*(1 + k)2

D
—2(D - 2)q // d 1,2,Dk2)

D
= 2(D — 2)¢*T M <1, 3 — - D, q2>

D

=2(D - 2)(¢?)" TR,

17



Chapter 2 Textbook Approach

< 9~13.D
The result for ngFE’g * is written down in Section B.2.11. It yields:

i ;I (8 -1)T( - D) 1
1 =2(D-2)(¢)"" JE .<§_2) =) (2.27)
= 2(2 - 26)(¢%)" 25(—2%2% (—%ME) +0(1)>
= (4—-89) ()’ 25( - 2%_2 + é <—§ +7E) + (9(1))
= (q2)1_26< — é —+ é (—4 -+ 4"}/3) + O(l)) (2.28)

Last, but not least, compute If’®3m. In order to avoid an integral similar to the one
encountered in Section 2.4.1 with [* in the numerator, the k integration will be
performed first. In order to do that, there will be a shift ¥ — k& = k — ¢. This is
unproblematic because the master integral is translation invariant.

I =—4D-2) /le e k+qC)1D(]Z~+l)2
= —4(D - 2)/ 4”1 (llz)qz CHE iD(]; —~ q))2
(lzé)qQM(l’ 1,D, (- q)?)
Sl D L-
= —4(D -2 [ a l(p)?[(z—i)?]?

— —4(D

D
2

Eq. (A.5) is used to simplify the scalar product in the numerator.

73— —4(D—2)f‘})’1 _ 1/ aP1 P+q¢—(l—q)?
- D
“ 2 (21— )"
D

- 11 d”1 ) d d”1
= _2(D - Q)Fﬁ 5 T D D
{/ Pli—gPE / (B[ =927 / (12)°[( —q)ﬂlf}

~ D D
:_Q(D_2>F})71{M (172_57D7q2) +q2M (272_§7D7q2) _M (271_

~ ~ _D ~ ~ _ _D
= —2(D-2)(»"" {r}fr}f ? | PLIFAE _ pLipa } (2.29)

S11E12-8 m1L1R22-8 S1172,1-2 . .
The results for '’ T, 2, I'p’ 'y 2, and ' ') can be found in Section B.2.5,
Section B.2.8, and Section B.2.7, respectively. Summed up, the resulting term is

12 ezt (2) (o (3rw)) - (1 (o)

— (@) (Z+ o) (2.30)
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Inserting Eq. (2.26), Eq. (2.28), and Eq. (2.30) in Eq. (2.23), we get

w7l _ A7l 1,2 1,3
g, = —ie (I®+Im®m+l@)

= —ie*(®)' " (( - %) + (— 52_2 + é (—4+ 4%9)) + (?) + 0(1))
= —aic () (5 + = (- ) +O0) (231)

Obviously, Eq. (2.31) looks not only very similar to Eq. (2.21), but is in fact identical.
As indicated above, the gauge parameter £ can be chosen to be ¢ = 1 (Landau gauge)
which abolishes the poles, leaving the amplitude finite. The explicit computation is
to be found in Section 2.6.

2.4.3. The Second Graph

As discussed at the very beginning of this section, there is a second graph with a
subgraph inside the other fermionic propagator, namely:

k+1

(2.32)

q:k

Of course, it is possible to compute the Feynman integrand of -©~ and see that it is
the same as -&-. On the other hand, this is actually obvious because the direction
of fermionic edges is arbitrary as long as it is consistent in every vertex. The upper
and the lower leg are not in any way distinguished from each other, or weighted in a
certain way, other than the arbitrary labeling done by us, so that it should make no
difference in which fermionic line the subgraph <~ appears as long as it is the same
subgraph both times. Consequently, when all contributing amplitudes are summed
up, it suffices to multiply Eq. (2.21) by two.
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2.5. The Graph with a Vertex Subgraph

Compared to -©-, the second graph contributing to the two-loop photonic amplitude,
namely the graph

(2.33)

yields some problems. It has two superficially divergent subgraphs, but these two
subgraphs are not a forest: Neither are they disjoint, nor does any one contain
the other completely. In Section 2.4, one divergent subgraph was nested inside
the other, so the problem could be reduced to nested one-loop problems. Now, the
divergencies are overlapping, which means that we will not be successfull by referring
to one-loop computations alone. A quite helpful formula, the triangle relation, is
derived in Chapter C.

As in Section 2.1, the ansatz to follow when computing the Feynman amplitude
b =/ dPrdPl I 7. 1s to assume that the propagator can only be a function of
the momentum of the external line, ¢, and on the two Lorentz indices of the two
vertices to which external lines are attached, ;o and v. Contraction with g"” yields
this function.

q2 1
F = g 2.34
(D <M2> 3q29 (D ( )

We need to determine g"'®_, in order to find F;, (¢*) and, thus, @ .
The Feynman rules of QED give the Feynman integrand for Eq. (2.33)

o k=P (k=1)°
I = — Tr{iey,i %26’721167 l‘|‘ﬂ 267 %—l—q i<gp f( @ (l)2 )
- P27 P72 V(l—l—q) (k—l— ) (k:—l)

kB + q) (k + q) (977 — €555

k2(k + q)?12(l + q)? (k—1)?
(1, ) (235)

= —ie* Tt {17775 750V |

2.5.1. The ¢"" part

At first, we compute

oot {10577 2 JRP L+ 0)° (R + )" (236)
o k2(k + q)22(1 + q)*(k — 1) '

The use of Eq. (2.7) in Eq. (2.36) as well as computing and contracting the trace
with mathematica (cf. Chapter E), and contracting the result with g*” (keeping in
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mind that ¢"g,, = D), yields

wrg 4(2 - D)i€4 2 2 2 2
g<%%——W%+®m@+®%h4y-QD—®p<h0+z@wn+k«k@+ZH+

4<<k~q>+<k-z>)(<k-z>+<z~q>))

,um (g“”_fi@m )
den (g“"[%} )

The numerator is multiplied out and the scalar products are replaced using Eq. (A.4)
or, in the case of k[, the similar relation Eq. (A.5) which we need in order to produce
(k —1)? instead of (k + ).

The numerator of the result is

num (g1, ) = (D — 2)(k — ) (K + P + (k + 9)* + (1 + ¢)*) +

+ —% +3D — 4) (K21 +9)° + Pk +9)*) + 2 - D) [k — 7] +

+(2- D) (P(L+qP + Kk + ) + (2 - D) (K2 + (k+ 9+ 9)) +
FD =g (K 4+ 2+ (b +a + 0 +07) + (50D = 8)(D —2) @k~ 1+
+

2 - D)(q") (2.37)

One can easily see that the result is invariant under exchange of k <> [ and under
simultaneous exchange of k <+ k+ ¢ and [ <+ [+ ¢. This is obvious from the labeling
of the graph: It is completely arbitrary which loop momentum runs through which
cycle, and whether the ¢ is carried inside the upper or the lower half circle. Because
of this symmetry, Eq. (2.37) can be simplified since several terms will give the same
results.

2

num (g" 1% ) = 4(D — 2)(k = 1)*(k + q)* + 2 (-% +3D — 4) K21+ q)*+

+(2-D)[(k—1°]" +2(2 - D)2+ ¢)* +2(2 - D)(k + (L + ¢)*+

2

FA(D — 2)g(k+ 0 + 5 (D ~8)(D — 2)’(k — 1’ + (2~ D)(¢?)
(2.38)

Taking the denominator into account,
den (¢ 1% ) = K*(k + ¢ (1 + ¢)*(k = )* (2.39)

it is obvious that there are several terms in Eq. (2.38) leading to vanishing integrals.
First of all, observe that there are two terms in Eq. (2.39) with & but no [, two terms
with [ but no &, and one term mixing the two. A (k —[)? in the numerator deletes
this mixing term and the integral falls apart into two one-loop integrals. Therefore,
any term in Eq. (2.38) which includes (k — [)? and one other inverse propagator
makes the integral vanish since there are no higher powers than 1 on any of the
propagators in Eq. (2.39). This is due to the property of the one-loop master inte-
gral M(a, 3, D, q*), which vanishes at o = 0 or 3 = 0. But even the terms without
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(k — 1)? may lead to vanishing integrals if there are more than one term including
k (or I, respectively). Thus, the term [?(I + ¢)? in Eq. (2.38) may be omitted. Not
as easily spotted, but equally vanishing are the terms (k + ¢)%(I + q)?, because they
will leave a denominator k%I%(k — 1), which, after the first integration of, say, [,
yields <k2>3—§’ but no (k + ¢)?, so the property of M(a, 3, D, ¢*) makes the term
negligible since one of the two exponents is zero, regardless of the value of the other.
The remaining terms are the ones that might give an actual, non-vanishing contri-
bution to the amplitude.

The numerator leads to the following integrand.

Imm@wﬁy):OD—ZW%JﬂWU+@2HQ—DN%—Uﬂa
HAD = 8)(k + ) + (D~ )(D — 29’ (k — 1 + (2 - D)(*))

y :_42-64(@—2)(4 D) _(2-D)(k-1y (4D — 8)¢?
(k+ a2k Bt R0+ q) | BRI+ (k1)

+

0E
1 (D —8)(D—2) (¢)*(2- D)
200k + qPP(+q) | R+ a2+ (k — 1

Now of course, the amplitude is computed by the integration over the loop momenta,
in this case [ and k. We will write down the integrals, even though they might not
exist (yet). Some of these integrals do diverge, but we will understand the written-
down integral as nothing more than something we have written down. We will think
about the meaning later, namely in Section 2.6. First, let us examine the amplitude
and its poles without thinking about how to get rid of them.

dP1dPk
= guucbf’@m:—zlie‘l(( —2)(4— D// it g2k l)2+

Dy 4D (k—1)
+@—JD/ PPk o

lede
4 (4D — //
O || wriT et =z "

471(0 /7* lede N
2 k2(k + q)212(1 + q)2
[/- dP1dPk (2.40)
k2(k + q)*12(1 + q)?(k — 1)? '
1 2 3 4 5
= —die* (ﬁéﬂ+1%}g+1%%47ﬁ5m+1%}) (2.41)

There are five different integrals. Of these, only I g’m cannot be solved using one-loop
techniques. Since we are already familiar with the master integral for the one-loop
case, we start with the computation of the first four integrals. Then, for I gm, we
will refer to Chapter C.
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Compute the first contribution to the amplitude:

% = (D—-2)(4- D) / %M(l, 1,D, k)
= (D —2)(4 — D)T5'M <1, 2— %, D, q2)
= (D-2)(4- DT 2 ()"
Bo-(B16)=  =(@)" (D~ 2)(4~ D)Ps <[2)r_(‘°’;) i(5)_ = (4 - D) (3-D) 1(% —4)
Eq. (BAT) = = (¢%)" (2= 25)(2) (‘4_15 4 0(1))

=0(1) ate—0

Obviously, the integral itself has a pole, but due to the multiplication with (4 — D),
this pole is cancelled and the term is finite. On account of the subtraction at ¢* = p?
which we are going to execute later on, the value of the finite integral is not of our
concern because it will cancel.

Continue with the next integral.

2412 — 2k - )
2 = (2-D // aP1dPk
K20k + q)22(1 + q)?

ko [
—2(2—-D /dei /lei“
( ) k2 (k +q)? (1 +q)?

==L M(11,D,?) == M(LLDg?

— ?ﬁ/\/ﬂ(l, 1,D,q?)

-2y
Eq. (B12) = = DQ_Q( z)Df3F4 (gr—2(11))r2 g) “8) 1 ;

- (2-3)

Bq (BA3) = = (¢) %2 _225 (é 1 _52” + 0(1))

= (@) -9 (G o)

= @) (5 +2(3-2) +00)) (2.42)

23



Chapter 2 Textbook Approach

Carry on with [gi

9,3 __ 2
158 — /l2 M(1,1,D,2)
D
= (4D — 8)¢*Tp'M (1, 3— 5D, q2)

= ()" 4D - )TH'T, =

b s (2-1)rG- D) 1 1
Eq.(B.18):> —(Q) (4D—8> F(%_ ) .(4_D)(2_g).(D—3)
Eq. (B19)= = (¢%) (8 —8&) (212 41 <g - ny) + 0(1))

= ()" (;‘2 + é(m - 8ny) +0(1)) (2.43)

The last integral easily solved with one-loop techniques is [ :glm

Igm = %(D —8)(D - 2)¢*M*(1,1, D, ¢%
b (2 —-1)1?(3-2
Eq. (B12) = = %(D —8)(D — 2)(¢?) ( 2D = g) ) : (2 _12)2
Eq. (B.13) = () (=2 —2)(2 - 2¢) (Ei2 L4 f”E + 0(1))
= (A" (__24 T 1( — 14+ 87]5) + (9(1)) (2.44)

For the last integral, I i@m , we need to utilize the triangle relation, Eq. (C.12), derived
in Chapter C.

95 _ // d”1d"k
o k2(k + q)212(1 + q)2(k — 1)2

lede lede
Eq. (C.12) = 2D
¢ (C12) = D 4{//k2k+q 21+ q)? // &+ 222 + q)? (k—l)z}
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Solve the integrals separately:

// k2 (k +2Dlde(l +q)? = MLD,¢)- M(,2.D,0)

=(¢*) TpTp

Eq (B14) = = (QQ)D_5F4 & F_Q(ll))rj S ~2) ( _1 DG 1_ 2)

Eq (B15)=  =() 7% C—j + é(—2 +27g) + 0(1)>

I e g = w0

=Ip'm(2,3 g,D,(f)
= (@) TR

Eq. (B.24) = ()" i (FE?,;)P@) 2 (2_1§) C 1_2) (%—:f)

Eq. (B.25) :(2)125(—%+§( 2+27E)+0(1))

= I ﬁ(ou))

Because the factor (D — 4) in the denominator gives another pole once the limit
D — 4 is taken, the actual value of the O(1) term suddenly becomes relevant. So
we need to expand the products of I' functions in Section B.2.4 and Section B.2.9
to O(?), not just to O(e).

2

P1-a)r(1+2
1-o)l@+ 8):1+(3—27E)5—|—(9—67E+2fy]25—%>82+0(53)

I'(2 - 3e¢)
le de o\ —1—2¢ —1 1
// 2(k+ )2 (221 +q)2 (@) (82 + (=24 29m)+

2
(—4 +dyp — 295 + %) + (9(5))

2

M (1—-e)T?(1+¢) 7r_> 24 o)

:1+(4—27E)6+<12—87E+273—

I2(2 — 2) 6
lede g1 (11
— — = = (=242
~ // (k +@)2(12)*(1 + q)2(k — 1)? (@) ( €2+€( T 20e)
2
+ <—4+47E — 275+ %) +(9(5)>
1
0
= 10 ocm((’)(e)) x O(1)

Obviously, 1 gm is finite and therefore, plays no role for the amplitude.
Of the five integrals necessary for ®Y_ | two are finite and only three need regular-

25



Chapter 2 Textbook Approach

ization. Insert the results in Eq. (2.41):

gl = —die' (If’@fm +1%0 + Ig;)

= —4ie4(q2)12€{ (%2 + %(3 — 2y —2In (77))) + (;2 + §(16 —8yg —8In (7‘(‘)))
+ (;—f + é( - 14+87E+81n(7r))> +(9(1)}

= —4@'(34(612)1‘25{l + §(5 — 2yp — 2In (7)) + (9(1)} (2.45)

c2

2.5.2. The (k—1)"(k —1)" part

Last, but not least, the gauge-dependent part of ® ; needs to be computed.

KB (1 + @) (k+ q)" (k= 1)P(k —1)°
K2(k+ q)22(1+q)*  [(k — 1))

1% = = Te {32V 1577570 T |

kl
B _i€4num([]§>m)
den(I% )
As before, the trace of the eight v matrices and the contraction with the respective
momenta as well as with g*” is done using mathematica (cf. Chapter E). The result
is

g"mum(I* ) = 4{ (D —2) ((k2) P4 R0+ 12+ q)zr + 2 (k + Q)Q}Q)

= D) (K1 +)*+ () (k+q)?) +
+2(2 D)qQ(kQ(lJrq) +2(k+q)?)

+q* (B =) ((k+9)? = (1 +9)?) -
— (P [+ 9 + (k+ 9] + (k+ (L +q)* [ + 2]) +

+ (K —1)? (2k2l2 — k(I +q)° =Pk + q)2) } (2.46)

But which of these terms survive the integration? As we know, integrals vanish as
soon as one of the two exponents a or 3 in M(a, 3, D, q?) is zero or a negative
integer. Therefore, if a certain mometum (k or [) appears in only one term in
the denominator of an expression, the integral vanishes. Since (k — [)? appears
quadratically in the denominator, but not in Eq. (2.46), we will always keep at least
one factor (k—1)? in the denominator. Therefore, all terms involving k% and (k +¢)?
as well as all terms involving I? and (I + ¢)? yield vanishing integrals because they
will cancel all terms involving these momenta in the denomintator, except (k — 1),
which is only one factor, but we need two in order for M(«a, 3, D, ¢*) not to vanish.
Moreover, some terms may allow a first integration, but vanish during the integration
over the second momentum, as is the case with terms involing (k —1)2, (I + ¢)? and
(k + q)2, and also (k — 1)2, (2 and k2. Additionally, the term (k?)*I2 vanishes, since
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the integration over I produces a new exponent for the (k + ¢)% term, and the (k?)’
leaves k% in the denominator with an exponent of —1, which produces a zero due
to the properties of the one-loop master integral. Of course, the same is true for
k2(12)°.

Because of the symmetry of the graph and the arbitrariness of the labeling of the
internal momenta, ¢g"'num(/ %M) is invariant under exchange of k£ <+ [ and under
simultaneous exchange of k <> k + ¢ and [ <> [ 4 ¢, as discussed in Section 2.5.1.
With these simplifications, Eq. (2.46) can be reduced to

g"mum(I% ) = 4@'64{2(D — )1+ ¢)* + (2= D)k (L + q)* + (2 — D)E*(I + ¢)*(k — l)2}
k2

= f%%%:—M&{@D—AXH}WMWk%+qwq%_0$+
dPk dP1
// (k+ q)22[(k nﬂ2+
dPrdPl
// (k4 q)212(k 02}

- . ki1 ki,2 kl,3
= —die* {L@m+1@}4#1€%} (2.47)

Compute the integrals separately:

ki1 d”k 2
' — (2D - 4X/(k%%k+qvﬂdo’1[%k)

= (2D — 4T M (1, 2— g, D, q2>
= ()" DIy
2\ D—3 I (%—1)F(5—D) 1 1
Eq. (B26)= = (¢*)" (2D —4) @o GD (@1
Eq (B21)= =(¢®) “(4— %%£+Om)
= @' (2 +ow) (2.48)

The next integral is computed quite similarly:

dPk
2 — @—lﬂf/(k+@TMﬂﬂJlH)

=22~ DM (13- 5, D.¢)

= ()@= DT, *

W(§—1ﬁx5—p)‘ 1
R CRE T

Eq. (B.29) = ::@%12%—2+2@<—§%41(—g+qf)+cxn>

_ (q2>1—2s (i + %(2 — QWE) + (’)(1)) (2.49)

e2

Eq. (B28)= = ()" *@2-D)
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At last, we are about to finish the computation of integrals.

dPk
K3 _ o 2
153 — D)/(k+q)2M(1,1,D,k:)

8 D
= (2-D)ITE'M (1, 2 —,D,q2)

2
= ()7 - DT,
pes r(L-1)ré6G-Do
Eq. (B.16)=> = (¢*)" "(2-D) ( F(3D)( ) ) ) (4—1D) . (3—D)1(@—4)
Eq. (B17)= = (¢%) (=2 + 2¢) (—i + (9(1))
— @' (5 + o) (2.50

Now, using Eq. (2.48), Eq. (2.49), and Eq. (2.50) in Eq. (2.47), we find the solution
for g"'® 4

vkl - 4 kl,1 kl,2 kl,3
gt = —diet {I"1 4+ 192 + 110

- —4ie4(q2)1_25{ (%) n (E% + §(2 —2yp —2In (7?))) - (2%) - 0(1)}

_ —4ie4(q2)125< 1 i % (Z — 2v5 —21In (ﬂ')) + (’)(1)) (2.51)

2 2

2.6. Renormalization of the two-loop photon
propagator

As the partial results for the amplitude are here, it is now time to combine the
gauge-dependent and gauge-independent parts of the two graphs to get the complete
amplitudes of the respective graphs, and then add the two in the way described in
Section 2.4.3 in order to get the full amplitude of the photon propagator, up to two
loops. Special attention will be paid to the results in the Landau gauge, £ = 1.

2.6.1. The Amplitudes (unrenormalized)

For the Fermionic Subgraph We have successfully computed the gauge-dependent
and the gauge-independent contributions to the Feynman amplitude of -©-, which
is also the amplitude of ~©-.

. vag . . 4, 2 1-2¢ ]- ]- 7

Eq.(221) @ g™ = —die’(q°) {—2—52 + B <_Z +’YE) + (’)(1)}
i vl - 4o 212 1 1 7

Eq. (231) © ¢™®_ = —die'(¢?) (_2_52 .- (_Z + w) + o<1))
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Together with Eq. (2.8) and Eq. (2.2), let us combine the results to produce the
complete amplitude.

Eq. (2.2),Eq. (2.8) = F@M (qz) - 3%]2 (gﬁwq)f'@m _ fgw/q)i@m)
= Fo (@)= i) ((1 - f)( stz (1) ) " 0(1))
(2.52)

Obviously, for ¢ = 1 (Landau gauge), not just the double pole in ¢, but also the
simple pole in &, hence the entire (divergent) expression disappears!

Fo ()] =0 (2.53)

This is obvious once one considers that in the Landau gauge, the graph «~ has an
amplitude which is identical to zero. Therefore, anytime this subgraph is inserted
into a cograph, the contribution vanishes (but only in the Landau gauge, of course).

For the Vertex Subgraph All parts for the amplitude ® ;, have been computed

. v . . 4/, 2y1-2¢ 1 1
Eq. (2.45) : g¢* <I>f'®m = —4ie*(q°) (5_2 + E(B — 2ny) + (’)(1))
Eq. (251) : g"ol = —die* (A" (51—2 + é (g — 2ny) 1 (9(1))

Next, we can put them all together to obtain the scalar function F'(¢?) of the entire
amplitude of -0~

1 v 1 v v
Fo (¢ = 3—q29“ Py = 3—(12(9“ 7 —&g" q’%m)

_ —%ie4(q2)_26{(1 ~9 (5 +2(-2m)) +2 (5-26) + 0(1)}

We find a loss of subdivergencies at £ = 1, as expected!

— - gieta (52 + o)

2e

2.6.2. The Full Amplitude (renormalized)
In the Landau gauge

In order to control the pole in € and in order to execute the limit ¢ — 0, we apply
a single subtraction at some value ¢*> = p? (the reference momentum) to the scalar
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function F(¢?) of the amplitude of -~ we computed in the Landau gauge above.

o1 (£)) st o,
= -2t (24 00) ()" - () )

_ i (é n 0(1)) (—21n <Z—Z>a + (9(52))
— diet (ln (Z—Z) + (9(5))

0 ¢
=" diet In | = (2.54)
2

To get from the second to the third line, the expansion of (q2)_28 for small ¢ was
used: (¢2) 7 =1—2In(¢%)e + O(e?).

With this result, we are finally able to write down the two-loop contribution to the
vacuum polarization of quantum electrodynamics in the Landau gauge:

2
. q
q)f o = 4@64(q29,w — ¢uqy) In <E> (2.55)

The “4” in Eq. (2.55) is the coefficient of the /5 function of quantum electrodynamics
to two loops! [8]

In an arbitrary gauge

In the next step, no gauge will be chosen. Instead, the gauge parameter £ will be
left as it is. In order to regularize, we need the sum of all graphs contributing to
this loop order in the amplitude.

= __Z'€4<(12)72€ ((1 - f)(‘ 2 + é (—g +2vp +2In (W)) >+
1

(-

NN

+ ((1—5) (é+§(—2%;—2ln(7r))) +

5))+000
% + 0(1)) ((1 —¢) (—g) b 55)

= —2iel(¢?) " (é + (9(1)) (2.56)
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In order to get the renormalized amplitude, the often-discussed subtraction at the
reference momenta ¢?> = p? must be carried out one last time.

- <Z_Z> = Ba(q") = B()
=21t (24 0D) ()" - () )

)
= —24¢* (1 + 0(1))
)

3

¢
= 4ie’ (111 (E) + (5))
2
2% 4ietIn <q_2>
1

2
. q
= (I)§ = 4Z€4<q29,ul/ - Q,uqy> 111 <E> (257)

— 2¢t <i +o)) (-2 <Z )5 +O(e?)

It is clear that the result in the Landau gauge is the same as in an arbitrary gauge.
This is due to the fact that up to two loops, the  function of QED is independent
of the renormalization scheme and therefore also of the chosen gauge. Anyway, the
coefficient of the two-loop 8 function is 4.
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3. Corolla Approach

In this chapter, we will repeat the same computations, but this time using the Corolla
approach, a graph theoretical procedure using a polynomial of half-edges of the scalar
equivalent of the graphs. The key component of this thesis will be the computation
of the two-loop contribution to the S-function of quantum electrodynamics using
not the standard textbook approach, but this graph theoretical approach where one
utilizes three graph polynomials: The first and second Symanzik polynomials and
the Corolla polynomial. These polynomials appear in scalar field theory, but we will
see that it is possible to relate them to gauge theory.

3.1. Combinatorial Properties of Feynmal Graphs

3.1.1. Notation

In order for the use of the corolla polynomial and corolla differentials to be intro-
duced properly, some clarification of notation will be necessary first.

A graph I' will be perceived as a set of vertices and edges, and each edge connecting
two vertices will be regarded as a set of two half-edges.

Let I" be a connected graph.

e Denote by V! the set of vertices of I

e Denote by E' the set of edges of I'.
— Let EL

int

— Let EL

ext

— Then, EL N EL

int ext

be the set of internal edges of T'.
be the set of external edges of I'.
=@ and EL, UEL = E".

int ext
Introduce an orientation on I" and call s(e) (the source of edge e) the vertex in which
e starts, and call ¢(e) (the target of edge e) the vertex towards which e is directed.
Of course, s(e),t(e) € V.

Let us not allow for tadpoles (edges which begin and end in the same vertex). As
a consequence, each edge with its orientation can be regarded as an oriented set of
two distinct vertices: s(e) and t(e) cannot be identical. However, more than one
edge can be adjacent to a vertex v. Call n(v) the set of edges adjacent to v € V1,
and let its cardinality |n(v)| be the number of edges adjacent to v, called the valence
of v. If all vertices of a graph I" have the same valence m, |n(v)| = m Vv € V', then
the graph itself is called m-valent.[1]

Next, half-edges are introduced. Each internal edge will be considered a pair of two
half-edges. To be more precise, a half-edge is a pair of a vertex with its adjacent
edge.

e Denote by H' the set of half-edges (v, e), with e € n(v), of .
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e Let cor (v) = Ugenv) (v, €) be the set of all half-edges incident to vertex v € V1,
and call it the corolla at v.

e Let D, be the sum of all half-edge variables of half-edges in cor (v), v € V1.

e Let Cr be the set of all cycles in I'. Note that we do not restrict this to
independent cycles (circuits), but all cycles.

o If I" is 3-regular (all vertices in I' have valence 3), and if C' is a cycle in Cr,
then there is a unique edge ve of I' for every vertex of C' such that ve is not
in C. The half-edge (v, v¢) will be denoted by ay -

Example Consider the graph

The bigger numbers indicate decoration of edges, the smaller numbers represent dec-
oration of half-edges, and the letters indicate decoration of vertices. The arrows
clarify the orientation of the edges. The vertices and edges are:

Vo= {a,b,c}

E4 = {e, €9, 63,64, 5,6}
E;Et = {e1,e2,€3}

E;t = {es, 5,66}

Then, for example, s(ey) = b and t(ey) = a because ey is oriented from b to a. Take
vertex a:

n(a) =e1,es,e5 = |n(a)] =3

But not just a, all vertices are 3-valent. Therefore, the entire graph is 3-valent.
The half-edges are given by

H%

= {(a’ 61)7 (a’ 64)7 (a“a 65)7 (bv 64)7 (bv 63)a (b, 66)7 (C, 66)7 (Ca 62)7 (Ca 65)}
= {hla h27 h37 h47 h5h6a h7a h87 hg}
= cor(a) ={hy,ho,hs} , cor(b) = {hy, hs, he¢} , cor(c)={hz, hg, ho}

Da:h1+h2+h3, Db:h4+h5‘|“h6, Dc:h7+h8‘|‘h9
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There is only one loop in the graph, namely that given by the internal edges and the
vertices. Note how the edges ey, es, and ez and therefore the half-edges hy, hs, and
hg are not in the cycle, even though their adjacent vertices are.

C = {a'a ba C, €4, €5, 66}
(a'a aC’) - hl = Ag,e;
(b,bc) = hs = pe,

(Ca CC’) = h8 = Q¢ e,

3.1.2. The Symanzik Polynomials

Looking at a graph I' and using power counting, one can directly obtain the degree
of divergence of the Feynman integral associated with I by applying the Feynman
rules. Moreover, in scalar field theories, such as @3 theory or ¢} theory, the Feyn-
man integrand It can be acquired just by observing the graph, using the Symanzik
polynomials. The scalar Feynman integrand is of the form

o (-2
= (3.1)

where D denotes the dimension of space time, and ¢ and ¢ denote the first and
second Symanzik polynomials, respectively. These polynomials are of combinatorial
nature and, among other things, dependent on the first Betti number of I'. One way
to express them is to assign an edge variable A, to every edge e € EL, and define

m

wF = Z H Ae (32)

T e¢T
¢r= > QM)QT) ][ A
T\UT, e¢TiNTs

For the first Symanzik polynomial, ¢r, the sum is over all spanning trees T" of the
graph I', meaning v € TV v € T'l¥ and T is simply-connected. For the second
Symanzik polynomial, ¢r, the sum is over all spanning two-forests T} U T5, meaning
TiNTy = 0, v € TYUT, Yo € T and T} is simply-connected, i € {1,2}. Furthermore,
Q(T;) denotes the momentum flowing through T;. Since it is not always obvious or
can be confusing what momenta flow though the T;, there is an alternative way to
write down the second Symanzik polynomial, using the Pfaffian determinant of a
matrix relating to the graph:

¢r = [N|p (I') = Z ( Z T(e)ée) H Ae (3.3)

T1UT, 6¢T1UT2 6¢T1UT2
+1 if e is oriented from T} — 15
with T(e) = —1 if e is oriented from Ty, — T}

0 else

Here, the &; denote the edge momenta of the edge e; und 7(e) refers to the orienta-
tion of e.
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-~ has one loop, therefore its first Symanzik polynomial will be of first degree in
the A;, and the second Symanzik polynomial on one degree higher, namely second
degree. Since 0 and -©- are 1PI two-loop graphs, their first Symanzik polynomial
¢r will be of second degree in the A; and the second Symanzik polynomial ¢r of
third degree. The measure of integration includes all two edge variables A; for the
one-loop graph and all five edge variables A; for the two-loop graphs. Recall that
only internal edges get equipped with an edge variable. [2][9]

Example Tuake the graph from the other example:

There are three spanning trees and three spanning two-forests: A spanning tree is
two out of the three internal edges, and a spanning two-forest is an internal edge
and the vertex it does not touch.

T € { J <A }
= {{65, 66}, {647 65}7 {64’ 66}}

T,UT, € {~|, - \'}
— {{a} U e}, {0} U {ea}. {c} U{es}}

Therefore, the first and second Symanzik polynomials are given by

v, =Y IA

T e¢T
== A4 —|— A5 —|— AG
2
6. = ( > T(€)£3> [I Ac=As+ A5+ Ag
~ TWUTy \e¢ThUTs e¢THUTs

= (& — &1)° Auds + (&6 — &)* AsAs + (&4 — &6)? AuAg

Sometimes, not the Symanzik polynomials, but their dual, the Kirchhoff polyno-
mials, are used.
Our goal will be to set the dimension of spacetime D = 4, even though ¢ theory is
renormalizable in D = 6 dimensions. We will use D = 4 here because we are aiming
at quantum electrodynamics, which is renormalizable in D = 4 dimensions.
Unfortunately, the Symanzik polynomials only provide the Feynman integrand for
scalar field theories. An analogous method for gauge theories is not available at this

36



Chapter 3 Corolla Approach

point. Finding such an easy rule to obtain the Feynman integrand for gauge theory
graphs, on the other hand, is of high interest, and recent progress will be discussed
in this thesis.

3.1.3. The Corolla Polynomial

It is time to introduce the most important graph polynomial of this thesis, the
corolla polynomial. Remember that for a 3-valent graph, for every vertex in any
cycle, there is a unique half edge which is not part of the cycle. We define

- % ((HH) I Dv)
C1,....Cn€Cp j=lveC vgC1U---UC),

ijairwise disjoint
The alternating series

c=3(-1cn

n>0

is called the corolla polynomial. Because every finite graph has a finite number of
cycles, this series is actually a well-defined sum. It is also strictly positive, despite
the alternating sign.[1][2]

For our purposes, only the n = 0 and n = 1 monomials are of interest:

c’= > D,

veVT
cl = Z ( (H aw}c> H DU)
CeCr vel vgC
Example Tuake the graph
1 4

o The set of edges is given by E* = {ei,eq,e3,e4}, where EL, = {e1,e4} and
Egzt = {62, 63}.

o The set of vertices is given by V' = {a,b}.

o The set of half-edges is given by H = {(a, e1), (a,ez), (a,e3), (b, e3), (b, e2), (b, 64)} =
{h1, ha, h3, hy, hs, he}. Note that there is the same orientation at each vertez.

e There is only one cycle in this graph, namely C' = {(ea, e3)}. For reasons of
shortness, only the edges are used in order to identify the cycle, but neverthe-
less, the vertices a and b are part of the cycle, too.
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With these information given, the first two Corolla monomials are given by

CP, = H Dv = Dan = (h,l + h2 + h3)(h4 + h’5 + h’ﬁ)
ve{a,b}

1
CF - H Ay ve = QaeAbey = hth
ve{a,b}

Since there is only one cycle in I', there are no more Corolla monomials. The
Corolla polynomial is complete as of Cr = C2 — Cp.

The Corolla Differential

In order to get from scalar field theory to gauge theories, the Corolla polynomial
has the very nice property that it can be transformed into a differential operator,
and this differential operator acting on the scalar Feynman integrand creates the
integrand for gauge theory.

CP creates bosonic self-interactions. It is therefore not used when one wants to create
QED amplitudes, because QED is an abelian gauge theory with no self-interactions
of the photon. However, the gluon of QCD does interact with itself. Hence, C° will
be used in order to create some of the necessary QCD graphs. C! will create abelian
properties, such as fermionic lines and photon-fermion-antifermion vertices, and also
ghosts, depending on the differential operator that is being used. Therefore, C! is
important for both QED and QCD.[2]

The Corolla Differential for Fermionic Lines

In order to create fermions, the Corolla polynomial will be turned into a Corolla
differential by carrying out the following substitution for the half-edge variables h:

1 B 1 0
Vialhs) Vpalh) —
ehs) Oethir i,y A

h — Dy(h) = ( T Wh)%(h))

(3.4)

e(h=) Oe(h_) iy

In Eq. (3.4), the notations h, and h_ refer to the ordering on the oriented graph.
In a three-valent vertex v, for any half-edge h adjacent to v, there is one unique
half-edge h_ preceding and one unique half-edge h, succeeding h, relative to the
orientation on the graph and on the vertex. The &; refer to the edge momenta.

For example, {,) is the momentum in the edge e(h. ), which is the edge of the
half-edge h, which follows h. [2]

3.2. The One-Loop Graph

3.2.1. The Corolla Differential

Now that it comes down to an actual computation, we need a decorated graph. We
use the same labeling as in the example above, but also denote the half-edges by
smaller numbers.
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In order to transform a scalar graph into a gauge theory graph, one must rewrite
the Corolla polynomial using the Corolla differentials, as indicated in Eq. (3.4).
In this case, where we regard the photon propagator with one fermion loop, this
is quantum electrodynamics, an abelian gauge theory; hence one uses the Corolla
monomial of degree one. It is given by

= H Ay v = hth

veC

In order to create fermions, the substitution discussed in Eq. (3.4) for the half-edge
variables h must be carried out.

1 0 1 0
Df (hl) A2 8£ 7#2 ’YMI - A 8£ ’YMI ’YMS
1 8 1 8
Dy(he) =

A3 8£ 7#37#4 - A 8£ 7#47!1«2

The result for the Corolla differential of degree one is

1 10 10 (19 10
C{} (h—>Df(h)) <A2 ag Y2 Vpa A ag e T Vus A ag A T3 Vs A ag A Tra Ve

1 82 2 )
- Tr +—Tr
A2A3 <8€2M2 a&)’ug 7#2 7#1 7#3 7#4 a§3u3 852;@ fym 7#37#4/7“2

-+ nonlinear terms

Lo ) ( v . ¢ ) (3.5)
= r 1 3 Vs e :
Apdy e\ G, 0, 063,06,
_ 4 (gumgguwz ~ GurpaGpsps T g,U«lHQQMS!M) < o + o4 )
A2A3 862 2 863 13 a&’) 13 agQ,uQ

In the second line of Eq. (3.5), we simply wrote down “nonlinear terms” for all terms
with an A? in the denominator because these terms are neglected and do not have
to be given explicitely. In the third line, we have used cyclicity of the trace, and in
the forth line the trace identity in four dimensions for the trace of four v matrices

(cf. Eq. (A.2)).

3.2.2. The Scalar Integrand

The scalar integrad of the one-loop propagator in ¢ theory is formally given by
Eq. (3.1).
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The First Symanzik Polynomial The first Symanzik polynomial requires the sum
over all trees of the graph. A tree is a set of edges that is simply-connected and
touches all vertices of the graph. In the case of <O, the internal edge e, is one tree
and the internal edge es is another one. There are no more trees.

Te{™, U} ={{e} {es}}

Therefore, using Eq. (3.2), the first Symanzik polynomial of -O- is given by

Vo = Ay + Az

The Second Symanzik Polynomial We use the definition of the second Symanzik
polynomial given by Eq. (3.3), the Pfaffian determinant, defined as follows:

Eq.(33) = [Nlpo = X ( > T(e)ie) I A

TWUTy \e¢ThUTs e¢THUTs

Recall that 7(e) is +1 if e is oriented from T3 to Ty, —1 if it is oriented from 75 to
Ty, and 0 otherwise. There is only one two-forest, namely the disjoint set of only
the two vertices.

nuTh={}={{a}u{b}}

We have decided to declare T} to be vertex a and T5 to be vertex b. Thus, ey is
oriented from T} to T; and e3 is oriented from T3 to T;. The assignment of T} and
T, as well as the orientation of the edges is arbitrary.

[Nlpsor = (7(2)52 + 7'(3)53)2142143 = (&2 — &3)" AxAs

The scalar integrand is given by|2]

o (=) A
1 P A, + Ag

Lo =3 (A + Az)? (36)

3.2.3. From the Scalar to the Abelian Gauge Amplitude

Applying the Corolla differential Eq. (3.5) to the scalar integrand Eq. (3.6) will
produce the integrand for the gauge amplitude.

o (L85 6 o)

JQED _ T (Y Vo Vosa Visz) ( 0 i 0? ) As + As
- 2A5A5

082,,,083,,, 083,082, (A + Ajz)?

— Tr (7#17#37#47#2) < 82 ) exp <_ <§2 - §3)2A2A3>
AsA3(Az + A3)? \ 062,083, Ay + As

Tr (7#17#37#47#2) 0 A2A3 <§2 - §3)2A2A3
— 2 _ M3 _
Ay Ay(Ay + A3)? \ 065, +2(&2 — &) A, + A, exp A, + Ay

ghens q? Ay As Az As
=2Tr (vmwﬂMWQ) <m exp <_A2 A, - 2qu3qu2m ex

(3.7)
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Chapter 3 Corolla Approach

In the last line, we have replaced & — &3 by ¢ in order to prevent the term from
getting too lengthy. The next step would be to contract the trace with the terms on
its right, but first, let us inspect the scaling behaviour of the two terms, considering
that integration over dAs dAs is intended.

The scaling behaviour of the integrand will tell us a lot about possible divergencies.
Let us rescale the A; by a factor A\, so we replace A; — AA; and dA; — AdA; and
see what happens:

gﬂwa q A2A3 gmus q2)\2A2A3 )
_Jg dA, dA -7 ———=—_IN\dA;dA
(Ao + Ag? 7 ( At Ay) T N+ A TP\ T + ) e
1
~ 3 (3.8)
Ay As 2 AL A, N2 Ay Ag PN AA;3 ) |,
©s - p2 _ 47203 Magpe 7 TTETTS ——— = 2 INdA,dA
Ty + Ay P < Ay + Ay TN+ 45T TP\ Ty 1 Ay) s
~ 1 (3.9)

As we see, the metric tensor term scales like 1> Whereas the four-momenta term
is scale invariant. The scaling invariance shows that the four-momenta term is
logarithmically divergent. The metric tensor term, however, does not scale as nicely.
The i behaviour points towards quadratic divergence. This could be a problem for
the integration, so let us try to rewrite the term.

2 _AgAsg

e 1 Ay+Ay
Grats — ghana / / 7 2y (3.10)

We substitute Ay = asAs, dAs = Aszdas. The integral of the metric tensor term
then yields:

_2a243

e 1+ag
GMHS — M2H43 // - dCL dA
! R?2 A3(1 + ap)? .

Next, partially integrate with respect to As:

ag A
GHams — gh2i3 / da i —q2 // Leff% day dA
g 2 1 + a2) 23 A3(1 —+ (1,2)4 2 3
+

The first term vanishes due to renormalization conditions, so only the second term
remains. Now, we resubstitute.

Gmua =—q gM2M3 // AAjAj eti AéaAAS dA2 dAg
2 3

This integrand has a similar structure as the four-momenta term in Eq. (3.7). Put
the two terms back together:

, AsAs

A
ED 2
(I)Q: = —2Tr (Y Vs Vi Vo) (q grte + 2" g //7 1) exp ( ¢ Lt 13) dA, dA;
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The next step is to compute the contraction of the trace with the factor (¢2g#2#s + 2¢"2¢"3).
As above, the trace of four v matrices is given in Eq. (A.2). The result of the con-
traction is:

As A _g2_A243
CI)%D 8(q s — Qs Qs // Agijg e 9 Ata¥Az dAs dAs

As expected, we see that the result is transversal.
It is finally time to integrate over the Feynman parameters A, and As. In order to
do that, a substitution is carried out:

AQ — aot
Ag — agt
dA2 dAg — tdt dQQ(CLQ, a3)

The integral over d{2;(as,as) is over the projective space P, and t is integrated
from ¢ to co. In fact, ¢ should actually be integrated from 0 to oo, but the integral
diverges at the lower boundary, so it is replaced by a small ¢ and the limit ¢ — 0 is
to be taken after a regularization has taken place.

2 _a2a3
agtag

t

—t
eq

QED __ 2 203 Vi
I@ = _S(Q Guips — quuzx)P/ dQ2(a2aa3) <a2 T as)? / dt

As stated above, the integration over ¢ diverges as the lower limit approaches zero.
For non-zero ¢, this integral is known as the (negative of the) exponential integral,
—Ei(c). Let us look at its expansion for small c:

9 Q203

_/ dt e "5 = 40 +1In(c) + In (q
a9 + as

) 10 (3.11)

The first term is the Euler-Mascheroni-constant, vg. It is independent of ¢ or the
momentum, ¢2. The second term, the logarithm of ¢, is the diverging actor in this
expression. However, it is independent of ¢* or any other observable! Therefore, a
simple subtraction at some momentum ¢? = u? would get rid of the divergence and
render the integral finite. After taking the limit ¢ — 0, only the third term would
survive, in the form of —In (Z—z)

The regularized integral then is:

G203
reg ag + az)*

2
q
I?;JD - 8(6_]29“1“4 - quqM) In (E) / dQQ(GZa a3)(
Py

dQs(as, as) can be written as ay daz — asz das. The projective space, over which we
integrate, is scaling invariant, so it is possible to set one of the integration variables
to a constant and then integrate the other from 0 to oo. Let us set as = 1 and

42



Chapter 3 Corolla Approach

therefore das = 0 and integrate partially with respect to as.

a3

2 oo
JQED g2 _ m (L / —
O reg 8(q Gprpa — 9 q,u4> I 112 ) das (1 + a3)4

2 00 0
q 1 as 1 da3

:8<q2g14_Q1Q4>1n<_> 971, - \3 +_/7

Kk Ha /LQ 3(1+a3)30 30 (1+a3)3

=0 _"'l —

G
4 q°

= 3@ G = G @) In (E) (3.12)

The factor % is the coefficient of the one-loop S function.

3.3. The Two-Loop Graphs: From Graph Theory to
the Integrand

Before we get into the details of the graphs - and -©-, we will work out graph
theoretical properties in order to investigate the integrand and the associated am-
plitude.

The Scalar Integrand The Feynman integrand It of a scalar graph I' in D dimen-
sions is given through the first and second Symanzik polynomials. In contrast to
our notation above, we will also include the measure of integration as part of the
integrand.

¢r

exXp <——>
Ir = 7;% A d4; (3.13)
Yr2 i

The QED Integrand Now comes the interesting part! We will make the trans-
formation from the scalar integrand to the abelian gauge integrand by applying
derivatives on I with repect to the momenta &; of the internal edges e;. The spe-
cific form of the derivatives is given by the corolla polynomial.

The integrand of quantum electrodynamics for the graphs -O- and @~ (with the
respective ¢r and ¢r) is obtained by

1 9 1 6 1 0 1 0
JQED _ — - — I+ T dA,
r AL 06, Ay 06y, A0y, AiOi,, rw“”””“‘fjj%ﬂ“”“ﬂm)/Z-\
1 o4
A1 Ay Ay Ay 061, 065,,06,,064,, F/i\
. Or234 I

The trace will be dealt with separately. For now, let us investigate the four-fold

derivative. In slight abuse of notation, call Eq. (3.14) with the trace left-out IIQED

as well.
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There are three types of expressions emerging from it. Introduce the following
notation (the first of which has already been used in Eq. (3.14)):

84
O1034 =
1 3] f1 73 112 a&’wa 6§4u4

d¢r

r._
gbl . aglﬂz
r._ 04
Y0,

Use this in order to compute the derivative needed for Eq. (3.14):

T
84]{* (b— exXp ( (b ) dAl - A dA5
Yr

P
63411‘ = {—(Z—gj + ¢;’D(§4 } exXp < zi) dA1 AN dA5
I T I . T I I
8234]{‘ — {¢2¢34¢2¢2§> +¢3 24 _ ¢2¢§¢4}6Xp ( ¢I‘> dAl A dA5
(0 (O Yr
8123411‘ — {¢12 34 + (bg _'_ ¢13 24
(0
 PLPLON + L Py Py + DL PLPhs + LB PLy + PrPhds + Py PPl
P
I T
Mt w‘f3¢4 } exp < zﬁ) dA; A -+ A dAs (3.15)

=t fm + [Fz + fF3

The three terms have different degrees of divergence. Firstly, the degrees of diver-
gence will be determined. This is independent of the choice which one of the two
graphs is considered. Secondly, the ¢} and qb will be computed explicitely in order
to see which ones vanish. Of course, the results are different for the two graphs and
will we dealt with in the repective sections.

Degrees of Divergence

In order to determine the degrees of divergence in Eq. (3.14), we investigate the
scaling behaviour of the three different terms found in Eq. (3.15). We will substutite
Ay =tand A; =t - a; for the A; for which ¢ # 1. The degree of divergence will be
visible in the power of t. Keep in mind that r is a second-degree polynomial in the
A; and ¢r is a third-degree polynomial.

Yr — 2 (agay + az + azas + aq + azas + azas + as + agas) = t* - Yr

or — t° (Q%CL26L4G5 + q§a3a5) = t* ¢r
dA; A~ A dAs = trdt A dag A - - A das (3.16)
The last line is not obvious at first. Keep in mind that the wedge product is an-
tisymmetric, so dt A dt = 0. Therefore, when the measures of integration for the
A;, i # 1, are substituted to give tda; + a; dt, all dts can be dropped since every

term is multiplied with dA; = dt. The only surviving terms come from the four
tdas, i € {2,3,4,5}, hence the factor t4.
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The Quadratically Divergent Part Using the substitutions from above, the first
part of Eq. (3.15) becomes (neglecting the trace as we agreed to do)

7 15 (G508, + & oL, + L. oL
I = 1 . ( 12031+ P23P14 T 013 24) exp< ¢F>t4dt/\ dag A -~ A das
A1A2A3A4 t4a1a2a3a4 A ("Lplé) r
1 _F
— . PLodky + Ohs0%, + dlsoh, p< ¢F>dt/\ dag A -+ A das
3 a1a2a3a4wp Pr

The power —2 of the t determines that Iy, is quadratically divergent. Still, only
the t=2 and the exponential function depend on the integration variable t. The
integral from 0 to oo diverges at the lower boundary. However, by replacing the
lower boundary by some small number ¢ and writing down the limit ¢ — oo, we can
easily perform partial integration with respect to t:

00 ér n ér
exp (—t exp (—t=t
lim g dt = boundary terms — (b— lim M

2
c—0 ) t wl’ c—0 J t

dt

The boundary terms vanish due to renormalization conditions. It is true that the

00 ex t=L
integral lim, o [ Mdt still diverges, but only logarithmically. It has an
expansion for small ¢ (cf. Eq. (3.11)):

oo ér
exp (—t=-
lim M dt = —yg —1In(c) —In <¢F> + O(c) (3.17)
c—0 t r
The pole in ¢ does not depend on any measurable quantity. Therefore, a single
subtration at ¢*> = u? renders Eq. (3.17) finite, if ¢ is the external momentum of the

graph and p is some reference momentum. It can also be shown that

In <%> —In (Zi) i =In <Z—Z> + const.

and thus
0 (131" S} <5F
exp | —t= exp | —t=- 2
lim /Mdt—/Mdt :—ln<q—2> (318)
c—0 J t J t fm? 7

D (EF
exp | —t=t 2
z i ( 1/11") q — ¢F q
¢—0 ) t2 wF /LQ

To summarize, the quadratically divergent I, can be transformed into a vanishing
boundary term and a logarithmically divergent part which can be rendered finite us-
ing a single subtraction at a reference momentum ¢? = p?. The remaining integrand
is

[F* _ln< >¢F ¢12 34+Qgg ¢13 24d A A da5

1=
P a a2a3a41/1p

The asterisk indicates that the subtraction at ¢> = u? has been carried out.
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The Logarithmically Divergent Part Carrying out the substitution indicated
above in Eq. (3.16) results in

2 19 (TALAL - 1 LIl
Iy = 12 N ( 1727 ?i 4 12)exp< er>t4dt/\ das A -+ - A das
A1 A Az Ay thaasaszay - 10 (1/1%) r
__b 9505 + - +f’3§(5£ 7{2 < qbr) dt A dag A -+ A das
t arasazas)} Yr

_4or

_ _exp( tzﬁi) ¢F¢F¢34 PRl oL, dag A - -+ A das
4 a1a2a3a41/1p

As shown in Eq. (3.18) in the previous paragraph, this logarithmically divergent
t-integration yields a logarithm once a single subtration at a reference momentum
q* = p? is taken.

2\ T T T
- [Fzzln <Q_2>¢1¢2¢34 +¢3¢4 12d A--- A das
1% a1a2a3a41/1p

The Convergent Part The last piece of Eq. (3.14) substitutes to

o HEER (o
3 A1 Ay A3 A, ttayasazay - t12 (@EIQ)
A Ay
:Mexp< zp>dt/\ das A -+ - A das

6
a1a2a3a4wp r

)t‘*dt/\ dag A -+ - A das
T

There is no power of ¢ here, the t-integration only affects the exponential term. The
term is convergent! Therefore, it does not depend on external momenta or other
observables, and will cancel once a substitution is used for regularization. I3 can
be omitted!

3.4. The Two-Loop Graph with Vertex Subgraph

As we have seen in Section 3.3, we definitely need the first and second Symanzik
polynomials. Let us write them down. In order to do that, use the following deco-
ration of lines:

d (3.19)

Remember that through each internal line e;, there is a momentum &; running in
the direction indicated by the arrows. This is a scalar graph (without charges), so
the arrows do not indicate charge flow.
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3.4.1. The Spanning Trees and Spanning Two-Forests

As defined above in Section 3.1.2, a spanning tree T of a graph I is a set of vertices
and edges from I' such that V' = V7T and T is simply-connected (without loops).
~D- has eight spanning trees.

T e {10 TL,00,0,0)

Since all vertices in V' are in V7, we simplify notation by only giving the edges
in the spanning tree, even though spanning trees are technically sets of vertices and
edges.

T S {{617 €3, 65}7 {627 €4, 65}7 {617 €4, 65}7 {627 €3, 65}7 {617 €2, 64}7 {617 €3, 64}7 {627 €3, 64}7 {617 €2, 63}}

Similar to a spanning tree, which is a simply-connected set of edges on a graph
which touches all vertices, a spanning two-forest 17 U T5 of a graph I is a disjoint
set of two simply-connected sets 17 and 75 of edges of I' such that the union 77 U T,
touches all vertices. Again, the vertices are technically also part of the spanning
two-forest, but are not explicitely stated here since they are obviously given by the
edges in T7 and T5.

~D- has two spanning two-forests.

T1UT2€{Q >O}
— {{61} U {es}, {e2} U {64}}

3.4.2. The First and Second Symanzik Polynomial

To obtain the first Symanzik polynomial ¢ of a graph I, equip every internal edge
e; with an edge variable A;. vr is given by the sum over all spanning trees T" of I"
where all edge variables A; which are not in 7" are multiplied.

vr =Y ] A
T e¢T
=g = AsAy+ A1 Az + AgAs + Aj Ay + Az As + AgAs + A1 As + Ay As
The second Symanzik polynomial ¢r of a graph I' has various definitions (cf. Section
3.1.2). Here, we will be using the definition as a Pfaffian determinant. It is a sum
over all spanning two-forests, where the edge momenta &; (with their orientations on

the graph) which are not in the two-forest are added, squared and multiplied with
the edge variables A; of the edges not in the two-forest.

¢r = [N|pe(D) = Y ( > T(e)fe> IT A

TIUT: \e¢TyUT, e¢TyUT,
+1 if e is oriented from 17 — 715
with 7(e) =< —1 if e is oriented from Ty, — T
0 else
= g = (& — &+ &) AgAuAs + (=6 + & — &)° A1 Az As
= P A AL As + 2 A A3 Ay

We have renamed the linear combinations of internal momenta in order to avoid
unnecessarily long expressions.
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3.4.3. The Derivatives

In Section 3.3, we have introduced ¢! and ngZF] as first and second derivatives of
the second Symanzik polynomial ¢r with repect to internal momenta &;,. and @’w

H J
respectively. It is time to compute these derivatives explicitely.

Oq = Q%A2A4A5 + Q§A1A3A5
= ¢ = 20" A ARA;

B3 = 201" Ay Ay As

G5 = 22" A1 Az As

by = —2q1" Ay Ay Ay
= ¢y = —2¢"F A Az As

bay = —2g"2M Ay Ay As

b1y =01 =6n =by =

In the last line, we see that four of the double derivatives vanish! That will shorten
the terms in Eq. (3.15) immensely. In fact, the quadratically and logarithmically
divergent parts of the integrand are now

exp( Yo )
pps grzis N0 L AZAAL A A dA

Ly =49""g
D1 1/}@
¢ ¢
Iy [=4In <—2>g“1‘“”g“2*‘4 220 dag A--- A dag (3.20)
Iz K
¢
1 H3 gpzpa AL AL A3 M2 b opaps Ao A, A3 ©XP <_fL>
I, , = B ®Y 1A3A5 + i a2 g 2 A4 A5 o qA A A dd
(C08 e
M1 K3 o piofig M2 M4 g 3
Iy ;=8In <q2>q2 Lyt h By a2a4da2/\-~-/\ das (3.21)
Iz v

3.4.4. Re-Homogenization of the Polynomials

In Eq. (3.20) and Eq. (3.21), there are polynomials in the new edge variables a;
(remember that we substituted A; =t and A; =t - a; Vi # 1), but the monomials
are not all of the same degree anymore, since the ¢ integration (the A; integration)
has already been performed. Particularly, the Symanzik polynomials in the new
edge variables, 1 o and ¢4, , are not homogeneous anymore. This is unfortunate,
since some nice properties can be seen in the first Symanzik polynomial if it is
written down in a homogeneous form. In order to “re-homogenize” the expressions
Eq. (3.20) and Eq. (3.21), we re-substitute:

A; .
a; — A_ Vi € {2,3,4,5} (322)
1
o, A Acday
“T A, A2
1
- <A1 dA; — A, dA1>

48



Chapter 3 Corolla Approach

Then the substituted first and seconds Symanzik polynomials are resubstituted:

1/;@ = as + a4 + a5 + aga3 + asa4 + Qo005 + azas + a4as
As+ Ay +As AgAs + AgAy + AsAs + AsAs + Ay Az
A + A
1 1

1
= P (A1A3 =+ A1A4 + AIAE) + A2A3 + A2A4 -+ A2A5 -+ A3A5 + A4A5)
1
Yo
- 3.23
) A2 (3.23)
Oq = —qfa2a4a5 + q§a3a5

Ay AsAs AsAs
1
- (q%A2A4A5 4 q§A1A3A5)

= ‘ﬁ% (3.24)

Of course, the ¥, and ¢4, in these expressions are the original first and second
Symanzik polynomials. This is obvious because the resubstitution (where ¥, was
replaced with t*1), = A%, and ¢ with ¢ = Alp. ) has just been
reversed by setting a; — A, A7'. Still, it is important for the resubstitution of the
entire expressions Eq. (3.20) and Eq. (3.21).

The measure of integration also needs to be resubstituted as indicated above. We
find that

1
dCLQ VANEIVA da5 = F <A1 dA2 - A2 dA1> VASEERWA <A1 dA5 - A5 dA1> (325)
1

Since the wedge product is antisymmetric, de A dy = —dy A dx and dz A dx =0,
the wedges can be multiplied out and the vanishing terms can be omitted. The
result is

<A1 dAy — A dA1> Ao A <A1 dAs — As dA1> -
y (A1 dAy dAs dA, dAs — Ay dA; dAs dA, dAs + As dA; dAy dA, dAs—
Ay dA; dAy dAs dAs + A dA; dAy dA; dA4)

= A3 dQ; (3.26)

Using Eq. (3.22), Eq. (3.23), Eq. (3.24), and Eq. (3.26), the quadratically and loga-
rithmically divergent parts of the Feynman integrand for the graph I' = <D~ are

2
Iy [ =4In (q—2>g“1“3g“2"4—2§} Ag dQ2s (3.27)
K -
H1 M3 Bapa A A K2 H4 K13 Ao A
I, % =8 (iji)% ¢’ 9" Ay j/;ql a9 Ao s o, (3.28)
-0
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3.4.5. The Subgraph Structure

It is worthwile to examine the subgraph structure of the graph I' = <D-. As we
know, its reduced coproduct is not zero, but shows the sub- and co-graph structure.

NE) = fbe O+t e O (3.20)

Since the lines are decorated, the two terms are actually different. Of course, for
undecorated graphs, we would get

A (ﬂ}) =2 (o0

If the first Symanzik polynomial is correct, then the sub- and co-graph structure
from Eq. (3.29) should be visible in 15, . More precisely, if the one-loop subgraph
in the left vertex should shrink to zero, that is if the edges e;, es, and e5 have zero
length, then the first Symanzik polynomial should factorize into the two Symanzik
polynomials of the sub- and cograph and some other term of a higher order in the
shrinking quantity. To show this, substitute

Ai—>xla,~ Vie {1,2,5}
in the first Symanzik polynomial:

¢ﬂ} — I (a1A3 + a1A4 + CLQAg + a2A4 + A3a5 + A4a5) -+ ZL‘ZQ (a1a5 + a2a5)
= 1 (a1 + as + as) (A3 + A4) + 27 (a1 + az)as

This is equal to the product of the Symanzik polynomials of the sub- and co-graph
plus a term of higher order in x;, because

w(@) = A3+ Ay

3

w(%[5) = A1+ Ay + As

=Yg =mv Yo +0(})

The same is true for the subdivergence in the right vertex:
Ai — TrQ; Vie {3,4, 5}
= ’Lp@ — Ty (A1a3 + A1a4 + A16L5 + AQCLg + A2a4 + AQCL5) + .T% (CL36L5 + CL4CL5)
= Ty (Al + AQ) (as + aq + a5) + IETQ« (as + 54)(15

v (O ) =i+ A

1

@5(5]%) =A;+ Ay + As

=  Wg =Y Yo +0(a?)
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3.5. The Two-Loop Graph with Fermionic Subgraph
In the same way as in Section 3.4, we are going to compute the Feynman integrand

for the gauge theory graph -~ corresponding to the scalar graph <©-. We use the
following labeling of lines:

b C

€4

3.5.1. The Spanning Trees and Spanning Two-Forests

The spanning trees of this graph are:
T e {,~C,R,007,}
= {{61, e3, e, 1€1,e3,65}, {€2, €3, €4}, {e2, €3, 5}, {e1, e, €3}, {e1, e, 4}, {e1, €2, 65}}
The spanning two-forests are:
Tuhe{ 20}

= {{er} Ufesh feat Uea), fea} Ufest

3.5.2. The First and Second Symanzik Polynomial

Consequently, the first and second Symanzik polynomials are given by

@Z’@:ZHAe

T e¢T
= AgAs + As Ay + A1 As + A1 Ay + AyAs + A3As + A3 Ay (3.30)
2
¢@ = |N‘Pf (@) = Z ( Z T(e)fe) H A,
TUT> 6¢T1 UTs 6¢T1 UTs
= (=& + & — &) Ay AuAs + (=& + &)? AL As(Ay + As)
= q1 A Ay As + @3 A1 A3(Ag + As) (3.31)

Again, the linear combination of internal momenta &; has been renamed in order to
keep the expressions short.

3.5.3. The Derivatives

Compute the first and second derivatives of ¢~ as defined in Section 3.3. Since
only four out of the five internal edges will become fermionic edges, we will only need
four derivatives. In our case, the edge e stays bosonic. This choice is arbitrary, we
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Chapter 3 Corolla Approach

might as well have chosen ey.

¢f} = =24 A1 As(Ay + As)
by = —2¢}2 Ay Ay As

¢§} = 2¢5° A1 A3(Ay + As)
61 = 2q1" Ay Au Ay

b5 = —2g"H8 A Ay(Ay + As)
by; = —2g" P Ay Ay As

b5 =017 =0y =g =0

In the same way as for <D, four out of the six double derivatives vanish. This leaves
Eq. (3.15) as short as

¢
o (-5)
-

[@ . 4gmu3guzu4

1 2
]@’{ — _4gmuaguzu4j;i In <%>a5(a4 + a5) da2 A---A da5
-

()
I@ 9 = —8—Q<q51q539M2M4A1A3 + Q?QQ?4QM1M3A2A4)A5(A4 + A5) dA1 VANREIEWA A5

Vo
2 H1 K3 o g K2 M4 g ps

I %=—8hn <q_2> %' g a3(a4+qs;)+q1 G005 dag e A da
I v

3.5.4. Re-Homogenization of the Polynomials

Again, in the same way as in Eq. (3.22), it is helpful to transform the first and
second Symanzik polynomials back into a homogeneous form. This also works out
as easily as above: The measure of integration is the same as seen in Eq. (3.25) and
Eq. (3.26), and the Symanzik polynomials become the old polynomials from before:

1/_1@ = Q905 + Q204 + Q405 + azas + azag + aq + as
AgAs + AsAy + AyAs + AsAs + AsAy Ay + As
— +
A? Ay
_ AgAs + AgAy + AyAs + AzAs + AzAy + At Ay + Ay A5
= yr
Yo
= .32
ot (3:32
QE@ = qiasasas + giaz(as + as)
41 A2 Ay As " BA3(As+ As)

A7 A2
G AAA + A As(As+ As)
— e
)
= E (3.33)
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Chapter 3 Corolla Approach

This gives the re-homogenized expressions:

Y 2
Igi= —49“1“39“2“4% In <%)A5<A4 + As) Qs (3.34)
2 H1“3“2“4AA(A+A)+ u2u4u1u3AAA
* 9 1492 429 1A43(Aq 5 i 41 9 244 A5
I, %=-8n (P) 2 12 7 L As(Ay + As) dQs
O

(3.35)

3.5.5. The Subgraph Structure

The graph -©- is not primitive, but has a subgraph, namely -O-. Therefore, the
reduced co-product is

AN () =080 (3.36)

However, since the residue of the subgraph is not a vertex, but a two-point func-
tion, the labeling of the edges becomes tricky when decorating the cograph. Since
the subgraph is shrunk to a point, it becomes a two-point vertex, in a manner of
speaking. Therefore, Eq. (3.36) should be decorated in the following way:

> () = o (37

4

What is the first Symanzik polynomial of the cograph? Well, its three spanning
trees are each two of the three edges, respectively. It has three internal edges, and
since v is given by the product over all edges not in a spanning tree, summing over
all spanning trees, the first Symanzik polynomial is given by

hoy=A+ Ay + A

If the subgraph shrinks to a point, the first Symanzik polynomial of the original
graph should resemble that of the cograph, plus something of a higher order in the
parameter that is shrinking. In order to verify this, we substitute the edge variables
A; of the subgraph by xa; and then let x approach zero.

Ay — zay
A5 — Tas
= Vo — wAsas + vAza4 + r2agas + xAsas + rAsay + xAjay + Tag As
= .T(CL4 + CL5)(A1 + A2 + A3) + LU26L4CL5
=2t Yot O(2?) (3.38)
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4. Conclusion

For the one-loop case, both computational methods give the same result for the
coefficient of the [ function, %. The methods are completely different: In the mo-
mentum space calculations, the graph is drawn with wiggly lines for the photons and
oriented lines for the electrons, and the Feynman rules for QED (see Chapter D)
are used to transition from the drawing to an integrand. Then, the loop momenta
are stubbornly integrated out using dimensional regularization. In the end, a simple
subtracting suffices to control the logarithmic divergence. This was only possible
because a transversal factor ¢*g,, — ¢,¢, could be extracted from the quadratically
divergent integral which reduced the level of divergence by two. So one could argue,
it was necessary to know about the properties of external photons to be transver-
sal. On the other hand, during the Corolla computation, transversality was never
presupposed. Transversality is a result of the computation. This shows how much
deeper transversality of the photons is deep-seated in the theory. It is not an as-
sumption made by us, but a property of the theory.

For the two-loop case, the result is the well-known 4 (cf. [8]), which could be con-
firmed in this thesis. However, it was not possible during the time-span of working
on this thesis to compute the amplitude with the Corolla approach, this still needs
to be done. However, we have derived the integrand and analyzed its structure. We
have seen the expected properties, namely the factorization of the first Symanzik
polynomial into co- and subgraph.

As already implied in the introduction, dimensional regularization is not the most
mathematically rigorous method. It centers around the poles at space-time dimen-
sion D = 4, as its main purpose is to distort the space-time dimension just a bit by
making it D = 4 —2¢, where € has a small positive real part. However, a non-integer
space-time dimension has no physical interpretation. Moreover, the goal of quantum
field theory is to find non-perturbative methods because the asymptotic behaviour
of the g function is not determined yet. The Corolla polynomial and differential
help understand the underlying structure a lot better and they show the connection
between scalar field theory and gauge theory.

It would be helpful to develop a good, clever implementation of the Corolla compu-
tations needed for higher orders than just two loops. It would pose a further test
to the method and maybe it could even offer better methods than the ones already
at use. The lengthiness of the computations has created some problems during the
development of this thesis and the integrals, however nicely derived, are not more-
easily solved than the ones when doing dimensional regularization in momentum
space. However, due to the analysis of the structure of the Symanzik polynomials,
it can be assumed that the computations, however not complete, are correct, and
that the Corolla approach portrays a very promising method for the computation
of gauge theory amplitudes.
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A. ~ traces and scalar products

A.1. ~ traces

Throughout this work, we need to evaluate traces involving ~ matrices. These
are representations of a Clifford algebra, therefore they obey the anticommutator
relation {v,,7,} = 2¢,,. This is all we need to know about v matrices in order
to compute their traces. We also make use of the fact that the trace is cyclic,
Tr {ABC} = Tr{BCA} = Tr {CAB}, and linear.

Trace of two v matrices This computation is rather simple and short. We use
the anticommutator once and cyclicity of the trace.

= g Tr {T} = 4g,,, (A1)

Note that we have used Tr {I[} = 4. This is true even in D # 4 dimensions because
the trace of unity may be any smooth function which equals 4 at D = 4.

Trace of four v matrices This computation is a bit longer than Eq. (A.1), but it
uses the same basic steps. One permutes the v matrix on the very left to the very
right and then uses cyclicity of the trace to bring it back to the left.

Tr {’7;/7/0/7@'7%} = 29ua Tr {’7@75} —Tr {7047;/7/7/5}
=49u8
= 8ua9vs = (20 Tt {105} = Tr {rar75 })
= 8guagV5 - Sguugaﬁ + (29u5 Tr {70/71/} —Tr {7a7u757ﬂ})

=38 (guaguﬁ — JuwYap + guﬁgau) —Tr {7a7y7ﬁ’7u}
N—_— ————

=Tr {'ywcx%w}

= Tr {37078} = 4 (9pades — GuwIap + Iusgor) (A.2)

Trace of six v matrices One works out the trace of six v matrices in the exact
same way, by permuting the one on the far left to the very right, applying the anti-
commutation relation of the Clifford algebra, and known traces of four v matrices.
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Chapter A ~ traces and scalar products

Since the computation is comparably lengthy, we will only present the result here.

Tr {”YM’VQ’VV’VB’%’W} :4{gua (9v89sn —

— G (Japgsn —
+ 9up (gaugén -
JowGpn —

— Gus

(
(

+ gm? Garvdps —

A.2. Scalar products

9vé9pn + gunngS) -

Gas9pn + gang[%) +
GasGvn + gangué) -
GapGun + Gan9vps

)+
YoB9vs + gaéguﬁ) } (A3)

When computing the Feynman amplitude of a graph I' from the Feynman rules,
there will be terms encountered that have the form a - b, where a and b are four-
momenta. Since the denominator of such expressions only contains squares of such
four-momenta, it is helpful and necessary to rewrite scalar products in the two
following manners, depending on whether one prefers the expression (a + b)? or

(a — b)? to show up in the rewritten form:
a-b=

a.b:

N — DN —

((a+0)* - a* =% (A.4)

(a® + " = (a— b)) (A.5)
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B. The Master Integral

The one-loop master integral for dimensional regularization is given by

N dPk
M D7) = | G g o
pas L (B-a)T(F-8)T (a+5-3)
= (@) T T(ATD —a—f) (B2)
= ()T’ (B3)

The abbriviation F%’ﬁ is just for short-hand notation. I'(x) denotes the Gamma
function with the usual properties, I'(x + 1) = 2zI'(z), I'(1) = 1. We note that
because of the poles of I'(z) at x = 0, M (0,8, D, ¢*) = M(«,0, D, ¢*) = 0.

B.1. Derivation

In order to derive the result for M, we need to introduce a few identities. The
first one is a rather complicated-looking expression for some u~”. Take the integral
representation for the I' function:

7o dA
L(p) :/6 AApT

0

The measure of integration, dT;A, is invariant under rescaling, so we set A = ua and
get
7 da
D(p) = [ e (uay <"
a
0
7 da
—uP / e uagp
a
0
1 7 da
= u '’ = —/e_““ap— (B.4)
L(p)J a

Next, we take the D dimensional Gaussian integral,

/ APk XK — <§)2 (B.5)

but the space-time dimension only makes sense in real life, so to speak, if it is a
positive integer. However, when we integrate in a complex-dimensional spacetime,
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Chapter B The Master Integral

we use Eq. (B.5) as a definition for the complex measure.
Now, the integral we are looking to compute is the following:

d”k 1
/ — . (B.6)
(2m) = [K2]7[(k + q)?]

This integral, in which «, 5, and D can be complex numbers, is crucial for QFT.

We use Eq. (B.4) in order to rewrite the integrand of Eq. (B.6).

D D
/ d k}; 1 _ / d“k // dAdB o~k A= (k9B o B
(2m) % [K2)°[(k + q)2)” T(a)
1 de a=1pB-1,~(A+B){k*+2ke x5 +4°
- T(a)T(ﬂ)/( // dAdBATE T

Using translation invariance of the k£ integration and completing the square in the
exponent, and in the next step performing the k integration, the expression becomes

dPk 1 1 b [ amt poo1_—(a+B){ e s |
/(zﬂ)% [K2°[(k + ¢)2)° _F(a>F(6)/d kz/ AAdpATBTe o

L 7 s 1 s
=—— [| dAdBA* B! — — ¢ T AR
L(e)T(8) (A+B)*%
1 . ps—1 >
(subst. B=Ab) — = 7/ dAdpAaets-1__ 7 —darfp
[(e)I'(5) AZ(1+ b)%
D
1+b D_ 1+b [ 14\ 27" ot
(subst. A=a=27) o = ()T // (o)
& b (1+0b)
The a integration yields another I' function:
/de 1 B <q2>%—a—ﬂlr (a+5-2) 7db<1+b>a+5% B
R+ F)r) =) T

0
5—a— I'(a + B -2 : D
(SUbSt b, = 1;5()) —) — (qQ)g B ( 2) / db/ (1 _ b/)%—ﬁ_l(b/)g—a—l
" 0
(B.7)

Eq. (B.7) is the integral representation of the B (beta) function. (Not the 8 function
of some QFT, however, but the Euler integral of first kind.)

1

Ble,y) = [ at @' -n""

0

_ T(@)T'(y)
I'(z+y)
by 1 agesl(@+8-8) D D
= /d k[k2]a[(k+q)2]5 = () L(a)L(B) B(z “3 B)

This is the result Eq. (B.2). [10]
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Chapter B The Master Integral

B.2. Some important expicit results

In this master thesis, we will encounter several explicit values for o and S which
yield different results for TaD’ﬁ . In this section, we demonstrate the calculations in
order to keep computations to a minimum throughout the actual thesis.

B.21l. a=1,6=1

L PE-nre-3)
b = —Farmrm =2
r(2-1nr2-2%)
a T(D - 2)
rE-nriE-2)
- T'(D—2) 2D (B8)
21—l (1+e) 1
r2—2) ¢
1
=—+0(1) (B.9)
B.2.2. a=1,3=2
e D(E-Yr(F-2)r(3-3)
b= T'(1)D(2)T(D — 3)
rE-nriE-2)
= D =3 T (B.10)
P1-eT(l+e) 1
T I(1-2) -
= —% +0(1) (B.11)

Since this thesis deals with two-loop computations, there will be two terms F%’ﬁ
and TaD’B . Some of the I' functions cancel due to this multiplication. Therefore, it
is a lot more sensible to look at products of FaD’ﬁ .
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Chapter B The Master Integral

B.23. a=1,3=1,a=1,3=1

» IM(Z2-1)r2(2-2
(rs') = (rz(z))—g) )
_rE-yre-3)
T2(D — 2)
I G Ll Gk Y B
B I'?2(D —2) ' (2_§)2
Ml-—gI?(1+e) 1
['2(2 — 2¢) g2

— (1+ (4—27p)e + O()) gi

f‘glf‘BQZP?’(D_ )F(%—Q)F 2-%)1’*(3_%)
(D -2)0(D -3)
_P4<D—1)F2(3_%) ) 1
2D -2) -(2_%.(%_2) (D —3)
_F4<1_€)F2(1+€) 4
o I2(2-2) o (1=2)
= (14 (4= 2)e + OE) 1 -2

-1 1
- ? + g(—Q —+ 2”YE) + 0(1)

825 0421,6:1704/:1,6’:2_%

pep 2(2-1)T(2-2) T(2-1)r(D-2)T(3-D)

'lp " = I(D - 2)  r-2)r(2-3)
CP(E-YrG-n) 1
o T(32-y) (4-D) (3-D)(3f-4)
CT3(1—e)T(142¢) 1 1
B T'(2— 3¢) 26 (—1+28)(2—3¢)

— (1+0()) - % - (—5 + 0(5))

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)
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Chapter B The Master Integral

B.26. a=18=1,a/=13=3-2

s _T(2-)re-8) T(E-)ro-yra-o

(D - 2)  r(3-2)r(22-4)
¥ (2-1)rs-D) 1 1
(24 | —D)(2—§)'(D—3) (B.18)
I3(1—e)l(1+2) 1 1
B T(2— 3¢) 'ﬁ'(1—2g)
= (1+ (3 = 2yp)e + O(&? ) ( +2¢ 4+ O(e?))
L ) on (319
B.2.7. a=1,4=1d=2p3=1-2
Fglri;l%:W(%_I)F@_%).F(g_? ['(D-1)T(3- D)
I'(D-2) r(1-2)r(22-3)
:Ps(g—l)lﬂ(f)—D)‘ 1 ‘(D—2)(1—§) (B.20)
I (32 -4 (8-2)@4-D) 3-D)(L-4)
PBl—e)T(1+2) —1 (2—2)(-1+¢)
B I'(2—3e) 262 (—1+2¢)(2 — 3¢)
= (1 + (3 — 2ym)e + (9(52)) : 2__512 - <1 + ;5 + (9(52)>
— (14 (B 27m)e+ O() <—2i82 —2 o)
=5+ 2 (=5 ) + o) (B.21)
B.28. a=13=1d=2,=2-2
F}ﬁif§:P2(§—1)r(2—§)‘r(§—2)r(D—2)r(4—D)
I'(D-2) r(2-2)r(32-4)
:Fs(g—l)F(E)—D). 1 (B.22)
I (32 -4 (2-2)(4-D) '
PAl-e)l(1+2) -1
a T'(2 - 3¢) $2e?
:(1+(3—27E)e+0(52))-2_—;
— _2%2 41 (—g + VE) +0O(1) (B.23)
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Chapter B The Master Integral

B.29. a=18=1,0/=23=3-2

F171P273,§_r2(§—1)r(2—§) I (2-2)r(-3)r®G-D)
pere T(D—2) - r(3-2)r(22-s)
r#(2-1)rG-D) 1 1 3D _5

T egEge-y P
1“3(1—5)1“(1+25).—_1.1—25

I'(2 —3¢) €2 1-—3¢

= (1+ @20+ 0N) - 5+ (1-c+0C)

= _5_12 + é (=2+2v5) + O(1) (B.25)

B.2.10. o =1,4=2,0'=1,8/ =22

Pmrm_%_F(%—l)F(%—Q)F(?)—%) r(2-1)rom-2)r@E-Dn)
pere (D -3) - r(2-D)r(2-3)
EEOe-D @8 p-y
I (32 —4) (2-2)(4-D) (3-D)(32-4)
B(2-1)re-p) 1
- F(%—Zl) ‘(4—D)‘(%_4) (B.26)
3(1—e)T(1+2) 1 1
B I'(2— 3¢) 2 (2-3¢)
= (1+00) 5=+ (5 +00))
- Lo (B.27)

4e

B.2.1l. a=13=2a =1, =3-2

a2 T(E-1)T(5-2)T(3-2) T(2-1)r(D-3)T(4-D)

Lplp = = T(D - 3) -y
_ (2 1) rs-D) 1 (B.28)
(32 —4) (2 -2)(4-D) '
B¥(1—e)l(1+2) —1
- (2 — 3¢) $2e2
= (1—1—(3—2’y,u;)<€+(’)(<€2))~2_—(€12
SV 1329
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C. The triangle relation

Whenever a subgraph with three external momenta appears in a graph, it is no
longer possible to relate the graph to the one-loop master formula because this only
works for propagator-like subgraphs. In Section 2.5, we encounter the graph (see
Eq. (2.33) ):

which has two subgraphs,

q+1 q+k
q+k:/« \q‘+l

q—>

vk —1 and kE—1t
N 4
[ k

, (C.1)

but neither does one contain the other completely, nor are they disjoint. Therefore
one cannot rely on the forest formula, which would effectively make it possible to
reduce the problem to one-loop computations.

In general, a graph like the one above in Eq. (2.33), will give an integral of the form

~ d”kd”1
s 0628 = ] G e PR = o

(C.2)

This would correspond to the graph

where the labels denote the exponents of the propagators on the respective edge.
One can easily see that if n = 0, I; would simply be the product of two one-loop
master formulae,

I(e, 3,6,¢,n. D,¢")| _ = M(e. 3, D.q") - M(6,, D, ") . (C3)

n=

Also, if one of the other exponents is zero, for example «, I; would give two one-loop
master integrals where one is nested in the other one.
The cases where one of the exponents vanishes are feasible without further knowledge
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Chapter C The triangle relation

other than that of the one-loop master formula. It would be useful to relate the
general case, in which all exponents are positive, to cases where one of the exponents
is reduced.

In order to derive such a formula using integration by parts, one utilizes the fact that
the integral of a total derivative vanishes if the function vanishes at the endpoints.
Take, for example, the integration in [.

0
D _
/d Z—%F(z,...)_o

In this case, the derivative acts on the u'* component in [, erasing the integral. More
generally, one could sum over all ;1 which would still result in zero.

/&%Xk%F@nq:o (C.4)

Since all functions we are dealing with are scalar functions, we contract with the
momentum of the internal photon in order to get a scalar result. The integral still
vanished because the integrand is still a total derivative and all three exponents in
F(l,...) are at least quadratic in [, so the product of F(l,...) and k — [ will still
fall fast enough at the endpoints.

For reasons of clarity, ignore the k-part of the integration for the moment. This
also makes a and j obsolete, so we define the function I; to be the l-integration
part of the entire integral, I;, and with contraction, derivatio and summation as in
Eq. (C.4) understood.

1.(8,¢,n, D, (q + k)? / le —DF(,.)) =0 (C.5)

with F({,...)= (12)3[(1 4 ¢)? ] (1 — k)?)"

We execute the derivatives:

a? (I—k),=D (C.6)

0 1 —0
AT O

(= k)

:_<<(l—k) §k+q) Lt 24) ()

[(1+ )™ (1 + q)?]
0 1 B —n Y
2
=T o
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Chapter C The triangle relation

Eq. (C.2) then results in
0= / Pl de{(D 5 —(—2q)F(a, 8,6,¢,m) (C.10)
+0(Fla—1,8,0+1,¢m) = Fa, 8,0+ 1,¢,n— 1))
+¢(Fla, 8= 1,6,C+ 1,m) = Fla, ,6,C+ 1,7 — 1))}

N // dP1dPk F(a, 8,6,C,n) = (C.11)

{
D_a_g_%/ dDdek{a(F(a,ﬁ,(sH,g,n—1)_(F(a_1,5,5+1,g,n))

+g(F<a,ﬁ,5,g+1,n—1)—(F(a,5—1,5,g+1,n))}

where F(«, 5,6, (,n) denotes the integrand of Eq. (C.2). Due to the interchangeabil-
ity of k and [ in the integration (Eq. (C.2)), I; is invariant under (« <+ 8) A (6 <> ()
and (o <> 0) A (S < (). So for the case « = f = = ( = n = 1, as needed in
Section 2.5.1, the triangle relation Eq. (C.11) gives

Y ) Y )

1
F(1,1,1,1,1) = m{F(l,l,Q,l,O)—F(0,1,2,1,1)+F(1,1,1,2,0)—F(1,0,1,2,1)}
=F(1,1,2,1,0) =F(0,1,2,1,1)
2

:T_4{F(1,1,2,1,0)—F(0,1,2,1,1)}_ (C.12)
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D. Feynman Rules of QED

Quantum electrodynamics is an abelian gauge theory. Therefore, there are no boson-
boson interactions, and there is only one fermion if the theory is massless. In a Feyn-
man diagram, the fermion propagator is denoted by a straight line with an arrow
which indicates charge flow. The boson of QED is the photon, a spin-1 boson, de-
noted by a wavy line. The only possible interaction is a photon-fermion-antifermion
vertex. To translate from the diagram to the (unrenormalized) Feynman integrand,
one starts at a vertex or fermionic line of choice and starts writing down the terms
corresponding to the vertices or lines one encounters, while proceding against the
direction of the arrows. The corresponding expressions are:

q g — g
BN — e
k 1 F
. > . — - =1
koK
H — ey,
— —1

The Dirac-slash notation ¢ is short for ¢ = 7,¢". In the tree-level vertex expression,
e is the electric charge of the fermion. The internal photonic propagator is dependent
on the gauge as £ can be chosen freely. The Feynman gauge is & = 0, where the
analytic expression for the photonic progator gets rather short. The Landau gauge
is £ = 1, with a transversal photon. Because of the Ward identities, in QED all
subdivergencies of higher-loop graphs vanish if the Landau gauge is being used.
The last lines indicates that for every closed fermion loop, the expression needs to
be multiplied with —1.[10]
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E. Mathematica Code

In[i}= << HighEnergyPhysics FeynCalc"

Loading FeynCalc from /u/grauel/. Mathematica/Applications/HighEnergyPhysics
FeynCalc 8.2.0 For help, type ?FeynCalc, open FeynCalcRef 8. nb or visit www.feyncalc.org
Loading FeynArts, see www.feynarts.de for documentation
Loop::shdw :
Symbol Loop appears in multiple contexts {FeynArts", HighEnergyPhysics' FeynCalc'Loop}; definitions
in context FeynArts® may shadow or be shadowed by other definitions. >
FeynAmp::shdw :
Symbol FeynAmp appears in multiple contexts {FeynArts", HighEnergyPhysics' FeynCalc' FeynAmp'};
definitions in context FeynArts® may shadow or be shadowed by other definitions. >
FeynAmplList::shdw :
Symbol FeynAmpList appears in multiple contexts {FeynArts‘, HighEnergyPhysics' FeynCalc® FeynAmpList‘};
definitions in context FeynArts® may shadow or be shadowed by other definitions. >
PropagatorDenominator::shdw : Symbol PropagatorDenominator appears in
multiple contexts {FeynArts®, HighEnergyPhysics' FeynCalc' PropagatorDenominator’};
definitions in context FeynArts® may shadow or be shadowed by other definitions. >
FeynAmpDenominator::shdw : Symbol FeynAmpDenominator appears in
multiple contexts {FeynArts®, HighEnergyPhysics' FeynCalc’ FeynAmpDenominator'};
definitions in context FeynArts® may shadow or be shadowed by other definitions. >
GaugeXi::shdw :
Symbol GaugeXi appears in multiple contexts {FeynArts‘, HighEnergyPhysics‘FeynCaIc‘GaugeXi‘};
definitions in context FeynArts® may shadow or be shadowed by other definitions. >
NonCommutative::shdw : Symbol NonCommutative appears in
multiple contexts {FeynArts®, HighEnergyPhysics® FeynCalc’ NonCommutative'};
definitions in context FeynArts® may shadow or be shadowed by other definitions. >

Optional::opdef : The default value for the optional argumenta:fs_.:F|S|V|T|U|SV contains a pattern. >
Optional::opdef : The default value for the optional argumenta: fs_.:F|S|V|T|U|SV contains a pattern. >
Global® PolarizationVector::shdw : Symbol PolarizationVector appears

in multiple contexts {Global", HighEnergyPhysics® FeynCalc' PolarizationVector'};
definitions in context Global® may shadow or be shadowed by other definitions. >
Global’ DiracSpinor::shdw :
Symbol DiracSpinor appears in multiple contexts {Global‘, HighEnergyPhysics® FeynCaIc‘DiracSpinor‘};
definitions in context Global®™ may shadow or be shadowed by other definitions. >
Global DiracTrace::shdw :
Symbol DiracTrace appears in multiple contexts {Global®, HighEnergyPhysics' fctools' DiracTrace'};
definitions in context Global® may shadow or be shadowed by other definitions. >

FeynArts 3.7 patched for use with FeynCalc
FeynArts 3.7 patched for use with FeynCalc
n2}= (* Computation of the guv-part of the graph with one-loop subgraph in a fermionic leg %)
Ingl= argumentFG = (2 -D) *
DiracGamma [LorentzIndex[u]] .DiracGamma[LorentzIndex[a]].DiracGamma[LorentzIndex[v]].
DiracGamma [LorentzIndex[B]] .DiracGamma[LorentzIndex[&6]] .DiracGamma[LorentzIndex[n]]

oupl- 2 =D)y* "y YPy Y

In4:= traceFG = DiracTrace[argumentFG, DiracTraceEvaluate -» True];
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Chapter E Mathematica Code

2| ftsem.nb

In[7]:=

In[8]:=

In[9]:=

In[10]:=

In{11]:=

Out[11]=

In12]:=

In[18]:

In[14]:=

In[16]:=

In[17]

Out[17]=

In[18]:=

out[18]

In[19]:

In[20]:=

Out[20]

In[21]:=

In[22]

In[23]:=

In[24]:=

In[25]:=

In[26]:

In[27]

In[28]:=

In[29]

term = Contract[traceFG, FourVector[k + q, LorentzIndex[a]]];
term = Contract[term, FourVector[k, LorentzIndex[B]]];

term = Contract[term, FourVector[l + k, LorentzIndex[6]]];
term = Contract[term, FourVector[k, LorentzIndex[n]]];

term = term /. MetricTensor[LorentzIndex[u], LorentzIndex([v]] -
D/ 4 x MetricTensor[LorentzIndex[u], LorentzIndex[v]];

gterm = Contract[term, MetricTensor[LorentzIndex[u], LorentzIndex[v]]];
Simplify[gterm]
4D-2 (KR k-l+k-g=1-q)+2k-lk-q+ kzz)

gterm = gterm /. Contract[FourVector[k, LorentzIndex[u]],
FourVector[l, LorentzIndex[u]]] -1/ 2% (KLA2-KA2-LA2);

gterm = gterm /. Contract[FourVector [k, LorentzIndex[ul],
FourVector[q, LorentzIndex[u]]] »1/2 % (KQA2-KA2-QA2);

gterm =
gterm /. Contract[FourVector [k, LorentzIndex[u]], FourVector [k, LorentzIndex([u]]] » KA2;

gterm =
gterm /. Contract [FourVector[l, LorentzIndex[u]], FourVector[l, LorentzIndex[u]]] -» LA2;

gterm =
gterm /. Contract [FourVector[q, LorentzIndex[u]], FourVector[q, LorentzIndex[u]]] -» QA2;

gterm = Expand[gterm]

2DPK*—4D?K?*1-g+2D*KL2KQ? -2 D?KL2 Q* - 2D’ KQ? L?> + 2 D* 1> Q> -8 DK* + 16 DK?I-qg — 8 DKL> KQ? +
8DKL>Q?> +8DKQ?L>—8DL> Q> +8K* - 16 K*I-q + 8KL> KQ*> - 8KL? 0> - 8 KQ? L* + 8 L> 0*

Simplify[gterm]

2(D -2 (K*-2K*1-q + (KL? - L?) (KQ? - %))

(* Computation of the lulv-
part of the graph with one-loop subgraph in a fermionic leg =*)

argumentFL = DiracGamma [LorentzIndex[u]].DiracGamma[LorentzIndex[a]].
DiracGamma[LorentzIndex[v]].DiracGamma[LorentzIndex[f]].DiracGamma[LorentzIndex[o]].
DiracGamma [LorentzIndex[6]] .DiracGamma[LorentzIndex[p]].DiracGamma[LorentzIndex[n]]

YAV A A Ay
traceFL = DiracTrace[argumentFL, DiracTraceEvaluate » True];
term = Contract[traceFL, FourVector[k + q, LorentzIndex[a]]];
term = Contract[term, FourVector[k, LorentzIndex[B]]];

term = Contract[term, FourVector[l + k, LorentzIndex[6]]];
term = Contract[term, FourVector[k, LorentzIndex([n]]]:;:

term = Contract[term, FourVector[l, LorentzIndex[c]]];

term = Contract[term, FourVector[l, LorentzIndex[p]]];

term = term /. MetricTensor[LorentzIndex[u], LorentzIndex([v]] -
D/ 4 xMetricTensor[LorentzIndex[u], LorentzIndex[v]];

gterm = Contract[term, MetricTensor[LorentzIndex[u], LorentzIndex[v]]];
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In[30]:=

Out[30]=

In[31]:=

In[32]

In[33]:=

In[34]

In[35]

In[36]

out[36]=

In[37]:=

Out[37]=

In[38]:=

In[39]:=

Out[39]=

In[40]:=

In[41]:=

In[42]:=

In[43]:=

In[44]:=

In[45]:=

In[46]:=

ftsem.nb |3

gterm
A4DKPk-g+8DKk-11-g+4DIPP1-g—16Dk-Pk-g-8DPk-lk-g+4DK> P —8DKk-B—4DK Pk-1- 1682 Pk-q -
16K2k-11-g— 16K Pl-g+ 812 P (k-g+1-q) + 32k Ph-g+16Pk-lk-g— 16k** P + 1642 k-2 + 8K P (k-1 + k%)

gterm = gterm /. Contract [FourVector [k, LorentzIndex[u]],
FourVector[l, LorentzIndex[u]]] »1/2 % (KLA2-KA2-LA2);

gterm = gterm /. Contract [FourVector [k, LorentzIndex([u]],
FourVector[q, LorentzIndex[u]]] »1/2 % (KQA2-KA2-QA2);

gterm =
gterm /. Contract [FourVector [k, LorentzIndex[u]], FourVector [k, LorentzIndex[u]]] » KA2;

gterm =
gterm /. Contract [FourVector[l, LorentzIndex[u]], FourVector[l, LorentzIndex[u]]] -» LA2;

gterm =
gterm /. Contract[FourVector[q, LorentzIndex[u]], FourVector[q, LorentzIndex[u]]] -» QA2;

gterm = Expand[gterm]
2DK*KQ*-4DK*1-q+2DK*L> +2DK* Q> +4DK?>KL>KQ?> + 4 DK*KL?*l-q -4 DK*KL? Q* -
2DKL*KQ? +2DKL* Q> + 2DKL*KQ?*L? -2DKL* 12 Q* + 4 K*KQ* + 8K* I-q —4K* > —4K* Q* -
8 K> KL?>KQ? —8K?>KL?l-qg + 8 K>’ KL? 0> + 4KL*KQ? —4KL* 0% - 4 KL KQ? L? + 4KL? L2 ¢*
Simplify[gterm]
-2(D-2)(K*(KQ* - L* - Q%) + 2K*KL* (Q* - KQ?) + 2 (K* - K*KL?) [-q + KL* (KL* - L?) (KQ? - %))
(* Computation of the guv-part of the graph with one photon running across =)

argumentBG = DiracGamma [LorentzIndex[u]].
DiracGamma[LorentzIndex[a]]. ((D - 6) * DiracGamma[LorentzIndex[&6]].
DiracGamma[LorentzIndex[v]].DiracGamma[LorentzIndex[B]] +2 * (4 -D) *
(DiracGamma [LorentzIndex[B]] * MetricTensor [LorentzIndex[v], LorentzIndex[6]] -
DiracGamma [LorentzIndex[v]] * MetricTensor[LorentzIndex[B], LorentzIndex[6]] +
DiracGamma[LorentzIndex[5]] *
MetricTensor [LorentzIndex[v], LorentzIndex[B]])) .DiracGamma[LorentzIndex[n]]

YYD -0V Y Y +264-D)(~y &+ ¢ +9 &)y

traceBG = DiracTrace[argumentBG, DiracTraceEvaluate » True];
term = Contract[traceBG, FourVector [k, LorentzIndex[a]]];
term = Contract[term, FourVector[l, LorentzIndex[B]]];

term = Contract[term, FourVector[l + q, LorentzIndex[6]]];
term = Contract[term, FourVector[k + q, LorentzIndex[n]]l]:;

term = term /. MetricTensor [LorentzIndex[u], LorentzIndex[v]] »
D/ 4 x* MetricTensor[LorentzIndex[u], LorentzIndex[v]];

gterm = Contract[term, MetricTensor[LorentzIndex[u], LorentzIndex[v]]];
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4| ftsem.nb

In[47):=

Out[47]=

In[48]:=

out[48]

In[49]

I[50]:=

In[52]:=

In[53]

In[54]:=

In[55:=

Out[55]=

In[56]:=

out[56]

In[57):=

In[58]

Out[58]=

In[59]

In[60]:=

In[61]:=

In[62]:=

In[63]:

In[64]:=

gterm

—AD*Pk-q-4D*K1-q-4D* @ k-1-4D*K* PP —8Dk-1(k-1+k-q) + 8D P k-q +
8DP(k-q+k)+8DK 1-q—16Dk-ql-g+8D(k-q+k)l-q—8DIl-q(k-1+k-q) —8Dk-1(k-1+1-q) -
8Dk-qk-1+1-q)+8DK*(I-q+ ) +8Dk-q(l-q+ )+ 24D @ k-1 +8DK* I* = 16k-lk-q +
32k-l(k-l+k-q) =16 (k-q+ k)= 16k-11-g =16 (k-q+ K*)I-q+321-q (k-1 + k-q) +32k-1 (k-1 +1-q) +
2k-qlk-l+1-q) = 16K (I-q+ )= 16k-q(I-g + *) = 16 ¢* k-1 = 16 k-1 (k-1 + k-g +1-q + ¢*) = 16 k-

gtermsim = Simplify[gterm]

“4D-2)(kI((D-Dg* +4k-qg+41-q)+ D-HI(I-q+ ) +k-q((D-D P +41-q)+4k %)

gterm = gterm /. Contract[FourVector [k, LorentzIndex[u]l],
FourVector[q, LorentzIndex[u]]] »1/2% (-KA2-QA2 +KQA2);

gterm = gterm /. Contract[FourVector[l, LorentzIndex[u]],
FourVector[q, LorentzIndex([u]]] »1/2% (-LA2-QA2 +LQA2);

gterm = gterm /. Contract[FourVector [k, LorentzIndex[u]],
FourVector[1l, LorentzIndex[u]]] - 1/2 % (LA2 +KA2-KLA2);

gterm =
gterm /. Contract[FourVector [k, LorentzIndex[u]], FourVector[k, LorentzIndex[u]]] » KA2;

gterm =
gterm /. Contract [FourVector[l, LorentzIndex[u]], FourVector[l, LorentzIndex[u]]] -» LA2;

gterm =
gterm /. Contract [FourVector[q, LorentzIndex[u]], FourVector[q, LorentzIndex[u]]] -» QA2;

gterm = Expand[gterm]
—2D*K*LQ*+2D*KL>Q*-2D*KQ*L> +4DK?*KL?> —4DK*KQ*-4DK*L> + 12DK*LQ* + 4 DK?> Q> —4 DKL* +
4DKL’KQ?>+4DKL>L?> +4DKL’LQ? -20DKL?> Q*> + 12DKQ*L> -4 DKQ’LQ* + 4 DKQ* Q> -4 D L’ LQ* +
ADI*Q* +4DLQ*Q* - 4D Q* —8K?>KL? + 8K*KQ? + 8 K> > - 16 K> LQ? - 8 K*> 0 + 8 KL* - 8KL>KQ® —
8KL?L? - 8KL?LQ?+32KL? 0> - 16 KQ? L? + 8KQ*LQ* - 8KQ? 0> + 8 L’ LQ* - 8L 0> -8 LQ* 0> + 8 0*
gterm = gterm /. {KLA2 - 0, 1A2 %*LQA2 >0, kA2 *xKQA2 50, kA2%1A2 50, KQA2 x*LQA2 » 0}
“2D*K*LQ*-2D*KQ*L?> -4DK?*KQ*-4DK*1*>+12DK*LQ* +4D K> Q* -4 DKL"* +
12DKQ*L> +4DKQ*Q* -4DL*LQ* +4DL> Q> +4DLQ* Q> - 4D Q* + 8K’ KQ> + 8K* L* —
16 K?LQ* -8 K> Q% + 8KL* - 16 KQ* L -8 KQ*> 0* + 8 L2 LQ* - 8 L* 0* - 8 LQ* 0* + 8 0"
(» Computation of the (k-1)u(k-1)v-part of the graph with one photon running across =*)

argumentBKL = DiracGamma [LorentzIndex[u]] .DiracGamma[LorentzIndex[a]].
DiracGamma[LorentzIndex[p]] .DiracGamma[LorentzIndex[B]] .DiracGamma[LorentzIndex[v]].
DiracGamma[LorentzIndex[6]] .DiracGamma[LorentzIndex[o]].DiracGamma[LorentzIndex[n]]

YAV Ay Y Y

traceBKL = DiracTrace[argumentBKL, DiracTraceEvaluate -» True];
term = Contract[traceBKL, FourVector [k, LorentzIndex[al]];
term = Contract[term, FourVector[l, LorentzIndex[B]]];

term = Contract[term, FourVector[l + q, LorentzIndex[6]]];

term = Contract[term, FourVector[k + g, LorentzIndex[n]]];

term = Contract[term, FourVector[k -1, LorentzIndex[p]]];
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In[65]

In[66]:=

In[67]:=

In[68]:=

Out[68]=

In[69]:=

In[70]:=

In[71]:=

In[73]:=

In[74]:=

Out[74]=

In[75]:=

Out[75]=

In[76]:=

n[77]:=

Out[77]=

ftsem.nb |5

term = Contract[term, FourVector[k -1, LorentzIndex[oc]]]:
term = term /. MetricTensor [LorentzIndex[u], LorentzIndex[v]] >
D/ 4 xMetricTensor[LorentzIndex[u], LorentzIndex[v]];
gterm = Contract[term, MetricTensor [LorentzIndex[u], LorentzIndex[v]]];

gterm = Expand[gterm]

8DIPP G -ADK?1-q+8DK1-¢* —4DIPPk-g+8DIk-1l-q—8DKk-ql-g—4DIPPl-g+
4D Pk1-4DPk-g+8DPk-P+8DPk-lk-g—8DPk-gl-q+4DP P k-1-4DK* P -4DIK2 P +
8D Pk1+ 16 P @ +8k21-q— 1621 + 8K Pk-qg- 16K k-11-g+ 16K k-ql-q+ 8K Pl-q -
8K P k1 +8P kg 16Pk-? —16Pk-1k-g+16Pk-ql-q—8P g k-1+ 8K P + 8K P> =~ 16> P k-1
gterm = gterm /. Contract [FourVector [k, LorentzIndex([u]],
FourVector[l, LorentzIndex[u]]] »1/2% (1A2+kA2-KLA2);
gterm = gterm /. Contract[FourVector [k, LorentzIndex[u]],
FourVector[q, LorentzIndex[u]]] »1/2 % (KQA2-kA2-gA2);
gterm = gterm /. Contract[FourVector[l, LorentzIndex[u]],
FourVector[q, LorentzIndex[u]]] - 1/2 % (LQA2-1A2-gA2);
gterm =

gterm /. Contract[FourVector [k, LorentzIndex[u]], FourVector [k, LorentzIndex[u]]] -» kA2;

gterm =
gterm /. Contract[FourVector[l, LorentzIndex[u]], FourVector[l, LorentzIndex[u]]] » 1A2;

gterm = Expand[gterm]

2DK'LQ*-2Dk'¢* +2Dk* ¢ —-2DI* KL LQ* +2DK*KL* ¢* - 2DI*KL? ¢* -2 DK’ KQ* * -2 DK* KQ*LQ* +
2DKKQ ¢* -2DK PLQ* +4DK P ¢* -4DI* I’ ¢ +2DK*LQ* -2 DK’ LQ* ¢* -2 DKL*KQ* I* +
2DKL*P¢* -2DKL*FP ¢ +2DKQ* P + 2DKQ*I' -2DKQ* PLQ* -2DKQ* " - 2D I ¢ +
2D P +2DPLQP P 4K LQ* + 4k ? -4k @ + 4P KL LQ? — 4 K> KL2 > + 4 K> KL? > + 4 K> KQ* I +
4IPKQ?LQ? 4P KQ* > +4KP PLQ? - 8K P ? + 8K P —4 K LQ* + 4 K> LQ* ¢* + 4 KL>KQ* I —
AKL2P ¢ +4KL2 P —4KQ* P —4KQ* F +4KQ* PLQ* +4KQ* PP + 4 > -4 1P > -4 PLQ* &
Expand[%]

2D LQ? - 2Dk > +2DK* ? -2DKPKL?LQ? + 2D K KL? > - 2DK* KL?> ¢* -2 DK* KQ* P - 2 D K KQ> LQ? +
2DIPKQ* @ - 2D PLQ* +4DIP P> —4ADK P> +2DKLQ* - 2DK*LQ* 4> -2 DKL2KQ? I +
2DKL2 P ¢ -2DKL> P ¢? +2DKQ* P+ 2DKQ* I* —=2DKQ?* PLQ?> - 2DKQ* P -2D I ¢ +
2DF @ +2DPLQ P - 4K LQ? + 4k ¢ — 4k P + 4P KLPLQ? —4 K KL > + 4 KPP KL? > + 4 K2 KQ* 2 +
4IPKQ?LQ? 4P KQ* > +4 1P PLQ* -8 K> P ? + 8 K> P * — 4 K*LQ* + 4 k> LQ* ¢* + 4 KL2KQ? I —
4KL*Pq* +4KL2 P q* - 4KQ' P - 4KQ* I' + AKQ* PLQ* +4KQ* P > +41' ¢ 41 ¢ - 4P LQ* ¢
gterm = gterm /. {kA2*KQA2 >0, 1A2%LQA2 » 0, kA2 %1A2 %*KLA2 » 0, KQA2 * LQA2 * KLA2 » 0} ;
gterm
2D LQ? - 2DI G +2Dk ¢ - 2D KL2LQ* + 2DK*KL* ? - 2DIP KL ? +4DIP P ? - 4D P + 2D K LQ* -
2DKPLQ*¢* -2DKL*KQ* P +2DKL* P> -2DKL* P + 2DKQ* > + 2DKQ*I* —=2DKQ* > ¢* -
2D @ +2DP P -4k LQ* + 41 ¢ -4k P + 4P KLPLQ? — 4K KL2 > + 4K KL * -8 K2 P ? + 8K P 4% —
4IPLQY +4KPLQ* > +4AKL2KQ? P —4KL2 P > + AKL> P > —4KQ* P —4KQ* I + AKQ* P +41* * -4 * §*
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