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Resumen

Al nivel méds fundamental, los constituyentes fundamentales del universo interactan de cuatro
formas distintas, fuerte y débilmente, por un lado a distancias subnucleares y electromagnética
y gravitacionalmente a escalas que pueden ser incluso macroscpicas. Las interacciones elec-
trodébiles y fuertes se describen en el lenguaje de la teora cuntica de campos en el Modelo
Estndar de Particulas Fundamentales, que a las escalas experimentales explorada considera las
interacciones gravitacionales irrelevantes. Sin embargo, en situaciones como en el Universo tem-
prano la interaccién gravitacional debe incluirse para tener una descripcin microscépica realista.
A muy altas energias, las interacciones fundamentales permiten una descripcién perturbativa
en términos de Diagramas de Feynman. Los métodos de la segunda cuantizacién cominmente
usados se vuelven ineficientes rapidamente en el sentido del gran nimero de diagramas que deben
calcularse para una descripcin mds precisa de un proceso dado. Alternativamente, los métodos
de primera cuantizacién ofrecen un escenario en el que el cdlculo de amplitudes para procesos de
interacciones fundamentales, con la inclusion particular de la interaccién gravitacional, pueden
ser tratables y susceptibles de mejoras sistematicas donde los métodos tradicionales fallan. Si
bien los métodos basados en formalismo de linea de mundo, inspirado en la teoria de cuerdas, no
son recientes, su aplicabilidad y eficiencia ha alcanzado un nivel predictivo que compite con los
esquemas tradicionales. En esta tesis aplicamos dichos métodos a cuatro diferentes problemas:
Un analisis en el rango entero de masas de la accién efectiva de QED en un fondo con simetria
0(2) x O(3) y la representacién de linea de mundo del vértice tres gluones y el vértice de cuatro
gluones, as como la amplitud fotén gravitén.

Esta tesis esta organizada de la siguiente manera: El Capitulo 1 presenta una introduccion al
formalismo de linea de mundo. El Capitulo 2 estd dedicado a la primera aplicacién de dicho
formalismo, a saber, la accién efectiva de QED en un fondo con simetria O(2) x O(3), donde
se discute una comparacién con otros métodos. En el capitulo 3 se introducen herramientas
matematicas que seran utilizadas en el resto de la disertacién, especialmente en el caso gluénico.
Los siguientes tres capitulos describen, respectivamente, la correccién a un lazo y fuera de la capa
de masa de los vértices de tres y cuatro gluones as como la amplitud fotén-gravitén. Informacién
adicional se presenta en varios apéndices.

Palabras Clave:

Formalismo de linea de mundo, Método inspirado en la teoria de cuerdas, QED, QCD, Gravedad.
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Abstract

At the most fundamental level, the constituent blocks of the universe interact in four different
ways as far as known, namely, strongly and weakly and subnuclear scales, as well as electromag-
netically and gravitationally at scales that could be even macroscopical, of the size of the Universe
itself. At the scale energies explored in large particle accelerators, it has been determined that
weak and electromagnetic are but two sides of a single fundamental interaction, the electroweak
interaction. On the other side, what holds nuclei together is the strong interaction of quantum
chromodynamics (QDC). QCD and the electroweak theory are described in the elegant language
of quantum field theory in the celebrated Standard Model of Particle Physics. At the tested
scales, gravitational interactions are irrelevant for elementary particles. Nevertheless, either at
the early universe or near strong gravitational fields, gravitational interaction has to be taken
into account in order to have a realistic microscopic description. In high energy experiments,
fundamental interactions allow a perturbative description in terms of Feynman Diagrams. The
second quantization methods - often employed in such a description- soon become inefficient as
the number of Feynman diagrams required for a precise description of a given process grows with
the order of approximation. Alternatively, first quantization methods such as the worldline for-
malism offer a different framework for the calculation of scattering amplitudes for fundamental
interactions, including gravitational interaction. They may help to get a systematic computa-
tion of (classes of) scattering amplitudes. This is a task that traditional methods has failed to
achieve. Although the (string inspired) worldline formalism is not a recent proposal, only in the
last decades it has become a powerful tool as an alternative to conventional second-quantized
methods. In this thesis, we review the application of worldline methods to four different prob-
lems: The full mass range analysis of the QED effective action with an O(2) x O(3) symmetric
background and the worldline representation of one-loop corrections to the off-shell three- and
four-gluon vertex as well as the photon-graviton amplitude.

The thesis is organized as follows: Chapter 1 provides an introduction to the worldline formal-
ism. Chapter 2 is devoted to the first application of the WL formalism, namely, the effective
action for QED in the background of an O(2) x O(3) symmetric field, where a comparison against
other methods is discussed. In Chapter 3 some mathematical tools are introduced which will be
apply in the rest of this dissertation especially for the gluon case . The next three Chapters de-
scribe, respectively, the one-loop correction to the off-shell three- and four-gluon vertex as well as
the photon-graviton amplitude. Some additional information is presented in different appendices.

Key Words:

Worldline formalism, String inspired method, QED, QCD, Gravity.
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Chapter 1

Introduction to path integral and
string inspired methods

1.1 History

The notion of path integral (sometimes also called functional integral or integral over trajectories
or integral over histories) was introduced for the first time, in 1920s by Norbert Wiener [1] as a
method to solve problems in the theory of diffusion and Brownian motion. This integral, which
is now also called the Wiener integral, has played a central rule in the further development in
the subject of path integration.

It was reinvented in a different form by Richard Feynman in 1942 [2, 3], for the reformulation of
the quantum mechanics (the so-called third formulation of the quantum mechanics besides the
Schrodinger and Heisenberg ones). The Feynman approach was inspired by Dirac’s paper [4] on
the role of the Lagrangian and the least action principle in quantum mechanics. This eventually
led Feynman to represent the propagator of the Schrédinger equation by the complex-valued
path integral which now bears his name. At the end of 1940s Feynman [5, 6], worked out on the
basis of the path integrals, a new formulation of Quantum Electrodynamic (QED) and developed
a well-known diagram techniques for perturbation theory.

In 1950s, path integrals were studied intensively for solving functional equations in quantum field
theory (Schwinger equations). The functional formulation of quantum field theory was consid-
ered in the works of Bogoliubov [7], Gelfand and Minlos [8], Fradkin [9] and others. Starting
from these works, many important applications of path integral have been found in statistical
physics: in the theory of phase transition, superfluidity, superconductivity, the Ising model, in
1955, Feynman used the path integral to investigating the polaron problem and invented his vari-
ational principle of the quantum mechanics. At the same time, attempts were initiated to widen
the class of exactly solvable path integrals, i.e. to expand it beyond the class of the Gaussian-like
integrals. In the early 1950s, Ozaki (in unpublished lecture notes, Kyushu university) started
with a short time action for a free particle written in Cartesian coordinates and transformed into
the polar form. Later, Peak and Inomata [10] calculated explicitly the radial path integral for
the harmonic oscillator. This opened the way for an essential broadening of the class of path
integral models.

In 1960s, a new field of path integral applications appeared, namely the quantization of a gauge
filed, examples of which are electromagnetic, gravitational and Yang-Mills fields. The specific
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properties of the action functionals for gauge fields (their invariance with respect to gauge trans-
formations) should be taken into account when quantizing, otherwise wrong results emerge. This
was first noticed by Feynman [I1] using the example of Yang-Mills and gravitational fields. He
showed that quantization by straightforward use of the Fermi method, in analogy with QED,
violates the unitarity condition. Latter as a result of works by De Witt [12], Faddeev and Popov
[13], Mandelstam [14], Fradkin and Tyutin [15] and 't Hooft [10], the problem was solved and
the path path integralintegral method turned out to be the most suitable one for this aim. In
addition, in the mid-1960s, Berezin [17] took a curtail step which allowed the comprehensive use
of the path integration: he introduced integration over Grassmann variables to describe fermions;
actually it opened the way for a unified treatment of bosons and fermions in the path integral
approach.

In the 1970s, Wilson [18] formulated the field theory of quarks and gluons (Quantum Chromody-
namics (QCD)) on an Euclidean spacetime lattice. This may be considered as the discrete form
of the field theoretical path integral. The lattice serves as both an ultraviolet (UV) and infrared
(IR) cut-off which makes the theory well defined. At low energy, it is the most fruitful method
to treat the theory of strong interactions (for example, making use of computer simulations). A
few years later, Fujikawa [19] showed how the quantum anomalies emerge from the path integral.
He realized that it is the “measure” in the path integral which is not invariant under a certain
class of symmetry transformations and this makes the latter anomalous.

All these achievements led to the fact that the path integral methods have become an indis-
pensable part of any construction and study of field theoretical models, including the realistic
theories of unified electromagnetic and weak interaction [20-22] and QCD [23,24]. Among other
applications of path integrals in quantum field theory and elementary particle physics, it is worth
mentioning the derivation of asymptotic formulas for IR and UV behavior of Green functions,
the semiclassical approximation, rearrangement and partial summation in perturbation series,
calculations in the presence of topologically non-trivial field configurations and extended objects
(solitons and instantons), the study of cosmological models and black holes and such an advanced
application as the formulation of the first-quantized theory of (super)string and branes. In some
cases, the technique allows us to provide the solid foundations for the results obtained by other
methods, to clarify the limits for their applicability and indicate the way of calculating the cor-
rections. If an exact solution is possible, then the path integral technique gives a simple way to
obtain it. In the case of physically realistic problems, which normally are far from being exactly
solvable, the use of path integrals helps to build up the qualitative picture of the corresponding
phenomenon and to develop approximate method of calculation. They represent a sufficiently
flexible mathematical apparatus which can be suitably adjusted for the extraction of the essential
ingredients of a complicated model for its further physical analysis, also suggesting the method
for a concrete realization for such an analysis [1]. More than three decades ago the analogy
between first quantized approach in string theory and worldline representation in field theory
was pointed out in the ¢ theory effective action [25], and similar approach was considered for
Yang-Mills theory [26]. Since then considerable attempts and studies in the relation between
string theory scattering amplitudes have been started and remarkable results emerged [27-32].
String theory organizes scattering amplitudes in a compact manner (by virtue of the conformal
symmetry on the world-sheet), and the field theory emerges as a singular limit of string theory,
inherits this useful feature, by which the summation of Feynman diagrams is already installed
without need of performing loop integrals and the Dirac traces. In particular in 1992, Bern and
Kosower derived a set of simple rules for one-loop gluon scattering amplitudes through analyzing
the field theory limit of a heterotic string theory [33]. The set of rules were applied to five gluon
amplitudes [27,31], quantum gravity [29,32] and super Yang-Mills theory [34,35]. This method
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may be called “string-inspired” because it is analogous to calculations in string perturbation
theory, and its development was triggered by efforts [30, 33, 36] to use the peculiar organization
of string amplitudes to improve on the efficiency of calculations in ordinary quantum field theory.
However this is to some extent accidental, and the practical application of this technique requires
no knowledge of string theory.

The completion of Feynman diagram summation means gauge invariance. It is well-known that
the Feynman diagram calculation splits a gauge invariant amplitude into non-invariant terms,
and this causes a cancellation between divergent diagrams (gauge cancellation), which brings a
serious problem especially with numerical computation. In the Bern-Kosower formalism we do
not have this problem, since the only divergence appears from the final integration of a universal
master formula. The master formula does not depend on the simplicity of specific scatterings
with small number of external legs. Hence the Bern-Kosower formalism has a great deal of
potential to renovate the computational technique and efficiency in quantum field theory. The
Bern-Kosower rules for one-loop cases are also attainable directly (without making use of string
theory) in terms of the worldline method in quantum field theory [37,38]. In this case, we have
to evaluate an effective action in some particular form, which can be written as path integral
for a one-dimensional quantum mechanical action (worldline action), using the proper time and
background field methods as well. Then, expanding the background field as a sum of Fourier
plane wave modes, we get the same kind of objects that are called the vertex operators in string
theory. One particle irreducible (1PI) Green functions can be obtained as multi-integrals of
the master formula, which is a correlation function evaluated by Wick’s contraction with the
two-point correlator (worldline Green function) determined from the worldline action. It is very
interesting that this kind of vertex operator technique resembles string theory calculations, and
that all Feynman diagrams are consequently contained in a single master formula like string
theory amplitudes. In fact, various field theory examples can be understood from this viewpoint:
photon splitting [39], axion decay in a constant magnetic field [10], and Yukawa interactions
[41-43] up to some finite values of N (the number of external legs) are explicitly verified; for
photon scattering and ¢3 theory, the equivalence is formally proven up to the two-loop order with

an arbitrary value of N [414]. This formalism is also useful for a manifestly covariant calculation
of the effective action [45,46], and for decompositions into gauge invariant partial amplitudes
[17]. In [48] the first proposal for generalization of the Bern-Kosower formalism for multi-loop

has been made.

In the rest of this introduction we first discuss the worldline formulation of abelian and non-
abelian gauge theories. Then we discuss the gravity case which is less straightforward, and in
the last part we make a short review on the Bern-Kosower replacement rule.

1.2 Abelian gauge theory
1.2.1 Scalar QED

In the rest of this Chapter we follow the lines of [19,50] for gauge theory part and [51,52] for
gravity part.

After the genuine work by Feynman to introduce path integral formulation of QED, it appears
that he considered this approach less promising since he relegated the information on it to

appendices of [5] and [6]. No essential use was made of those path integral representation for
many years after, and even today path integrals are used in field theory mainly as integral over
fields, not over particles. Excepting an elegant application by Affleck et al. [53] in 1982, the
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potential of this particle path integral or worldline formalism to improve on standard field theory
methods, at least for certain type of computations, was recognized only in the early 90s through
the work of Bern and Kosower [33] and Strassler [37] as was discussed above. In the following, we
will concentrate on the case of the one-loop effective action in QED and QCD, and the associated
photon/gluon amplitudes. The gravitational case which is less straightforward will be discussed
later.

The free-propagator
We start with the free scalar propagator, that is, the Green’s function for the Klein-Gordon
equation is expressed as

1

. +m2|m/> (11)

Dg" = (0|T¢(x)b(2")[0) = (x|
We work with Euclidean conventions, defined by starting in Minkowski space with the metric
(— 4+ ++) and performing a Wick rotation (analytic continuation) to the
E = k‘O:—kJo—>Z’]€4,
t = 2= —20—>ixy,. (1.2)

See Appendix A for our conventions. Thus the wave operator [0 turns into four-dimensional
Laplacian

Y

i=1

In the following we use the natural units and we set A =c = 1.
Now, let us go back to the propagator. We exponentiate the denominator by using a Schwinger
proper-time parameter 7', which leads to

Dy = <:,;|/0oo dT exp [ — T(—0O + m?)]|z")

/OOO dT =™ T (x| exp [—T(-0O)]]2"). (1.4)

Next, we should transform the transition amplitude under the above integral into a path integral
form. To do so, we use the transition amplitude of the free particle in quantum mechanics, see
Appendix B

) z(t)=2 o .
(&, t|7,0) = (x|e " |2") = / Drelo Ir5d” (1.5)
z(0)=z"
where H = —5-V?. By comparing (1.4) and (1.5), one sees the following formal replacements
are needed
v - 0O,
1
m -
2 )
T —  —iT,
— =T,

(1.6)
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then we get
/ o0 2 I(T):I T 1 2
Dg* :/ dTe—mT/ Da(r)edo 77" (1.7)
0 z(0)=z'

This is the worldline path integral representation of the relativistic propagator of a scalar parti-

cle in a Euclidean spacetime that propagates from z’ to x. Note that now &2 = Zf 1 i2. The

parameter 1" for us will just be an integration variable but it has a deeper meaning related to
one-dimensional diffeomorphism invariance.

Having found this path integral, let us calculate it, as a consistency check and also to start
developing our technical tools. We decompose the z-variable as a classical (zf}) and quantum

(¢") parts,
2(7) = ali(r) + q"(7) = [0 + Z(a" = 2")] + (7). (18)

where z) fulfills the integral boundary conditions z¢(0) = 2’ and z¢(T) = x and ¢(7) fulfills
the Dirichlet boundary conditions (DBC) which is

q(0) =q(T) =0 (1.9)

FH(r) = GH(r) + = (z" — M) (1.10)

Plugging this equation into the kinetic term of the path integral and using (1.9) we find

T T N2
1 1 (z — ')
dr-i? = | dr=g@ 4+ 220 1.11
/O i /0 T T (L.11)

So, finally, for the propagator we get

Der = /dT—m (”)/ Dy(r) e I 4 (1.12)
DBC

The new path integral over the fluctuation variable ¢(7) depends only on T, not on z and z’.
Now, by using equation (B.23) and our formal replacement (1.6), and taking into account that
our path integral has D components, we get

Dy(r)e o 10 = (4nT)~ %
DBC

(1.13)

Thus we have

(zf't/)2

D = / AT(4nT)" % e ™ T e "ar (1.14)
0

This is indeed a representation of the free propagator in z-space, but let us now Fourier transform
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it (still in D dimensions) to get the more familiar momentum space representation:

Déck' _ //dxdx/ezk;r ik’-x’ wa

/ dT(4xT)" % ™™ T//dxdm’ e ik o= g (if 2’ — x4+ 2')
0

R . ’ I 22
_ / dT(47TT)7% —m T/dl,ez(k+k )z /dxlezk @ =T

0

= 2mPsP(k+ &) / dT e TE+m%) — (2m)P P (k + &)
0

k2 + m2 ?
(1.15)

where we have used the fact that the z-integral gives us the energy-momentum conservation and
the z’'-integral is Gaussian.
Coupling to the electromagnetic field

Let us begin with the simplest case of a real massive scalar field ¢ with a self-interaction potential
U($). According to standard quantum field theory [54] the Euclidean one-loop effective action
for this field theory can be written as

1 —O+m2+U"(¢)
where Tr denotes a functional trace. We use the following formula
A dT _BT
—Trln(E) = /0 ?Tr( —e ), (1.17)

which is valid for positive definite operators A and B. Returning to eq. (1.16) after performing
the functional trace in x-space leads to

/ dT/dD exp [—D+m2+U”(¢(x))}Hx>, (1.18)

Now if we compare this with the Feynman’s path integral formula (B.15) to be recalled as

z(t")=x -

(@e Oy = [ Da(y) et i Ve, (1.19)
z(t )=z’

where, we can interpret our kinetic operator as the Hamiltonian operator H for a fictitious

particle moving in D dimensions,

p2

H=2—+V(r) (1.20)
by identifying
Viz) = m*+U (¢(x)),
5 o L
m = B s
" —t) = T.

(1.21)
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Without retracing the path integral discretization procedure (Appendix B) we can immediately
write

z(T)=x "
v Da(r)e o [124m*+0" (6]

)

(eloxo (=71 Dm0 ) = [
(1.22)

where 7 = it. Taking into account that

/de/ Dx(r) :/ Dx(r), (1.23)
z(0)=z(T)=x z(0)=z(T)

we obtain the following path integral for the effective action

1 < dT 1, "
I'[¢] = 5/ 7e—m2T/ Dx(t)e” Jo dr(33°+U7 (o((7))) | (1.24)
0 z(T)==(0)

Now, the path integral for a massive (complex) scalar filed coupled to a background Maxwell
field can be also found in a similar way. The field theory kinetic operator now reads

(0 +ieA)? —m?, (1.25)

with a fictitious Hamiltonian

A 2
o AT e (1.26)
2m
This translates into
o0
e S
o T «(T)=x(0)

which is the one-loop effective action for a Maxwell background induced by a scalar loop in terms
of first-quantized particle integral [38,52]. Note that the global factor % has disappeared, since
in taking the trace we have to take double number of degrees of freedom of the complex scalar
into account.

Note that in (1.27) we have a dT'/T, and that the path integration is over closed loops; those
trajectories can therefore belong only to virtual particles, not to real ones. In this formula 7" the
usual Schwinger proper-time parameter, and m the mass of the particle circulating in the loop
(virtual particle). The effective action contains the quantum effects caused by the presence of
such particles in the vacuum for the background field. In particular, it causes electrodynamics
to become a nonlinear theory at the one-loop level, where photons can interact with each other
in an indirect fashion.

Analogously we can get the “full” or “complete” propagator D’ [A] for a scalar particle, that
interacts with the background field A continuously while propagating from z’ to x

0o z(T)=x
Dz/z[A] :/ dTe_sz/ Dre~ fOT dT(%;i2+i€"i'A(x(T))) ) (128)
0 z(0

)=’
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Gaussian integral

As was already mentioned, the path integral formulas (1.28) and (1.27) were found by Feynman
already in 1950 [5]. Techniques for their efficient calculation were, however, developed only much
later. Presently there are three different methods available, namely

e The analytic or “string-inspired” approach, based on the use of worldline Green’s functions.
e The semi-classical approximation, based on a stationary trajectory ( “worldline instanton”).
e A direct numerical calculation of the path integral ( “worldline Monte Carlo”).

In this thesis we will treat exclusively the “string-inspired” approach. In the “string-inspired”
approach all path integrals are brought into Gaussian form; usually this requires some expansion
and truncation. They are then calculated by a formal extension of the n-dimensional Gaussian
integration formulas to infinite dimensions. This is possible because Gaussian integration involves
only very crude information on operators, namely their determinants and inverses (Green’s func-
tions). We recall that, in n dimensions,

/dnire—%mMm _ (471—)%
(detM)s’

f d"z 6—%:&4M-z+r-j

[ dra e iwMa

eI M (1.29)

where the n x n matrix M is assumed to be symmetric and positive definite (hence invertible).
Also, by multiple differentiation of the second formula with respect to the components of the
vector j one gets

n o o—ra M2
Jd xxixje _ ot
fdnxe*%:r-Mﬂc 1]

1..M.
1Mz

)

Jd"z zxjapa e

Jdra e—irMz

(M5 My + My Myt M M)

(1.30)

an odd number of x;’s gives zero by antisymmetry of the integral (the contributions from fi)oo

exactly cancel those from fooo). Note that on the right hand sides we always have one term for
each way of grouping all the z;’s into pairs; each such grouping is called a “Wick contraction”. In
the canonical formalism the same combinatorics arises from the canonical commutator relations.
As will be seen, in flat space calculations these formulas can be generalized to the worldline path
integral case in a quite naive way, while in curved space there arise considerable subtleties which
will be discussed in this chapter.

N-photon amplitude

We will focus on the closed-loop case in the following, since it turns out to be simpler than
the propagator one. A particle in a loop can be described as a simple quantum mechanical
system existing for a finite, periodic time, or, alternatively, as a one-dimensional field theory
on a compact space; external fields act as operators on the particle Hilbert space, just as in
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usual quantum mechanics. At any order in the external field, the effective action is a correlation
function of these operators in a free and therefore soluble theory, and can be expressed in a
compact form. Nevertheless, it should be emphasized that everything that we will do in the
following for the effective action can also be done for the propagator. We could use (1.27) for a
direct calculation of the effective action in a derivative expansion (see [50]), but let us instead
apply it to the calculation of the one-loop N-photon amplitudes in scalar QED. This means
that we will now consider the special case where the scalar particle, while moving along the
closed trajectory in spacetime, absorbs or emits a fixed but arbitrary number N of quanta of the
background field, that is, photons of fixed momentum p and polarization . In field theory, to
implement this we first specialize the background A(z), which so far was an arbitrary Maxwell
field, to a sum of N plane waves,

N
Ar(z) = eltetkir, (1.31)
i=1

Now, we expand the interaction part of (1.27) as a power series, and we take term of order AV,
This term looks like

(i]ev)!N (/OT dr isi ~a(7) eiki'z(T))N : (1.32)

We have NV terms, but we take only N! of them, the totally mixed ones that involve all N
different polarization and momenta. The ordering of the polarization and momenta does not
matter, so, all these N! terms are equivalent, and the 1/N! cancels out. What remains is the
following

T T
(—ie)N/ drier - i(ﬁ)eikl'm(ﬁ) - / dTneN - x'(TN)eikN'I(TN)
0 0
= (—ie)VVialki, el Vialkn en], (1.33)

where we introduce scalar photon vertexr operator to be defined as

T

Vialk. el = /0 dre - e (1.34)
This is the same vertex operator which is used in (open) string theory to describe the emission

or absorption of a photon by a string [50]. Now for the N-photon amplitude we have

e dr .
Cscallk1,615 - skn,en] = (—ie)N/ —e_m2T/ Dx(T) e Jo dTid’
o T 2(0)=2(T)

X Vaatlk1s 1] -+ Vilulkn, en]. (1.35)

(where we now abbreviate x(7;) =: x;). Note that each vertex operator represents the emission
or absorption of a single photon, however, the moment when this happens is arbitrary and must
therefore be integrated over.

To perform the path integral, note that it is already of Gaussian form. Doing it for arbitrary N
the way it stands would still be difficult, though, due to the factors of &;. Therefore we first use
a little formal exponentiation trick, writing

Ei .’ti = 657"'56"' |lin(5i) . (136)
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Now the path integral is of the standard Gaussian form (1.29). Since

T T d2
/ dri? = / droe(———)z, (1.37)
0 0 dT

(the boundary terms vanish because of the periodic boundary condition) we have the correspon-

dence M < —dd—;. Thus we now need the determinant and the inverse of this operator. However,

we first have to solve a little technical problem: positive definiteness does not hold for the full
path integral Dz, since there is a “zero mode”; the path integral over closed trajectories includes
the constant loops, x(7) = const, on which the kinetic term vanishes, corresponding to a zero
eigenvalue of the matrix M '.

To solve this problem we define the loop-center of mass (or average position) by

1 /T
xp = T/o drzh (). (1.38)

We then separate off the integration over g, thus reducing the path integral to an integral over
the relative coordinate g:

(1) = af + ¢ (1) , /Dx = /dD{E()/Dq(T). (1.39)

It follows from (1.38), (1.39) that the variable ¢(7) obeys, in addition to periodicity, the constraint
equation

/T drg"(r) =0. (1.40)
0

The zero mode integral can be done immediately, since it factors out as (since & = ¢ )

N
/dDSCo e EEikeao = omPs(3 " k) (1.41)
i=1

This is just the expected global delta function for energy-momentum conservation. Since M =
2
f% has only positive eigenvalues we get

detM = (4T)7, (1.42)

and that the Green’s function of M corresponding to the above treatment of the zero mode is

d2 _ A\2 T
Gi(r.7) = 2rl(75) I )sr = 7 —7'| - % -5 (1.43)
Note that this Green’s functions is the inverse of %% Note also that it is a function of

the difference 7 — 7/ only; the reason is that the boundary condition (1.40) does not break
the translation invariance in 7. The subscript “B” stands for “bosonic” (later on we will also
introduce a “fermonic” Green’s function) and the subscript “SI” stands for “string-inspired”,
since in string theory the zero mode of the worldsheet path integral is usually fixed analogously.
The superscript “c” refers to the inclusion of the constant (coincidence limit) —7'/6. It turns

INo such problem arose for the propagator, since ¢(0) = ¢(T) = 0 and q = constant implies that ¢ = 0.

10
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out that, in flat space calculations, this constant is irrelevant and can be omitted. Thus in flat

space we will usually use instead

(1 —1)?
T

This replacement does not work in curved space calculations, though. Below we will also need
the first and second derivatives of this Green’s function, which are

Gp(r, 7)) =|r—1'| - (1.44)

!
Gp(r,7) = sign(t—171')— 2T TT ,
.. 2
Gp(r,7") = 25(7’—7”)—T. (1.45)
Here and in the follwoing “dot” always means derivative respect to the first variable, and since
Gp(r,7') is a function of 7 — 7/, we can always rewrite % = —8%. Now, we go back to the

Gaussian integral formula (1.29), to use it we define
j(r) = Z (i6(r — 7i)ki — 5(r — Ti)E) (1.46)
that enable us to rewrite
er\]:l(iki‘Qr‘rEi'di) _ efOT drj(7)-q(T) , (147)
where we used the fact that fOT 5(t — 71)q(T) = —(7;). Then by formal application of (1.29) we
get
fDC]( e~ fo d‘r4q 621 1 Gki-qitei-gq)
[ Da(r)e Ji a7i

= exp[—;/OTdT/OTdT'GB(T,T')j(T).j(r’)]

N
1 . 1 .
zexp{ E [iGBijki 'k‘j —ZGBZ‘jEi'k‘j—f— iGBijgi'Ej]}-
i,j=1

(1.48)

Here we have abbreviated Gp;; = Gg(7,7;), and in the second step we have used the antisym-
metry of G Bij- Note that a constant added to G would have no effect, since it would modify
only the first term in the exponent by a term that vanishes by momentum conservation. This
justifies our replacement of G4 by Gp.

Finally, we need the absolute normalization of the free path integral which turns out to be the
same as in the DBC case,

/Dq(r)e* Jo" 19" = (47T)" % (1.49)
Now, putting things together, we get a famous “Bern-Kosower master formula’
Docarlb1,e1:- 1k en] = (—ie)N (2m)P6P( Zk / 9 4x)-%em TH/ dr;
AN . 1.
X exp { ;1 5GBiski - ki — iGpijei by + 5Cpijei - <)) } o
(1.50)

11



New techniques for off-shell calculations in gauge theory and gravity

This formula (or rather its analogue for the QCD case, see below) was first derived by Bern and
Kosower [33] and rederived in the present approach by Strassler [37]. As it stands, it represents
the one-loop N- photon amplitude in scalar QED, but Bern and Kosower also derived a set of
rules which allows one to construct, starting from this master formula and by purely algebraic
means, parameter integral representations for the V- photon amplitudes with a fermion loop, as
well as for the N-gluon amplitudes involving a scalar, spinor or gluon loop [33,50,55]. However,
there is a part of those rules that is valid only after imposing on-shell conditions, while the master
formula itself is still valid completely off-shell (i.e. one where states do not satisfy the Einstein
relation k% = m?) which is mainly the subject of this dissertation.

Vacuum polarization

In this part we will calculate the vacuum polarization of the scalar QED, i.e. the two-point
amplitude. According to (1.50) this amplitude is obtained by putting N = 2 after expanding out
the exponential

> dr
Dscatlk1, €15 k2,62] = (—ie)?(2m) P8P (ky + kz)/ ?(47TT)7% e
0
T T
x / dTl/ dry(—i)? Py cCrrzkuk (1.51)
0 0
where
Py = Gpiae1 - kaGporea - k1 — Gpiser - €3 (1.52)

We could now perform the parameter integrals but it is advantageous to first remove the G2
by integration by part (IBP) which will be discussed extensively in the following chapters. By
adding some total derivative, P, transforms into Q)

Q2 = Gp12Gpai(e1 - kot - by — &1 - eaky - ka) . (1.53)
We use momentum conservation to set ky = —ko =: k, and define
Decatlk1, €15 k2, €2) = (2m)P (k1 + ko)eq - Mgeal - €2, (1.54)
where
*dT 2
I (k) = (5K — k'R / O (4nT) 8 T
0
T T . )
X / dT1/ dr2G p12Gp2y e9P12Fh2 (1.55)
0 0

One can see the effect of the IBP from this simple amplitude, the usual transversal projector
oM k% — kMEY factors out nicely already in the integrand level. At this level we rescale to the
unit circle, i.e. 7; = Tu; (i = 1,2), and use translational invariance in 7 to fix the zero to be at
the location of the second vertex operator, us = 0 and u; = u. We then have

GBlg = Tu(l—u),
GBlg = 1—2u, (156)

12
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then
2 0o
(k) = _%(5”'/762 - k”k")/ AT T?% ¢~m’T
L (4m)= 0
1
X / du (1 — 21L)267T“(1*“)k2 . (1.57)
0

Now one needs to perform the T-integral, we use the following elementary integral

/ df e ™ =T(\)a> for a>0, (1.58)
0
where we finally get
2
D
I (k) = —— (0" — k"k")T(2— =
scal( ) (477_)%( ) ( 2)
1 _ 2
x/ du (1= 2u) — (1.59)
0 [m2 +u(l - u)kz} 2

This should now be renormalized to get a physical result, this will be pursue in Chapter 2. Our
result agrees, of course, with a computation of the two corresponding Feynman diagrams Fig. 1.1.

! Yy ! .
‘\MJ‘ P + ]
’ N ’

g’ -

Figure 1.1: Vacuum polarization diagrams in Scalar QED.

In this simple case our integrand before the IBP, (1.51), would have still allowed a direct com-
parison with the Feynman diagram calculation; namely, the diagram involving the quartic vertex
matches with the contribution of the §(m; — 72) part of the Gp12.

Finally, it should be mentioned that, although any Gaussian integral can be brought to the
standard form of (1.29) by formal exponentiations such as (1.36), this is not always the most effi-
cient way to proceed. Alternatively, one can use the following set of Wick contractions involving
elementary fields as well as exponentials of fields

e The basic Wick contraction of two bosonic fields is
(¢"(11)q"(72)) = =GB (11, 72)0"" . (1.60)
e Wick contract fields among themselves according to (1.29) e.g.

<q#(Tl)qy(72)q/\(7'3)qﬁ(7'4)> = G p12G B340"" 3 + G p13G 240" 6" + G p1aG oz o 6" .

(1.61)

13
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e Contract fields with exponentials according to
(" (1) eik'q(72)> = i(g" (11)q" (12)) ky eF9(™2) (1.62)
Note that the field disappears, but the exponential remains.

e Once all elementary fields have been eliminated, the contraction of the remaining exponen-
tials leads to a universal factor

(etra . gtvan) = exp[ -2 i_ Riula” (m)a” (7)) i |
1 N?,,]_l
= exp |:§ Z GBijki . kj} . (163)
4,j=1

It is assumed that Wick-contractions commute with derivatives.

1.2.2 Spinor QED

Feynman’s vs Grassmann representation

In [6] Feynman presented the following generalization of the formula (1.27) for the effective action
for the spinor QED case

1 [dr 2 4o
Fspin[A] _ _7/ el efm2T D{E(T) o foT dr(i12+zez~A(m(T))) Spin[l’(T), A]7
2Jo T PBC
(1.64)
where the Spin[z(7), A] is the “spin factor” which reads as
B T
Spin[z(7), A] = tr,P exp [iz[v“,yy]/o drF,, (z(7))| , (1.65)

where the tr, denotes the Dirac trace and P is the path ordering operator. The comparison
of (1.27) with (1.64) makes it clear that the z-path integral, which is the same as we had for
the scalar case, represents the contribution to the effective action due to the orbital degree of
freedom of the spin % particle, and that all the spin effects are indeed due to the spin factor.
The minus sign in front of the path integral implements the Fermi statistics.

A modern way of writing the spin effect is in term of additional Grassmann path integral |

) ]7

) )

T
Spin[z(1), A] = DyY(T) exp [— /o dT(%i/} ch— iew“FW(x(T))w’j)] .

ABC
(1.66)

Here the path integration is over the space of anticommuting functions antiperiodic in proper-

time, Y (m)YY (r2) = =¥ ()" (11), Y*(T) = —*(0) (which is indicated by the subscript
‘ABC’ on the path integral). The exponential in (1.66) is now an ordinary one, not a path

14
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ordered one. The ©*’s effectively replace the Dirac matrices v*, but are functions of the proper-
time, and thus will appear in all possible orderings after the expansion of the exponential. This
fact is crucial for extending to the Spinor QED case the above-mentioned ability of the formalism
to combine the contributions of Feynman diagrams with different orderings of the photon legs
around the loop. Another advantage of introducing this second path integral is that, as it turns
out, there is a “worldline” supersymmetry between the coordinate function z(7) and the spin
function (7) [61]. Namely, the total worldline Lagrangian

1 1 .
Lepin = Z;'vQ +tex - A+ 577/1 ) — et FapY (1.67)
is invariant under

ozt = 727]11)”7
St = pik (1.68)

with a constant Grassmann parameter 7. Although this “worldline supersymmetry” is broken
by the different periodicity conditions for x and 1, it still has a number of useful computational
consequences.

1.2.3 Grassmann Gauss integrals

We need to generalize the usual Gauss integral formulas to the case of Grassmann (anticommut-
ing) numbers. For the spinor QED we restrict ourself to real Grassmann variables. We define
the Grassmann integration for a single Grassmann variable ¢ by setting

/dw@b =1. (1.69)
Since ¥? = 0, the most general function of ¢ could be defined as f(1)) = a + b1, and

[avsw) =, (1.70)

Now in the same way we can define the most general function for two Grassmann variables 1,
and ¥9 as f(11,192) = a + bipy + cipy + dip11e, and

/d¢1d¢2f(¢171/)2) =—d, (1.71)

where we assume a, b, ¢ and d are bosonic variables.
We can then also form a Gaussian integral: let 1 = (11,19) and M a real antisymmetric matrix,
then

67%wT.M'w = eiMlzwlwz =1- Mlgil)l’(/)g 5 (172)

(note that a symmetric part added to M would cancel out, so that we can restrict ourselves to
the antisymmetric case from the beginning) and

/dwl /d’(/)g 6_%¢T'M‘w = M12 . (173)

15
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And on the other hand since M is antisymmetric
det(M) = —Ma My = M3, (1.74)

then we have
/dwl /aw2 em 5 MY — 4 (detM)? (1.75)

It is easy to show that this generalizes to any even dimension: assume 1 - - - 99, are Grassman
variables and M an antisymmetric 2n x 2n matrix, then

/d¢1 . ./di/&n em 3V MY :I:(detM)% . (1.76)

Thus we have a determinant factor in the numerator, instead of the denominator as we had for
the ordinary Gaussian integral (1.29), it can be generalized to the Grassmann case,

[dipy - [ dipgy, e~ %" Mg ity
[y - [ dipyy, 730" MY .

By differentiation with respect to the components of j one can generalize the (1.30) and find the
Grassmann analogue of Wick contraction rules as

J i [ Aoty e 3V
[dipy - [ dipay, e3¢ -M-p
Jdir - [ dipontpitpyppip e 307 MY
[dipy -+ [ dibay, e—3¥T-M-3p

(1.77)

-1
MY,

—1 -1 -1 -1 —1 -1
= My My — My My~ + M My,

(1.78)

Now, returning to our Grassmann path integral (1.66), we see that the matrix M now corresponds
to the first derivative operator d%, acting in the space of antiperiodic functions, and its inverse
gives the Green’s function for spinor case is

Grlr.') = 2rl (o) |y = sign(r — 7). (1.79)

Note that in the antiperiodic case there is no zero mode problem. Thus we find the Wick
contraction rules

) () = Gr(n,m)
(W ()Y (r) N (13) 0" (1)) = i{GF12GJ!?:),45’“'5M — Gr13Graad'"" + GF14GF235W5V)‘} ;
(1.80)
The free path integral normalization for the spinor case is derived as [50]
Dipe=Jo dr3vv — 9% (1.81)

ABC

. . . . . D
Here D is any even spacetime dimension, and we recognize the factor 22 as the number of real
degrees of freedom of a Dirac spinor in such dimension.
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N-photon amplitude

The procedure for obtaining the N-photon amplitude in spinor QED from the effective action
(1.64) with (1.66) is completely analogous to the Scalar QED case treated in section 1.2.1, and
we proceed straight away to the analogue of

1 *dr .
Fspin[klael;"' ;kN,EN} = **(7Z'€)N/ 7€7m2T/ DI(T) effonT%xz
2 o T (0)=2(T)
x [ Dy(r)e I IV Tk ea] - Vi kel
ABC
(1.82)
where
T .
Voinlk, el = /0 drle - () + 2ie - (1) k - ¥(7)] etka(m) (1.83)

is a photon vertex operator for the emission or absorption of a photon by a spinor, the second
term in (1.83) is the momentum-space version of ¢ - F' - 1.

Now one would like to obtain a closed formula for general N, that is a generalization of the
Bern-Kosower master formula. As we already mentioned in section 1.2.2, the Lagrangian for
spinor QED (1.67) has a global super-symmetry under (1.68). One consequence of this is that
we can make use of a one-dimensional superfield formalism. Introducing

Xto= at V209,

Y = Xt—af,

0 0

_D = _— — —

a0  or’
/d90 = 1,
(1.84)
we can combine the z- and - path integrals into the following super path integral [38, 62—(4]
Topin[4] = _1/00 ge_mQT/DX e Jo ded@[—%X~D3X—ieDX.A(X)} .
spin B ) T

(1.85)

Written in this way, the spinor path integral becomes formally analogous to the scalar one, and
can be considered as its “supersymmetrization” [50]. The supersymmetrization vertex operator
can be written as

T
V) lk,e] = /O dr / dfe - DX X (1.86)

And one can also combine the two Wick contractions for bosonic and spinor fields into a single
one for the superfield as

(YH(71,01)Y" (12,09)) = 6" G (71,0157, 02) , (1.87)
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with a worldline superpropagator
G(71,01;72,02) = Gp(T1, ) + 0102Gp (71, 7). (1.88)

In this way one can generalize (1.85) and write down a master formula for N-photon scattering
[50,65] which is formally analogous to the one for the scalar loop

ar 2
Lepinlk1, €1+ kv, en] = — (fze (2m) D5 Zk / 471'T) —m’T

. )
111161'--61\1

(1.89)

N T N
1. o 1 .
X HA dTl/del exp{ Z [§G”kl . k‘j + ZDiGijEi . ]fj + §D7,D]GZ]€Z . E]} }
=1 i,7=1

Here as well as in (1.86), we introduce the further convention that also the polarization vectors
€1 ---en are to be treated as Grassmann variables. Thus we have now all ¥’s, 0’s, df’s and &’s
anticommuting with each other. The overall sign of the master formula refers to the standard
ordering of the polarization vector e1e5 - - - €. Equation (1.89) is the generalization of the Bern-
Kosower master formula for spinor case.

But as we will see, there is a more efficient way to proceed. We will first revisit the case of the
photon propagator.

The vacuum polarization

For N = 2, (1.82) becomes

L, ., [dTl _, 2 T T
Fspin [klv €13 ]{)2, 52] = —5(—26) T e D(E D(/} dT1 d’TQ
0 0 0

s, (£ 4 2igptiaby - k)R ey, (8 + 205y - by )eh2 2 e o ar (3 +3v0)
(1.90)
Since the Wick contractions do not mix the x and v fields, the calculation of Dz is identical

with the scalar QED calculation. Only the calculation of D is new, and amounts to a use of
the four-point Wick contraction (1.78)

(20) (W y - by W5 a - ko) = G [0 ky - ko — KK . (1.91)
Adding this term to the integrand for the scalar case, (1.55) one finds
T
iy (k) = —2e°(0"kK* — k*EY) / dT (nT) % e ™' T
0

T T
></ d7'1/ Ao (Gp12G a1 — Gri2Grar) e“r12Fr ke,
0 0
(1.92)

Thus we see that, up to the normalization, the parameter integral for the spinor loop is obtained
from the one for the scalar loop simply by replacing, in (1.57)

Gp12Gp21 — Gp12Gpar — Gr12Grar (1.93)
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which leads the final result for spinor vacuum polarization

62

u(l —u)

e (k) = -8
u(1 — u)k?]

spin (47‘(‘) %

2—

Nis}

WV 2 MLV _Q ' U
(61 k% — k"] T (2 2)/0 d -
(1.94)

and at this level one can easily verify the equivalence with the standard textbook calculation of
the vacuum polarization diagram in spinor QED, Fig. 1.2.

Figure 1.2: Vacuum polarization diagrams in Spinor QED.

For the worldline representation of non-abelian gauge theory which contains scalar, spinor and
gluon loop contributions to the gluon scattering we refer the readers to [50] and also it will be
discussed in the Section 4.4

1.3 Worldline formalism in curved space-time

In all developments of worldline formalism a difficult problem was the inclusion of gravity, even
as a background. Gravity generically decouples in a naive particle limit of string theory, while
in a direct worldline formulation the gravitational background leads to a path integral which
necessarily requires a detailed discussion of UV regularization. Much progress has been made in
[32] where string inspired rules were developed. Later Bastianelli and Zirotti in [51] addressed
this issue by using the worldline formalism in the presence of background gravity starting directly
from the first quantization of point particle. In the following we follow their lines. In the rest of
this Section we follow the lines of [19,51].

The Euclidean one-loop effective action I'[g] is the one obtained by quantizing a Klein-Gordon
field ¢ coupled to gravity as

Sléig] = / /G660, + (m” + ER)S)] (1.95)

where g is the metric (g,,) determinant, R is the Ricci scalar, \/§dD x is invariant D-volume
element and ¢ describing an additional non-minimal coupling to a scalar curvature?.

2The value £ = 0 is the minimal coupling, while the value & = % gives a conformally invariant coupling
in the massless case.
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New techniques for off-shell calculations in gauge theory and gravity

The corresponding one-loop effective action is formally given by
e~ Tlo: Al — /D¢€—S[¢;y] ,

I'[g] = —logDet™2 Trlog(—O+ m?2+¢R) = %Tr log(—O +m? +£R).
(1.96)

where [ is the gravitationally covariant Laplacian for scalar fields. This effective action can also
be obtained by considering the first quantization of a scalar point particle with coordinates x*
and action [60]

T
Sle,z"] = /0 arl [e™'T?g,, (2)iti" + e(m?® + ER(z))] (1.97)

where e is an auxiliary field einbein and &#* = 0,2" and requiring that the worldline is a closed
loop (by imposing periodic boundary conditions for all fields). By a standard gauge fixing
procedure [38] one can eliminate the einbein by the gauge condition e(7) = 2T (the factor 2 is
conventional), thus leaving an integration over proper time parameter 7' (the ghosts decouple
and a factor % is due to the presence of an isometry on the circle)

> 4T
I[g] = —/ T Dy e Sl (1.98)
0 PBC

with worldline action
T
S[zH] = / dT(ng,:j;“i'V +m2 4 gR(x)) . (1.99)
0

and with the fields z#(7) satisfying periodic boundary conditions at 7 = 0,7. This system is
one-dimensional quantum field theory with double derivative interactions, and hence they are not
UV finite by power counting, rather the one-loop and two-loop diagrams are divergent. The UV
infinities cancel in the sum of diagrams, but one needs to regularize individual diagrams which
are divergent. The results of individual diagrams are then regularization-scheme dependent,
and also the results for the sum of diagrams are finite but scheme dependent. One must then
add finite counterterms which are also scheme dependent, and which must be chosen such that
certain physical requirements are satisfied (renormalization conditions). Of course, the final
physical answers should be the same, no matter which scheme one uses [52]. Three different
regularization scheme have been analyzed: mode regularization (MR), time slicing (TS) and
dimensional regularization (DR). The corresponding counterterms are given by

1 1, o

Vur = —§R+ ggﬂ L0 NP
1 |

Vrs = —éR—ﬂg” g ﬁgApfﬁaFij,
1

VDR = 7§R7

(1.100)

where I'J5’s are the Christoffel symbols, for details on these counterterms see [52,66—68].
All these regularizations require different counterterms to produce the same physical results. The
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Chapter 1. Introduction to path integral and string inspired methods

optimal choice for perturbative calculations is the DR, scheme which requires a representation
invariant counterterm (It does not break general coordinate invariance at intermediate stages
and the counterterm Vpp is Einstein and local Lorentz invariant [52]),

T
ASDR :/ CZ7‘2‘/DR7 (1101)
0

to be added to (1.99) with Vpr = —%R. Hence

T 1 -
S,y = / dT(Zgw,j:”j:V +m? + fR(x)) 7 (1.102)
0

where £ = ¢ — 1 takes into account the DR counterterm. We fix £ = 0, since in this thesis we
will consider the vertices with one-graviton leg.
Another technical issue concerns the ways one treated a constant zero mode for path integral
on a circle [51]. One option was already used in trace anomalies calculations. It consists first
considering loops with a fixed based-point zf in target space, and then integrating over the
position of that base-point. The coordinate xz#(7) have Dirichlet boundary conditions (DBC)
zH(0) = z#(T) = =}, so that the quantum fields y* = z# — zff describe fluctuation around the
background position z{, which must vanish at 7 = 0,7. These quantum fields have a kinetic
term without zero modes and the propagators can be derived immediately. This way of casting
the path integral computation delivers a covariant effective Lagrangian density. A second option,
sometimes called “string inspired”, consists in directly separating out the constant zero mode
xy = fOT dra#(7) of the differential operator &2 on the circle as was discussed previously. The
fields y*(7) = a*(7)—x{ are now defined on the circle and thus satisfy periods boundary condition
(PBC). The corresponding propagators are periodic and translationally invariant. This set up
is simpler than the first one since in actual computations one can use translational invariance
on the circle. However, it has the disadvantage that it produces an effective Lagrangian density
with certain total derivative term which are non-covariant. This non-covariance invalidates any
advantage of using Riemann normal coordinates [69]. The total derivative terms of the “string
inspired” method are present not only in the gravitational case, but also for the standard field
theories in flat space, including gauge theories, but in that case they are not bothersome, since
they do not violate gauge invariance. In fact, they are beneficial since their addition leads to a
more compact form of the effective action [193].
Because of derivative interactions present in this nonlinear sigma model, divergences may arise in
the quantum-mechanical loop corrections. Thus regularization is not avoidable, however infinite
renormalization is not necessary: the covariant path integral measure produces other infinities
that cancel the original ones [70,71]. In order to generalize the worldline formalism to curved
background, naively it seems clear what to do: in a presence of a background metric field g, (z)
we should replace the free kinetic part of the worldline Lagrangian by the geodesic one:

)

m . 2
Liree = vy — Lgeo = — & g (x(7)) 2" . (1.103)

RS,

As we know from general relativity this action yields the classical equations of motion for a
spinless particle in a background gravitational field. So we would be tempted to write down the
following formula for the one-loop effective action due to a scalar particle in quantum gravity:

dT
Fscal[g] ;/ ? e—sz/ Dre” foT dTLgeo7 (1104)
0 P
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where P indicates periodic boundary condition.

As is usual in quantum gravity, we could then introduce gravitons as small plane wave pertur-
bation of the metric around flat space

Gy () = Oy + Kl () (1.105)

where k is the gravitational coupling constant which is proportional to the square-root of the
Newton constant £ = v/32G and is in natural units basically the inverse Planck mass k =
V32w /Mpq. hy, can be written as plane wave as

() = eue™™, (1.106)

with a symmetric polarization tensor €,,. The usual perturbative evaluation of the path integral
will then yield graviton amplitudes in terms of Wick contractions with the usual bosonic Green’s
function G g, and each graviton presented by a vertex operator

T
VEalk,el = e / driti? e (r). (1.107)
0

However, one can immediately see that, contrary to the gauge theory case, the Wick contractions
will now lead to mathematically ill-defined expressions, due to the §(7—7") contained in G (7, 7').
For example, a Wick contraction of two vertex operator will produce a term with §(7; — 72)?2,
and even the one of just a single vertex operator will already contain and ill-defined §(0). These
ill-defined terms are signals of UV divergences in one dimensional worldline field theory which we
have mentioned at the beginning of this section. To get rid of them we have to take the nontrivial
background metric into account not only in the Lagrangian but also in the path integral measure.
In general relativity the general covariance requires that each spacetime integral should contain
a factor of \/g = /det g, (2(7)) as in (1.95). Therefore the measure which should be used in

(1.104) is of the form [71]
Dz =Dz [[ /detgu(z(r) (1.108)

0<r<T

where Dz = [[_dPz(r) is the standard translationally invariant measure. The measure Dz in
(1.108) is formally a scalar under coordinate transformation, but the factor y/det g, (z(7)) is
field dependent and makes the measure unsuitable to generate the perturbative expansion. In
our string-inspired approach we clearly cannot use these metric factors as they stand; they ought
to be exponentiated. A convenient way of doing this was proposed in [72,73]. By this proposal
one needs to introduce commuting a* and anticommuting b* and c¢* worldline ghost fields with
periodic boundary conditions

Dz=Dz [[ g=Da DaDbDc eSenlabel (1.109)
0<r<1 PBC

where the ghost action is given by

T
1
Senlx,a,b,c] = / drigwj(m)(a“a” + b)) (1.110)
0
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After introducing these ghost fields the final version of the path integral representation (1.104)
can be written as

Toentlg] = / AT e DaDaDbDee— 3 T drau @) (# (1)# () +a (r)a” (r) 46 (1)e" (7))
0 T PBC
(1.111)

This way one is left with quantum mechanical correlation functions on the circle of the form
(a0 + a4 e )™ - (@ a - alyaly o)) (1112)
where the fields 1, a; stand for z(71), a(r1) and so on (this formula is exact for & = 0, the

general case has additional contact terms due to vertices with multiple graviton legs arising from
the expansion of the £R term).

Final representation for gravity vertex coupled to scalar loop can be written as

T
Vialk e = —Zeu / dr [ (7)" () + a(7)a” (1) + b (r)e" (7)] 2. (1.113)
0
and for the case where & # 0 this vertex operator has two extra terms as
T
Vialkei€) = ~ e [ dr[a(n)i (r) + () (7) + V() () + 460K — hk) ] .
0

(1.114)

The ghost fields have a trivial kinetic terms, so that their Wick contractions involves only J-
functions:

(a"(m)a”(m2)) = Ggn(m1,m2) =26(11 —12)0"",
(b (11)c"(12)) = —2Ggn(m1,72) = —46(T1 — T2)0"" .
(1.115)

The extra terms arising from the ghost action will remove all the UV divergences. Diagrammat-
ically this cancelations can be seen as Fig. 1.3.

Figure 1.3: Finite result by adding the ghost loop to the divergent one.

Similarly, for the fermion loop case one finds a graviton vertex operator

T
Vialbd = —ew /O dr[#(r)* (r) + a*(r)a” (r) + 0" (1) ()

F2((7)0 () + ot (r)a (7) + 8 (r)g (r(r) - k)| €
(1.116)
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where o#(7) is an additional bosonic ghosts arising from the nontrivial path integral measure for

g [7].

In the following sections, we will discuss several amplitudes in one-loop and tree-level. First,
we present one- and two-point functions in one-loop scalar case and then we consider the main
part of this chapter which is mixed electromagnetic and gravitation background. For this mixed
background we will discuss graviton-photon-photon which has been calculated before in [75] then
one-graviton four-photon in one loop which is in progress by the time of this dissertation. At
tree-level, we will discuss electromagnetic Compton scattering and photonproduction amplitudes.
The later tree-level amplitude has a reducible diagram which get combined with the irreducible
ones and makes the final result in a nice form, for the one-graviton four-photon case we face with
the same situation so we wish the tree-level calculations helps us to understand how combine the
reducible and irreducible diagrams in loop-level in the worldline formalism.

1.4 Bern-Kosower replacement rules

1.4.1 Bern-Kosower replacement rules for spinor loop case

We have made a big point out of the substitution (1.93) because it is actually only the simplest
instance of a general “replacement rule” due to Bern and Kosower [33]. Namely, performing
the expansion of the exponential factor in (1.50) will yield an integrand ~ Pyel), where we
abbreviated

e) —exp{ Z Gpishs - k} (1.117)

i,j=1

and Py is a polynomial in G Bij » G Bi; and the kinematic invariants. It is possible to remove
all second derivatives G Bij appearing in Py by suitable integrations-by-parts, leading to a new
integrand Qne') depending only on the G’BU s. Look in Qu for “7- cycle” that is, products of
Gpii ;s whose indices form a closed chain. A 7-cycle can thus be written as G Bsz Bigis * -G Binia
(to put it into this form may require the use of the antisymmetry of GBU s, e.g. G312G312 =
—GBlzGle). Then the integrand for the spinor loop case can be obtained from the one for the
scalar loop simply by simultaneously replacing every 7-cycle appearing in @y by

GBiyisGBisis *** GBinis = GBivisGBisis - GBiniv — GFivis GFisis *** GFiniy
(1.118)

and supplying the global factor of —2 which we have already seen above. This “replacement rule”
is very convenient, since it means that we do not have to really compute the Grassmann Wick
contractions. However, the objective of removing the G Bij's does not fix the IBP procedure,
nor the final integrand @y, and it is not at all obvious how to proceed in a systematic way for
arbitrary V. Moreover, our two-point computations above suggest that the IBP procedure may
also be useful for achieving transversality at the integrand level. Thus ideally one might want
to have an algorithm for passing from Py to (some) Qu that, besided removing all G Bij 'S, has
also the following properties:

e It should maintain the permutation symmetry between the photons.
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e [t should lead to a @)y where each polarization vector ¢; is absorbed into the corresponding
field strength tensor f;, defined by
[ =kley — kel (1.119)

K3
This assures manifest transversality at the integrand level.
e [t should be systematic enough to be computerizable.

Only very recently an algorithm has been developed that has all these properties [55].

1.5 Relation to Feynman diagrams for scalar and spinor

QED

In this Section we show how do the integrand polynomials Py relate to the ones encountered in an
ordinary Feynman parameter calculation of the N-photon amplitude? For the scalar QED, the
connection is still very direct. Consider the two Feynman diagrams for the scalar QED vacuum
polarization, Fig. 1.1 the first one is a tadpole diagram involving the seagull vertex. Now the
result of the worldline calculation before IBP, (1.52), contained a G Bij, and thus a 0(my — 7).
This §-function also creates a quartic vertex, and comparing the parameter integrals one finds
that, not surprisingly, its contribution to the amplitude matches with the tadpole diagram.
This correspondence carries over to the N-point case, if one fixes the ordering of the external
legs, and transforms from 7 to « parameters (Feynman parameter) according to

a1 = T—T1
Q2 = T1—T2
ay = TN-1

(1.120)

The partially un-integrated Bern-Kosower integrand is thus obtained from the Feynman pa-
rameter integrand by a transformation of variables, and a certain regrouping of terms. This
transformation has two effects:

e First, it allows one to combine into one expression an individual Feynman diagram and all
the ones related to it by a permutation of the external states.

e Second, by regrouping the a-parameter expressions in terms of Gp;j, G Bijs G Bij» Which
are functions well-adapted to the circle, the integrand is brought into a form suitable for
partial integration, since now one needs, at least in the abelian case, not to worry about
possible boundary terms.

In the spinor-loop case, comparison with the Feynman calculation is not quite so straightforward.
The resulting parameter integrals obviously include those from the scalar loop, and thus contain
contributions from diagrams including the seagull vertex. Clearly they cannot correspond to the
parameter integrals obtained from the standard QED Feynman rules. It turns out that they
correspond to a different break-up of those photon scattering amplitudes, a break-up according
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to a second-order formalism for fermions [76-79].

The Feynman rules for (Euclidean) spinor QED in the second order formalism are, up to statistics
and degrees of freedom, the ones for scalar QED with the addition of a third vertex Fig.1.4

1
k k2 +n?
13
e(k+¥),
k k'
It v
—-2ezgm,
k K’
13
o (T ) e (k’ - k)v
k k'

Figure 1.4: Second order Feynman rules for spinor QED.

The third vertex involves o#* = £[y*,+"] and corresponds to the 1" F*4)”-term in the worldline
Lagrangian Lgpi,, (1.67). For the details and for the non-abelian case see [79]. There also an
algorithm is given, based on the “Gordon identity”, which transforms the sum of Feynman
(momentum) integrals resulting from the first order rules into the ones generated by the second
order rules. This explains the close relationship between scalar and spinor QED calculations in
the worldline formalism.
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Chapter 2

Full mass range analysis for the
QED effective action for an

O(2) x O(3) symmetric field

2.1 Introduction

! The one-loop effective action in a background field is an important quantity in quantum field
theory. In gauge theory, the one-loop effective action has been calculated exactly and analytically
only for certain cases such as constant background field [80,81], and some special inhomogeneous
configurations [32].

For generic backgrounds, numerical or other approximation methods have to be used. In par-
ticular, taking the loop scalar or electron mass to be either zero or large generally leads to
simplifications. At large mass, the effective action can be reduced to its heat kernel expansion,
which is simple in structure and for whose computation powerful methods exist [33-86]. How-
ever, it is fair to say that, even at the numerical level, presently there is still no method available
that would allow one to obtain reliable results for the effective action for arbitrary masses and
in a generic background (the “worldline Monte Carlo” approach [37,88] may ultimately provide
such a formalism, although it seems too early to tell). For radially separable backgrounds, on
the other hand, during the last few years the so-called “partial-wave-cutoff method” [89-93] has
been developed, which seems to have all the properties one might request of such a numerical
method. This class of backgrounds, although still far from generic, includes, e.g., instantons,
monopoles and vortices. The method, originally invented for the case of the quark determinant
in an instanton background, is based on a decomposition of the relevant one-loop operator into
partial waves of definite angular momentum, and a separation into low and high angular mo-
mentum contributions, where the former are computed using the Gel’fand-Yaglom method, and
the latter in a WKB expansion. It principally applies to the scalar loop, but can be extended
to the spinor loop case for certain backgrounds. An example of this is the instanton where, by
self-duality, the spinor effective action can be reduced to the scalar one [94-97].

In [98] G.V. Dunne et al. initiated the application of this method to the important class of
0(2) x O(3) symmetric fields, first introduced by S.L. Adler in [99,100] and studied later by a

IThis Chapter is based on [110].
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number of authors [101-104]. These backgrounds can be defined (in Euclidean metric) as

A#(ZL') = 77,?11/%9(7") ) (21)
where 73, is a ’t Hooft symbol [94], to be defined below, and g(r) a radial profile function. Such
backgrounds provide a good testing ground since, on one hand, they still permit a reduction
from the spinor to the scalar loop case, while on the other hand, the profile function g(r) is, to a
good extent, arbitrary, thus leading to a large class of models. In [98], the “partial-wave-cutoff
method” was applied to various profile functions, in the full mass range, and the results compared
to the large mass expansion, as well as to the derivative expansion. In all cases, the method was
found to be in good agreement with the large mass approximation, and in some cases, also the
derivative expansion could be used to check agreement in the small mass regime. In the present
Chapter, we continue the investigation started in [98] in two directions.

First, in [98], the renormalization of the effective action had been done using an unphysical
renormalization condition, designed to yield a finite zero-mass limit. The asymptotic behavior
for large mass then is dominated by an unphysical logarithm that made it difficult to numerically
test this behavior beyond that logarithmic term. Here, we instead consider the physically renor-
malized effective action, which has a logarithmic divergence at small, but not at large mass. This
enables us to probe the large mass behavior in deeper detail than that achieved in [98]. Specifi-
cally, we are able to numerically verify the two leading mass levels in the large mass expansion
of the physical effective action. Since not all of the relevant terms in this expansion seem to be
available in the literature, and moreover the coefficients depend on the chosen operator basis,
we also present here their calculation from scratch, using the worldline path integral formalism
along the lines of [

Second, this class of O(2) x O(3) symmetric backgrounds has been extensively studied by M.
Fry [105-107] in a long-term effort to demonstrate that, as in the case of 1+1 dimensional QED
[108,109], also in the four-dimensional case the small m behavior of the effective action is, with
a suitable renormalization choice and after subtraction of the two- and four-point contributions,
dominated by a Inm coming from the chiral anomaly term ~ [ d4xFWﬁ'””, whenever such a
term is present. A simple test case for this conjecture in the class of backgrounds defined by
(2.1) would be the profile function

v
g(?") - ,r2 +p2 (22)
where v, p are positive constants. The background (2.1) with this profile function will be called
the “standard O(2) x O(3) symmetric background” in the following. Our numerical method does
not really allow us to treat this case as it stands, since it has insufficient radial fall-off. Even
though, we will provide strong support for this hypothesis by supplying the profile function (2.2)
with a radial suppression factor e*" | and studying the double limit of small m and small «.
Combining a perturbative and nonperturbative approach, we will show that the appropriately
renormalized effective action remains finite in the small m limit for any positive value of «,
and that the only obstacle preventing one to take the double limit m,a — 0 resides in the
perturbative two-point contribution to the effective action.

The Chapter is organized as follows. In Section 2.2, we review the properties of the O(2) x O(3)
background, and the predictions made in [106,107] about its effective action. In Section (2.4) we
study the perturbative N - point functions in the standard O(2) x O(3) symmetric background
modified by the radial suppression factor. This Section contains also the calculation of the leading
and subleading terms in the inverse mass expansion. In Section 2.5, we present our numerical

2
ar

28



Chapter 2. Full mass range analysis for the QED

results for the effective action. Our conclusions are presented in Section 4.8. For the details of
the numerical part of this work we refer the reader to [110].

2.2 The O(2) x O(3) field and its effective action

Let us start with some general facts on the effective action in four-dimensional spinor QED (we
work in the Euclidean space throughout). This effective action can be written either in terms of
the Dirac operator or its square as

A= —-Indet (P +m) = —% In det (—P* +m?) , (2.3)

Here, P = ~,(0,, +ieA, (z)) is the Dirac operator in 4-dimensional spacetime, and A, (z) is the
classical background gauge field. We set e = 1, unless explicitly indicated. We use a standard
representation of the Dirac matrices [95, 98]

0 o,
T = : (2.4)
a, 0
where
a, = (=ig,1) , &, = (o) =(i3,1), (2.5)

and o; are the 2 x 2 Pauli matrices. Using this Dirac algebra one sees clearly the chiral decom-
position:

m? + DDf 0
—P?+m? = : (2.6)
0 m?+ DID
where
D=a,D, , D'=-a,D,. (2.7)
We recall the familiar properties of the o, matrices
1
2 2 2 _
m?>+ DD = m - D, + §Fw,77/‘jyaa
1
2 2 2 a
m>+D'D = m —DM—&— §FW77WUQ
(2.8)
where 77, is a "tHooft symbol [94] which has the following properties
Napw = €auv » i p,v=12,3,
Nadr = _5(11/ y
Naps = 6a,u )
Nasa = 0.
(2.9)

29



New techniques for off-shell calculations in gauge theory and gravity

and we also define
Tapw = (=1)2470 4, (2.10)
Note that here a = 1,2, 3, and in deriving (2.8) the following identities will be useful
Gy = Oy + i), 05, Quin, = 6y + 017,05 . (2.11)

One can find more properties of this symbol in [94].

Finally, one obtains the following chiral form for the squared Dirac operator:

m? — Di + %Fwﬁl‘ju Oq 0
—PD*+m? = : (2.12)
0 m27Di+%FHVT]ZVO'a

Thus, we have a chiral decomposition of the effective action,

r[4] = —% In det (DD +m?) — %ln det (D'D +m?) | (213)

which can be written as

1 1 1 !
P[A] = —;ndet (D2 +m? + 5 F Tl aa> — 5 In det (D2 +m? + 5 Fuv Ua)
= IM[A]+T)[4].
(2.14)
We can also write
4] = 20®[A)F (10[4] -1O[4)) . (2.15)

Furthermore, we know that the difference of the renormalized effective action for the two chiral-
ities takes a special form, related to the chiral anomaly [111]:

1 1 m2 -
= (1Al — (=) - = = 4
AI—‘relﬂ [A] - (Fren [A} 111ren [A}) 2 (47T)2 ln ( ‘LLQ ) /d T F/J«VFMU . (216)

Therefore, for the computation of the full spinor effective action, it is sufficient to evaluate either
rid) [A] or Tie) [A] and the chiral anomaly term [111]. This fact is computationally quite relevant,
since the contribution of one chirality might be significantly easier to compute than the other
one.

We consider a field of the form (2.1), where g(r) is a radial profile function. For this background,
the negative chirality part of the Dirac operator takes a simple form,

1 a
m? — Di + §FM,,17W 0, =m? — Di + (4g(r) +rg'(r)) o3 . (2.17)
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Hence, we use (2.15) in the form

Tien[4] = 2T(3)[A] 4+ ATyen[A] . (2.18)

ren

The field strength tensor for the background (2.1) is

g'(r)

Fu»(x) = 727721/9(7‘) - (7720%% - 7730%%) . (2.19)
Within the class of background gauge field (2.1), we still have the freedom to specify the radial
function g(r). Here we note that the large r behavior of this radial function, determines the

presence or absence of zero mode. The F},, F),, is

g'(r)

1 1
F[LVELI/ = §€;LuaﬁvaFaB = §€/Luaﬂ< - 27721/9(7") -

g
x ( — 213 59(r) —

(Mg = Watuts) )

'(r)

(ng7$ﬂ$7 - Ugnﬂaiﬂy) )

1
= 5Cwap (4g(r)2niun§g +29(r)g' (r)(m) Mo mpy — nﬁunf’hxa%))
+29(r)g (1) (3 g1 e To T — NogMeTuo)
g'(r)*
0 (it = mlgwus) (sts = 1 zary) )

= 16g(r)* +8g(r)g'(r)r ,

(2.20)
and similarly one gets
FuwFu = 169(r)% +8g(r)g (r)r + 2¢'(r)*r? , (2:21)
where we have used the following identities for the €., and U
1 _ 1 _
Napr = iﬁpuaﬂnaaﬁ y Napy = —§ewa,377aa;3 )
Napry = —Navp s
NapvMopry = 46ap ,
NappMapr = 30ux ,
NappNapwr = 12,
NapvNarr =  Ourdux — 0uxduk + €
NapMopa =  Oabdva + €abeleva
NagwNapr = 0,
NaapTbor =  NaarTbau
€uvaBCuvag = 4!,
€uvap€uvay = 3l0py,
€uvapeurcy = 2/(0acdsy — darydac) -
(2.22)
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(Since in our case a = 3, note that whenever there is a sum over a in (2.22) we need to include
a factor of 1/3).

To be specific, the integral FWF v counts the number of zero modes:

1 [ ~ o 9 / _ 2\2
! / dr 13 (FoF) = / dr 3 (8g(r)? + 4g(r)g (r)r) = 2(g(r)r?)
(2.23)

Therefore, as long as g(r) falls faster than 1/r2, there are no zero-modes. As was already
mentioned in the introduction, the partial-wave-cutoff method —which we wish to use— is not
guaranteed to work well in the standard case g(r) = 1/(r? + p?) due to insufficient radial fall-off.
This suggests to study the following more general family of profile functions [98]:

2
—ar
(&

o — 2.24
v ,02 +T2 ’ ( )

g(r) =

where v, p and « are parameters that control the amplitude, steepness, and range of the potential.
For this profile function, the choice of o produces one of the following cases:

a>0 = /d4xFWFW <o /d4me,FW =0, (2.25)

a=0 = /d4xFWFW—>oo , 0< ‘/d‘leWFW <00, (2.26)

Thus, we have zero modes only for a = 0, corresponding to the standard case. It will also be
useful to note that then

1 [ oo
o [ AR = [ drrsg? + ag)g 0+ (1)
0 0

/ dr r?’FN,,FW —|—/ dr r3(g'(r)*r?) , (2.27)
0 0

where the second integral diverges logarithmically. In the present Chapter, we will set p = 1
throughout, and also v = 1, unless explicitly stated otherwise. a will be a small positive number
effectively serving as an IR cutoff.

Finally, let us summarize the conclusions reached at in [106,107] about the small mass limit of
the spinor QED effective action for the standard case o = 0:

1. Let R denote the (scheme independent) effective action obtained after subtraction of the
two-point contribution.

2. There is evidence that R behaves for small m as

2
R~ VZ Inm? + less singular in m? . (2.28)
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3. The logarithmic term in (2.28) is determined entirely by the chiral anomaly, given for our
background by

V2

/ d*xF,, F,, = 5 (2.29)

_ 1
(4r)?

In the following Sections, we provide strong support for these statements. Further, an important
application of (2.28) is the search for a nontrivial zero of the determinant

Indets := R —II, , (2.30)

where Iy is the four-point contribution to R [105-107]. In this connection, it is useful to know
whether the four-point contribution itself adds to the logarithmic singularity of the massless
limit, Iy ~ C'lnm. As a corollary of our study of the N - point functions in Section (2.4) we
will settle this detail, that had been left open in the analysis of [106], by showing that C' = 0.

2.3 The partial-wave-cutoff method

Recently a new numerical approach has been developed for exact computing the gauge theory
effective action in a class of background fields that permit a separation of variables reducing
to a set of one-dimensional operators. This has been explored in details for radially separable
backgrounds, where the method has been called the “partial-wave cutoff method” [89-92]. The
first application of this method was to the full mass dependence of the quark determinant in an
instanton background [89], and later studies have concentrated on scalar theories. The self dual
background has a special property that implies that the spinor effective action can expressed
directly in term of the scalar effective action as we have mentioned in Section 2.2.

The basic idea of “partial-wave cutoff method” is simple: the one loop effective action requires
the logarithm of determinant of an operator, and there is a method known as “Gel’fand-Yaglom
method” [112] which computes the determinant of an ordinary differential operator, without
computing its eigenvalues. For a partial differential operator, if the problem is separable down
to a set of ordinary differential operators, we can formally sum over the Gel’fand-Yaglom results
for each term in the separation sum. There is a technical difficulty which is the divergent of this
sum so suitable regularization and renormalization is needed. This problem has been addressed
by G. Dunne et al for scalar case in [89-92] and for spinor case in [98].

2.4 Perturbative results

Before starting on our numerical analysis of the effective action, which will be intrinsically non-
perturbative, in this Section we perform a number of perturbative computations that will help us
to interpret those nonperturbative results, as well as to verify their numerical accuracy. In these
computations we use the worldline formalism along the lines of [37,50,84], and as is usual in that
formalism as a byproduct of our spinor QED calculations we will obtain also the corresponding
quantities for Scalar QED. The latter will be included here, for their own interest as we all as
with a view on future extensions of this work to the Scalar QED case (Scalar QED quantities
will be given a subscript ‘scal’).
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2.4.1 Large mass expansion of the effective action

In this Subsection we calculate the leading and subleading terms in the inverse mass (= heat
kernel) expansion of the one-loop scalar and spinor QED effective actions, following the approach
of [84,113]. The starting point is Feynman’s worldline path integral representation of the scalar
loop effective action [5,50] (note that in our present conventions the effective action is defined
with the opposite sign relative to the conventions of [50]),

dT . ) )
Fscal[A] = _/ ?e—sz /D$(T)€_ fOT dri?/4—ie fOT drit A, () ] (231)
0

Here, at fixed proper-time 7', the path integral runs over all closed loops in spacetime with
periodicity T. We will generally Taylor expand the Maxwell field A, (z) at the loop center-of-
mass xg, defined by

T
= %/0 drat(r) , (2.32)

and then use Fock-Schwinger gauge to write the coefficients of this expansion in terms of the
field strength tensor F),, (zo) and its derivatives [84]. The first few terms in this expansion are

1
~Fuvap(o)y"y™y’ +---,  (2.33)

1
*Fﬁw,a(xO)yyya -3

1
—5Fu(zo)y” — 3

A#(xzxo—i—y): )

_ 9
where F),, o = 5 Fuv

Combining the expansion of the interaction exponential in the path integral (2.31) with the
Fock-Schwinger expansion (2.33), the path integration can be reduced to gaussian form. So, its
performance requires only the knowledge of the free path integral normalization factor

/Dy exp [— /OT dTiy2‘| = (4nT)~ D72 (2.34)

and the two-point correlator Gg(7,7’).
One then collects the terms with a fixed power of T', and obtains the inverse mass expansion of
the effective action in the form

4T em’T al )
Lseal [ F) = t d N 2.
1= [T Gy [0 X S oute (235)

where O, (F') contains the operators in the effective action of mass dimension 2n. For the
physically renormalized effective action Fbc alspins the lowest non-vanishing mass level is n = 3,
which therefore dominates in the large mass limit. In the following, we calculate this leading
contribution and also the subleading n = 4 terms, for both scalar and spinor QED. Since we
work on the finite part of the effective action only, we can set D = 4 from now onward.
Starting with the leading order, this is given by the term in the effective action involving two
copies of the second term in the expansion (2.33). Denoting this term by T?F?F  we have (in an
obvious notation and omitting the argument z( of the field strength tensors)
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F8F8F [A}

R T T
/ e " T/d4330/ dTl/ dro
0 0

T )
/Dy[ pnon Y Y Y Flups 0,y Y ]efo o /4»

(2.36)

where we have set e = 1 as usual.
In this step one needs to do all possible Wick contractions,

M= () i )y (1) 5 () 5™ (1) y™ ()
= () ) ) ) )
) ) ()1 () |
)y )] 0 () 1) () )
) ) () () |
0 () )] 07 ) 7 () () ()

Ty () 5 () ) ™ () 3 <r2>>} .
(2.37)

We need to consider the following contractions

) = —Gp(m, )",
> = 7@3(7‘1,72)5”” ,
> = GB(Tl,TQ)(SW )
) = Gplr,m)i"™,
(2.38)

so according to our convention all the derivatives are respect to the first variable.
By considering all the above contraction (6.73) would be

M = GB(T1,T2)GQB(T1,TQ){5“1”26”1”2(5“10‘2+5“1“25”1a25a”’2}
+ G (r1, )G, m{amavwz(sm 4 gravagriozgonns

_|_5,u1a2 5V1N2501V2 + 5#1062 61/11/2 6011#2 }

= C;'B(Tl,TQ)GQB(Tl,TQ)(Sl + GQB(Tl,Tg)GB(Tl,TQ)(SQ R (239)
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where

ViV S Vi SOV
51 — 5/1«1/»025125 1 2+5/J«1H251 25 12’

52 — 5#11/251/1#25&1062+5#1V25V10¢25a1#2+5,u106251/1,u250t11/2_|_6u10¢251/11/26041,u2

Through an integration-by-parts, we can replace
GB(Tl,TQ)G%(Tl,TQ) — 72@23(7'1,7'2)6;3(7'1,7'2) s
in the first term of M,

M - G%(Tl,Tg)GB(Tl,T2)<— 2(51 +62) .

Next, we use the Bianchi identity to show that

3
_ _ 2
F}L1V1,Q1FM2V2,@261 - _F‘H1V1,O¢1FH2V2,@2§2 - inu,a :

Thus,

9 .
FH1V1701EL2V2,042M = _§G2B(T177—2)GB(7—1’T2)F2

prat

(2.40)

(2.41)

(2.42)

(2.43)

Next, we perform the 7; integrals. Here, as usual, one can use the unbroken reparametrization

invariance to set 75 = 0 and rescale 7y = T'u, with the result

T T . 1 T3
/ dTl/ dro G% (11, 72)Gp(T1,70) = T3/ du(l —2u)*u(l —u) = — .
0 0 0 30
where we have used the rescaled Green function and its first derivative
Gplu,u') = |u—u|— (u—u)?,
Glu,u') = sign(u—u') —2(u—').
Going back to the (2.36) one gets
1 1 <3 —m? _a
FsacFalaF [A] = 120(47T)3/O ?dTe T(T) 2 /d4$0 Fizuz,o& (o),

in the following we set D = 4.

Performing the final T" - integration and putting things together we get our final result,

1
OFOF 4 2
Fscal [A] = _192071_2m2 /d Zo Fp,guz,ag (J;O) .
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To get the corresponding result for the spinor QED case, one can start simply by working on
the effective action with the Grassmanian operator and as the scalar case expand the interacting
part and perform all the Wick contractions for bosonic and fermionic fields (z and ) and find
the final effective action,

r=_1 /Oo dfTE’mQT/Dx Dupe i dr i + b e, A (@) =iy Bt
2)y T ABC

(2.48)

where the 1) integral must be performed with antiperiodic boundary condition (ABC). Here again
one can expand the interacting part of the bosoinc and fermionic fields to the appropriate mass
level and Wick contract all possible ways of the contractions.

The free path integral normalization factor

Dyjexp|git] =4, (2.49)
ABC

and the two point correlator for fermionic fields Gg(7, 7).

Another way to get the corresponding results for the spinor QED case is to make use of the “Bern-
Kosower replacement rule” [33], according to which the result for the spinor loop is inferred from
the scalar result by using (1.118) which for two-point is by replacing

G%(m1,m2) = GH(11,72) — Go(T1,72) - (2.50)

This changes the integral (2.44) into

T T
) 2
/ dTl/ drs [G%(Tl,TQ)_G%(Tla72)]GB(Tl7TQ) = —BT?’.
0 0

(2.51)

Also, the global normalization has to be changed by a factor of —2. Thus, our result for the
leading term in the spinor QED large mass expansion is

1
FaFaF[A} = SF;?CI;?F[A] = T 240n2m2 /d49€0 Fizuz,m (o) (2-52)

For the spinor QED case, this term was also computed in [36].

It should be noted that, at the same mass level, there could have been a contribution involving
the product of the first and third terms in the Fock-Schwinger expansion (2.33). However, it
drops out due to the vanishing of the coincidence limits Gz(7,7) = Gp(r,7) = 0.

At the next mass level, which is of mass dimension eight, one again finds that the non-vanishing
contributions with only two fields involve two copies of the third term in the Fock-Schwinger
expansion (2.33). Here in the following we present more details of these calculations.
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Let us starts with the scalar case:

)2 > qT R T T
FSE)CZLFBBF[A} = —( Z) / —e ™ T / d4$0/ dT1 / dT2
! 128 J, T 0 0

y 12 . v T o
X/Dy[yMqul,alﬂly lya1yﬂ1 yusz,ng,azﬁzy 2ya2y52:|6 f() dry©/4

1 o0 T?QT 4 T T
s ), TC / xo/o e

T 2
8 /DyF#1u17a151 FM2V2,Q252M/6 Jo dri*/a .

(2.53)

Again one needs to consider all the Wick contractions of the bosonic fields,

M= (g )y )y (1) 5 () ()™ ()y™ (72))

~G (11, m)G%(11,72)01 — GE(11,72)G% (11, T2)d2

(2.54)

where

5 = 5#1#«2{51/11/2 (501104265152 +5a1ﬁ25ﬁ10¢2) 4 frraz (5Q1V2551ﬁ2 +§041ﬁ2§311’2)

_1_51/1[32(50411/25[31042 _|_50410425ﬁ11/2)} )

(2.55)

and
by = 5W2{5V1H2 (§re25 P2 g gonbaghrony 4 grios(saamzshifa 4 gonbaghinz)
P (geanzghion 4 5’11&25!31#2)}
L yHaz {(;uluz((;amz(gﬂlﬂz 4 5@152551#2) + 6V1M2(6(X1V26/31,32 + 5@1/325611/2)
65U (gorvagPme o goane gve )}
+oH1P2 {5 (§ore2gPrmz 4 goapzghrazy 4 griaz(geavsghine 4 geapz gz

+5V1#2(5041V2551042 _|_501042551V2)} ’

(2.56)

again by rescaling the 7 variables as 7, = T'u; and using integration by parts, G(Tl, T2) can be
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eliminated as
T T ) Lo
/ dT1/ drGp(m1,72)G5(11,m2) = T4/ duGp(u,0)G%(u,0)
0 0 0

1
= —371* /0 duG%(u,0)G%(u,0) .
(2.57)

M’ can be simplify as
M Fuivi oy Fuova,nBs = +3G2B(u, O)G2B(Ua 0){2FM2V27(¥262 (Fuwz,azﬁz + Flpaz,vapy + Fuzﬂz,l/zﬂéz)}
~G5(u,0) G (u, 0){QFuzuz,a2ﬁ2(—Fu2uz,a262 + Fospzaps + Fﬁzuz,uza2)}
= 80 (0, 0GB (00 Fravnosts Fhasmats + Franavats + Fratusnns) |-

(2.58)

where we used this property of F},, og which is antisymmetric under p <+ v and symmetric under
a < f.

By performing the u integral we get

1 . 1 T4
T2/0 Al (u,0) G (u, 0) = T4/0 du (1= 20 w?(1— )’ = o (2.59)

Going back to the (2.53), it can be written as

8 00 :
roroorAl = / TTe ™7
eal - [A] 128 x 1672 x 210 J, 17T¢

4
X /d xO{FH2V27a252 (Fu2V2,u252 + FM2a27V2,32 + FMszﬂ/zU@)} .

(2.60)
T-integral leads to
1
[OOFIOFT 4] _ /d4 (T T T)
scal [ ] 128X4207T2m4 To 1+ 412+ 3/
(2.61)
where
T = FH2V2,a252FM2V2,042ﬁ27
T = FM2V2,06252F#2CX2,1/2ﬁ327
13 = E12V270¢2/32FH2/32,V20427
(2.62)
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but T3 = 0 since the first factor is antisymmetric in p <+ v and the second factor is symmetric
under this exchange. From the Bianchi identity

T, = 2T, . (2.63)

Finally (2.53) can be written as

1
OOFOOF _ 4
Tl ™Al = 58 22002m1 / d'xo (T1 + 2T2)

2 4 1 4 2
:Iﬁ;mﬁ@/ﬁ%EZ@@pm/ﬁmammm
(2.64)

The computation of the spinor case is analogous to the previous one, including the use of the
replacement rule. Here we only quote the result:

1
00F00F 4 2
Fscal [A] = 26880712m* /d onpzuz,azﬁQ ) (265)
1
OOFOOF 4 2
I [A] = 22402 m4 /d onle’z,a2ﬂ2 : (2'66)

At this same subleading mass dimension level, we also have the terms with four F’s. Their
contributions are contained in the effective Lagrangians for a constant field, due to Heisenberg
and Euler [80] in the spinor QED case, and Weisskopf [114] for the scalar QED case.

Let us look at this part in details. By considering four times the first term of the (2.33) one gets

_s\4 [e’e} dT T T T T
| _! Z') / —e‘sz/d‘lxo/ dT1/ de/ dTg/ dry
aJo T 0 0 0 0

1. . » - T2
x / Dy[ﬁy“lFumy“ 92 Flava Y 91 Flgu,y™ g umy”“}e Jo dry®/4
1

[ e [t [[an [ [ [
—— 5 —F€ T
4! x 1627T2 0 T3 0 0 n 0 & 0 & 0 ™

X/DyFﬂlulFﬂzuzFM3V3F#4V4 MH?

(2.67)
where
M= (P )y () 6 (r2)y™ (72) 67 (7)™ () 57 (7)™ (7a) )
(2.68)
We have programed this contraction using Mathematica [115] which presents in Appendix C.
i Xl = /0 ' drydrydrs M Eyy iy Frya Fuss Frns = (t;};;)z + trégf) . (2.69)

From those Lagrangians, one easily finds
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Figure 2.1: Vacuum polarization diagram.

1 1 1
FFFF A - 4 F4 F2 2
Tecar” ™ 4] 1672m? /d $0[360tr( ) 288 (brF™) ] ’ (2.70)
1 7 1
FFFF _ 4 4\ 2\2
r [A] = Tor2mi /d xg [—gotr(F ) 6 (trF?) } . (2.71)

Finally, we insert our background field, defined by (2.1) and (2.24) (with p = v = 1) and expand
in inverse powers of mass. In the limit when o« — 0, the coefficients of the inverse squared and
inverse quartic terms, up to cubic order in «, are respectively given by

2 4 In(2a) + n 19 31a? n 23 1
SCé = T IF n on | — Tonn A
Cocal,2 15" YTIET R ) T 600 T 1200 75
203 60601\ 11 . 32663\ 294la 107
sca, = 5~ In(4 —_ — — In(4 _ ,
Cocal 4 270 (n( @)+ e 59682) 50" (n( o)+ e+ 776160) 66150 105840
(2.72)
in the scalar case, whereas for the spinor case,
Cspin,2 = 8 Cscal, 2
232 137\ 2 8819\ 31490 683
spin = TiF In(4 Too T In(4 )
Copin4 135 (n( a)+p+ 588> M (n( a)+p+ 35280) T 33075 T 13230
(2.73)

where v ~ 0.57721 is the Euler-Mascheroni constant. These expressions were obtained with
MATHEMATICA [115], the detail of this program appears in Appendix D.

2.4.2 Two-point functions

We will now compute the two-point contributions to the scalar Fig. 2.1 and spinor effective
actions in the background defined by (2.1) and (2.24). We will set v = p = 1, but keep «, m and
1 general, at least at first.

For the scalar case, to get the two-point contribution we start again from the worldline repre-
sentation of the effective action (2.31), and expand out the interaction exponential to second
order.
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This yields

- T 2 T
r® — 1 —dTef"ﬁT dridr DszC' - A(zi)ex [_ dTl;} (2.74)
scal B A T 0 1472 i 7 p 0 4 . .
i=1

where we have put z; = 2(7;). Fourier transforming A, (x),

1% (2 )D 12 b M
we find that

Au(k) = —in, KBk, a) | (2.76)

where b(k?, a) can be written as

_ 2

b(k2, @) = % e T(—2,a; k2/4) , (2.77)

with I" the generalized incomplete gamma function
o —1
I'(a,z;b) = / dz 2% lem2 705 (2.78)
X
Introducing (fictitious) polarization vectors by

i = Mkl i=12 (2.79)

and the two-point function in momentum space,

(2) e dT 2 T 2 . T 5 32
r 1[/€1,51;k27€2} = —/ —e ™ T/ dTldTg/Dngi xl ezk~a:e—f0 dr o ,
sca. O T 0 Z:1
(2.80)
: (2)
we can then rewrite I',_}, as
@ _ 117 [ @k ; @)
I‘scal = 5 H/ (27T)D b(kz‘za O‘)Fscal[kly e1; ka, 52] . (2.81)
i=1

The calculation of FS;I [k1,€1; ko, €3] is a standard textbook calculation, and we give the result

here only. In the MS scheme with mass scale u, one finds
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Fiiihren[khgl; ko,e2] = (QW)D5(/€1 + k2)(e1 - €2k1 - ko — €1 - koea - kl)Hscal,ren(k%, m, ),
1 1., m2 8 m? 1 m2\ 2
2 —
Hecabren (570, 18) = = (32 {3 iz =5 (13%E) + 5 (1 45)
\1+4m
x ArcTanh {2} .
1+2%
(2.82)
Setting now k = k1 = —ko and using (2.79) together with 737 = —n3 and (p®)? = —1, we
compute

(61 'Egkl . kg — &1 k282 . k‘l) = k4 . (283)

After using the § - function in (2.82) to remove the ks - integral, our final renormalized result
for the two-point function becomes

(2) 1 d*k 472/1.2 2
T S 11, . 2.84
Scalvren[m,,u] 5 / (2ﬂ)4k; b (K%, o) gcar (K7, m, ) (2.84)

We will also need its massless limit. Setting now p = 1 and taking the limit m — 0, we find

1 8 1
2 _ - (2= 2
Hscal,ren(k 707 1) — (47T)2 (9 3 Ink ) . (285)

Even in the massless case, it seems not to be possible to evaluate the triple integral in (2.84) in
closed form. However, it is not difficult to determine its asymptotic behavior for c« — 0. We find

1 23 1 1
[0,1] = —(Ina)? + (—— +<-In2— —WE) In o + finite.

@
48 288 ' 8 24

scal,ren

(2.86)

Moving on to the spinor case, for ngzn,ren [m, u] we get the same formula (2.84) with ITscal ren

replaced by the spinor QED vacuum polarization Il,e,,

1 4. m?2 20 12 m? 8 m2\ | m2 / m2
2
Hren(k 7m,,Uz) = _(47T)2{31n'112_9(1_5]€2>+3(1_2kQ> 1+4ﬁAI‘CCOth 1+4]€2}
(2.87)

In the massless limit, this yields

P L
Hren(k,o,l)_(MP(Q Slnk), (2.88)
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and for the small « limit, we find

1 11 1 1
rx(‘gzl[()? 1] = E(IHQ)Q + (*5 + 3 In2 — 67E> In v + finite.

(2.89)

We remark that the leading (Ina)? terms in (2.86), (2.89) come from the Ink? terms in (2.85),
(2.88), so that their coefficients are related to the % poles of the two-point functions, and thus
ultimately to the QED (3 - functions. The details of this calculation is presented in the Appendix
E and also see [110].

2.4.3 Finiteness of the quartic and higher contributions for m = a =0

Nt

b}
1

-

!
&

PR

Figure 2.2: Four point contribution.

Next, we consider the quartic contribution of the one-loop effective action, Fig. 2.2. Contrary to
the case of the two-point function treated in the previous part, at the four-point level a detailed
calculation is out of the question, and our only goal is to demonstrate that the four-point function
is finite in the double limit m,a — 0. Thus here we consider only the o = 0 case, and wish to
show that there are no divergences in the zero mass limit. Since the four-point contribution is
already UV finite, contrary to the case of the two-point function here we can set D = 4 from the
beginning.

We start with the scalar QED case. Expanding the worldline path integral (2.31) to quartic
order, we can write this quartic contribution to the effective action as

oo T 4 T .92
(4) _ 1 dT —m2T . ' T
Ioaldl = A T /0 dTldngngT4/D.T il;[lxz-A(a:z) exp [_/OdTZL] .
(2.90)

As in the two-point case above, we next Fourier transform A, (x), where due to our setting o = 0
the Fourier transform can now be given more explicitly in terms of the modified Bessel function
of the second kind K (z):
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Auk) = —in K a(k?), (2.91)
a(k?) = bk 0)=4x 2%. (2.92)

Later on, we will need the small and large k behavior of a(k?),

_ 872 272
a(k?) = 2v2r??—_ k5/2 eVF 4. (2.94)

Introducing polarization vectors as in (2.79), we can rewrite (2.90) as

4
1 d*k; 4T ap [T
1“(4)14:_*/ ’*?/7*’”T/dddd
[A] 4!};[1 (27r)4a(k1) T e ; T1dTodT3dTy
4 ) T {,.C2
X/Dx Hslxl e““'””exp —/d741 .
i=1 0

(2.95)
We separate off the zero mode x( contained in the path integral,
/Dm = /dx/Dy,
() = @by (),
T
/ dry*(t) = 0,
0
(2.96)

Its integral gives the usual § - function for energy-momentum conservation. Thus we have

a4 kl
A H/ a(k?)(2m)*6* (D ki)Clk 15+ 1ka,ea] (2.97)

where I' is the worldline representation of the off-shell Euclidean four-photon amplitude in mo-
mentum space:

AT e [T
F[kl,El;-";k4,€4] = — — € dTldTQdT3dT4
0 T 0

4 ) T 92
X/Dy Hsi - e Yiexp —/ dTZ
i=1 0

| S

(2.98)
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Here after performing all Wick contractions of Hle gi - ;€'Y one gets a polynomial function
of GBij and G’Bij which we call it P4(G3ij, GBU), then by suitable integrations by parts Py get
replaced by another polynomial which is a function of only G z;;, Q4(G pij) (see [50] and Chapter
3 and 5 for the details).

After rescaling 7, = Tu;,i =1,...,4

1 dT ey (1
F[k1,€1;"‘ ;k4,54] = *W ﬁe T duidusduszduy
0 0
XQ4(GB127"' ,GB34)€% 1521 Gighich; ,
(2.99)
and after performing the T-integral
I Gz, ..., G
Dlky,er;e e ke eq] = _(47r)2/ duy dugdugduy — 24 GBI, Co3) S
0 (m2 — 53021 Onishi kj)
(2.100)

Here, Gg;; = Gp(ui,uj) = Ju; — uj| — (u; — uj)2 is the worldline Green’s function and G’Bij =
sign(u; — u;) — 2(u; — ;) its derivative. Q4 is a polynomial in the various G’Bij’s, as well as in
the momenta and polarizations.

Now, the QED Ward identity implies that (2.100) is O(k;) in each of the four momenta, which
can also be easily verified using properties of the numerator polynomial Q4 given in [50]. Using
this fact and (2.93) in (2.95), we see that there is no singularity at k; = 0, and convergence at
large k; is assured by (2.94). Further, after specializing the w; integrals to the standard ordering
up > ug > ug > ug = 0 (all ordered sectors give the same here by permutation symmetry) and
changing from the wu; variables to standard Schwinger parameters a;, in the denominator, we find
the standard off-shell four point expression

4
1
—5 E GBz‘jki . kj = a1a3(k1 + k2)2 + a2a4(k2 + k3)2 + alagkf + agagkg + a3a4k§ + a4a1k2 .
i,j=1

(2.101)

Thus, for nonzero mass the denominator in the rhs of (2.100) is alway positive for our Euclidean
momenta. Taking now the massless limit, any divergence of the effective action in this limit
would have to come from a non-integrable singularity due to a zero of (2.101). However, it
is easily seen that all such zeros require multiple pinches in the total kq,...,a4 space, whose
measure factors render integrable the corresponding second-order pole.

This method can be easily extended to show that also all higher IV - point functions are finite
in the double limit m,a — 0.

2.5 Nonperturbative results

We now show our numerical results for the (Spinor) QED effective action based on [110] in the
family of backgrounds (2.24). In our calculations we fixed p = v = 1 throughout.
We calculated the physically renormalized effective action for the full mass range [110]. Fig. 2.3

shows the behavior of T'Q5 (m) for a = 1/100. What we expect from effective action behavior is
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Figure 2.3: The effective action T'QS (m) for o = 1/100.
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Figure 2.4: The effective action f‘ren(m) for o = 1/100.

the following:

The leading order should be proportional to ([ F2dz)ln(m). We define a new effective action
Ten(m) which is the previous one after removing the ([ F2dx)In(m) term, in other words:
Tron(m) = QS — [ F2dzIn(m), which is finite as m — 0. A plot is shown in Fig. 2.4.

ren

The finiteness of Tyen () for m — 0 was already shown in [05], and for the scalar QED case, a
comparison was made with the leading term of the derivative expansion, finding good agreement.
However, we go beyond the results of [98] here and we have also obtained extensive results for
small masses and, in addition, we have calculated the effective action taking the mass to be
exactly zero which was not known before. Results are shown if Fig. 2.5 for different vales of «

[110].

Here we add another Fig. 2.5 which suggests that fren(m) at m = 0 diverges in the limit o — 0.
From our perturbative results of the previous Section (2.4.2) we can confirm and interpret this
fact that perturbatively all the N-point contributions to the effective action are finite in the
double limit m, a — 0 except for the two-point function.

For the two-point function we have given the asymptotic small o behavior in (2.89), so we expect
the full fren(m = 0) to have the same behavior as the two-point function for small o, means
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Figure 2.5: The effective action Lren (m) in the small-mass regime for different values of a.. Dots
correspond to @ = 1/10, squares to a = 1/200 and diamonds to « = 1/450.
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(2.102)

Fig. 2.6 shows a numerical plot of the ratio of the left hand and right hand side of (2.102) as a
function of o which confirms our expectation for small a behavior of the Tyen (m =0).

We can also trace the origin of the divergence of frcn(O) for « — 0: it is easy to see that the k
- integral in our final result for the two-point function (2.84) is, for @« — 0, dominated by the
region close to 0, which implies that this divergence is related to the divergence of the integral
of the induced Maxwell term for oo = 0 (see (2.26)), of which a finite part is still contained in the
two-point function (for our choice of the unphysical renormalization condition p = 1). This fact
that the small a divergence comes purely from the perturbative two-point contribution can be
checked also in a very different way: if the two-point contribution to the effective action becomes
dominant over the higher-point ones for sufficiently small «, then also the dependence of the
whole effective action on the normalization constant v should become close to quadratic. In Fig.
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Figure 2.8: The effective action I'yen for different values of o. Dot correspond to a = 1 /10,
squares to « = 1/100 and diamonds to & = 1/200 and triangles to aw = 1/450.

2.7 we show that indeed numerically the exponent of the v - dependence of T'ye, becomes 2.04
for zero mass and o = 1/5000.

One advantage of being able to calculate the effective action for the full range of masses is that
one can look for zeros. As seen from Fig. 5.2 for v = 1/100 T'yen(1n) vanishes close to m = 1. A
more detailed study reveals that, remarkably, not only the existence but also the location of this
zero seems to be rather stable under variation of «, as shown in Fig. 2.8. These zeros of mass of
r ren(m) are shown in Table 2.1 for different values of a.

In the large-mass regime, we compare our numerical calculation of the physically renormalized
effective action with its inverse mass (= heat kernel) expansion, using the leading and subleading
terms in this expansion:

0s Cspin,2 |, Cspin,4 1

The coefficients cgpin,2 and cspin,a (which are still functions of «) were given in (2.73). As can
be seen from Fig. 2.9, the leading order approximation fits the numerical results very well in the
large mass region, and in an intermediate range of masses (between about m = 1.5 and m = 2.0)
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o Crossing

1/10 | 0.735540

1/100 | 0.907293

1/200 | 0.925169

1/450 | 0.939393

Table 2.1: Mass zero of the effective action as a function of «a.

adding the subleading term leads to a better agreement with the numerical data (in interpreting
these results it should be kept in mind that, in applications of the inverse mass expansion,
typically any truncation to finite order breaks down completely at small enough masses, and
adding a few terms more will lower this point of breakdown only slightly; see, e.g., [116] ).

POS

ren
Dots represent the exact effective action, the solid curve is produced by fitting terms only up to

1/m? whereas the dashed curve corresponds to the behavior (2.103).

Figure 2.9: The effective action as a function of m in the large-mass limit for a = 1/100.
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2.6 Conclusions

The calculation of effective actions is a very important matter simply because the fermion deter-
minant appears everywhere in the standard model (see, e.g., [117,118] and refs. therein). It is
an exact contribution to the gauge field measure in the functional integral. In this work, we have
continued and extended the full mass range analysis of the spinor QED effective action for the
0(2) x O(3) symmetric backgrounds (2.24), started in [98], by a more detailed numerical study
of both its small and large mass behavior.

In [98], only the unphysically renormalized version Tye,(m) of this effective action was considered
(corresponding to p = 1), which is appropriate for the small mass limit, but has a logarithmic
divergence in m in the large m limit. This asymptotic logarithmic behavior was numerically
well-reproduced in [98], but its presence prevented one from probing into the physical part of
the large mass expansion, whose leading term is already 1/m? - suppressed. Here, we have used
the physically renormalized effective action I'QS (m) instead of T'yepn(m) for the study of the large
mass expansion. Going to large masses demands higher values of the cutoff L in the numerical
calculations, and is computationally more challenging. However, we have matched our numerical
results not only against the leading term, but also against the subleading O(1/m*) term in the
expansion. We have also calculated the expansion coefficients analytically for these backgrounds.
At the intermediate mass range, we have demonstrated the ability of the method to compute
zeroes of the effective action.

Most of our effort here has, however, gone into the study of the small-mass limit of the effective
action. Our study of the perturbative IV - point functions in this background has shown that, with
the exception of the two-point function, all of them are finite in the double limit m,« — 0 (the
latter meaning the removal of the exponential IR suppression factor). The two-point function is,
for a > 0, made finite in the massless limit using the renormalization condition @ = 1. Letting
also a — 0 in it however produces an IR divergence whose « - dependence we have been able to
calculate. In our numerical study of the small mass limit of the effective action, we have improved
on [98] by obtaining good numerical results for Tyen (1) even at m = 0, showing continuity for
m — 0 for various values of a, and moreover verifying that the full effective action at zero mass
has the same diverging asymptotic behavior for o — 0 as its two-point contribution.

Our results further provide strong support for M. Fry’s conjecture [106, 107] according to which
the effective action for this type of background should, after the subtraction of its two-point and
four-point contributions, in the small-mass limit be dominated by a logarithmic divergence in the
mass entirely due to the chiral anomaly term. This term exists for the backgrounds (2.24) only at
a = 0, which case is difficult to access with our method since, even after the subtraction of the true
IR divergence contained in the two-point function, one would still have spurious IR divergences
in FE;ER which will cancel only in the sum of the low and high angular momentum contributions.
This poses a formidable challenge for a numerical treatment. Nevertheless, our results show that,
as long as a > 0 and after the subtraction of the two-point function only, the effective action
is already finite in the zero mass limit, both perturbatively and non-perturbatively. Given the
finiteness of the double limit m,a — 0 for all the N - point functions but for the discarded
two-point one, it is clear that the appearance at a = 0 of some term singular in the massless
limit other than the known chiral anomaly one would signal some new nonperturbative effect
different from, but similar to the chiral anomaly, which is hardly to be expected in QED at the
one-loop level.

We believe that the work presented here not only provides an impressive demonstration of the
power of the “partial-wave-cutoff method”, but also constitutes the most complete study per-
formed so far of a one-loop QED effective action in a nontrivial background field [110].
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Chapter 3

String-inspired representations of
photon/gluon amplitudes

3.1 Introduction

! As we already mentioned in the introduction, Strassler has derived “Bern-Kosower rules” in a
simpler way based on the representation of one-loop amplitudes in term of first-quantized path
integrals. The central formula in the Bern-Kosower formalism is the following ‘master formula’:

ar
Dscatlk1,€1; .- skn,en] = (=i Zk/ (4nT) " 7mTH/ dri

N
1 . 1.
X exp{ Z [iGBZsz . kj — ZGBijEi . /Cj + iGBijsi '5j} } |1111(61....,5N) .
ij=1
(3.1)

As it stands, this formula represents the one-loop N — photon amplitude in scalar QED, with
photon momenta k; and polarisation vectors €;. m denotes the mass, e the charge and T the
total proper time of the scalar loop particle 2. Each of the integrals J dr; represents one photon
leg moving around the loop. The integrand is written in terms of the bosonic worldline Green’s
function G and its derivatives.

As was mentioned before, dots generally denote a derivative acting on the first variable, G5 (11, 72) =
%GB(Tl,TQ), and we abbreviate Gp;; = Gp(7; — 7;) etc.

From the Bern-Kosower rules one can obtain from the scalar QED integrand, the corresponding
integrand for the photon amplitudes in fermion QED, as well as for the (on-shell) N-gluon
amplitudes in QCD. However those rules do not apply to the master formula as it stands, for
this purpose one needs to write the master formula as a polynomial function of G p;; and G Bij
s0 it is clear that one has to remove all the G Bi;j to get an appropriate formula to apply the
rules. By expanding the exponential in (3.1) one obtains an integrand

IThis Chapter is based on [55].
2We work in the Euclidean throughout. With our conventions a Wick rotation kf — fz'k?, T — is yields the
N - photon amplitude in the conventions of [119].
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with a certain polynomial Py depending on the various G Bijs G Bi;j and the kinematic invariants.
The resulting parameter integrals are directly related to the ones arising in a standard Feynman
parameter calculation of this amplitude [28, 37, 120].The exponential factor in particular will,
after performance of the global T-integration, turn into the standard one-loop N - point Feynman
denominator polynomial. To arrive at the Bern-Kosower rules, one now has to remove all the
G Bij appearing in Py by suitable integration by part (IBP) in the variables 7;. That this removal
of all G'5’s is possible for any N was shown in Appendix B of [121]. The new integrand is written
in terms of the Gp;;’s and G Bi; s alone, and serves as the input for the Bern - Kosower rules.
Those allow one to classify the various contributions to the N — photon/gluon amplitude in terms
of > — diagrams, and moreover lead to simple relations between the integrands for the scalar,
spinor and gluon loop cases. For our present purposes, the most relevant part of the rules is that,
up to a global factor of —2 correcting for the differences in degrees of freedom and statistics, the
integrand for the spinor loop case can be obtained from the one for the scalar loop simply by
replacing every closed cycle of Gp’s appearing in Qu according to the “replacement rule” eq.
(1.118).
As was discussed already in in the Introduction 1, the IBP procedure is generally ambiguous
[121], however this ambiguity does not affect the application of the Bern-Kosower rules since one
only needs to write the polynomials just in term of the Green function and its first derivatives.
For this reason in the calculation of gluon amplitudes in [27,33] arbitrary way of IBP has been
taken. A closer look at the IBP was taken by Strassler in [122], he noted that this procedure has
an interesting relation with the gauge invariance. Each photon leg can be represented as a field
strength tensor in momentum space as

JIY = Rt — kel (3.2)
Remove all C;‘Bij’s and combine all terms contributing to a given ‘7 - cycle’ G’Bm2 GBW;,d e GBinil.
Then the sum of their Lorentz factors can be written as a ‘Lorentz cycle’ Z, (i1iz .. .4, ), defined
by

1
ZQ(Z]) = §tr(Fsz> —Ei-k?jEj k’i—Ei'El‘k‘i'k‘j R
(3.3)
n
Zn(lllgzn) = tI‘(H Fz'j> (Tl > 3)
j=1

(3.4)

Thus Z,, generalizes the familiar transversal projector. However, in [122] no systematic way was

found to perform the partial integrations at arbitrary N, and also the absorption of polarisation
vectors into field strength tensors (a process to be called “covariantization” in the following)
worked only partially; after the IBP and the sorting of the resulting integrand in terms of “cycle
content” some terms are just cycles or products of cycles, but, starting from the three-point case,
there are also terms with left-overs, called “tails” in [122], and the polarisation vectors in them
were not absorbed yet into field strength tensors. The IBP procedure was further studied by Schu-
bert in [123], where a definite IBP has been introduced which works for any N, and preserves the
full permutation symmetry even suitable for computerization. But still one interesting question
remains whether some IBP algorithm exist which to an integrand where all polarization vectors
would be absorbed in field strength tensors, thus making gauge invariance , i.e. transversality,
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manifest at the integrand level. The purpose of this Chapter is to address this question and to
present an algorithm which indeed imposes the manifest transversality at the integrand level [55].

In detail, we will do the following: In Section 3.2 and 3.3 we find a surprisingly simple way of
using IBPs to covariantize the Bern-Kosower master formula itself; the resulting representation
will be called the R-representation. In 3.4 we summarize the “symmetric IBP procedure” of
[123], leading to the @ - and @’ - representations. The next two Sections 3.5 and 3.6 define
our new algorithm, which combines elements of both the R - and the Q' - representation, and
results in what we will call the S-representation of the N photon/gluon amplitudes. As an aside,
in Section 3.7 we present a further improvement of the “two-tail” which leads to a particularly
compact integrand at the four-point level (but does not seem to generalize to the N - point case).
In Section 3.8 we shortly comment on a direct treatment of the spinor QED case in the worldline
super formalism. Section 3.9 is devoted to our main application, which is the calculation of
the one-loop off-shell one-particle-irreducible N - gluon amplitudes (or “N-vertices”). While
in the abelian case there are never any boundary terms in our IBPs, since all integrations run
over the full loop and the integrand is written in terms of worldline Green’s functions with the
appropriate boundary conditions, in the nonabelian case the color ordering of the gluon legs leads
to the restriction of the multiple parameter integrals to ordered sectors, and to the appearance
of such boundary terms [37, ]. Those generally can be combined into color commutators
and, in z-space, would in principle allow one to achieve a complete nonabelian extension of the
covariantization, namely to rewrite the final integrand in terms of full nonabelian field strength
tensors, and to complete all derivatives to covariant ones. This is not possible in momentum
space, but here instead the IBP procedure generates a natural form factor decomposition of
the N-vertices, where the bulk terms are manifestly transversal and all non-transversality has
been pushed into boundary terms. Finding such a decomposition by standard methods usually
involves a tedious analysis of the nonabelian Ward identities, and so far has been completed only
for the three-point case [124] which will be discussed in details in Chapter 4 and also four-point
case in Chapter 5. In the conclusions Section 4.8,Chapter we summarize the properties of our
new IBP algorithm, and discuss various applications, some of which have already been published
or are actually in progress. We shortly comment on possible generalizations to gravity and string
theory.

3.2 The P-representation

We will call “P-representation” the integrand obtained directly from the expansion of the Bern-
Kosower master formula,

dT

Teatlkr, et i knsen] = (—ie)N(QW)Dé(Zki)/ I gy Fe'T
0

NooT . .. N o
XH/O dTiPN(GBiijBij)eXP{Z 2GBijki'kj} .
i=1 ij=1

(3.5)

Explicitly, the polynomial Py is given by
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Py = GBiic1-ki,Goi,e2-ki, - GeNiyeEN-Kiy
N .. . . —_ . — .
- E GBavEa-eGB1i €17 ki, - GBaiyEaKi, - - GBbiyeb-Kiy - - GBNinEN Kiy
a,b=1
a<b

N
+ E (GBavea-evGBedec-€d + GBaca €cGBbach cd + GBada-€aG BbcEbEc)

a,b,c,d=1
a<b<c<d
— — — —

XGBM151 'kil . 'GBaia,Ea'kia ce GBbibEb'ki,, ce GBciC&?c'kic ce GBdidEd'kid ce GBNiNEN'kiN

Here and in the following the dummy indices 41,2, ... should be summed over from 1 to NV,
and a ‘hat’ denotes omission. Note that all terms in Py are obtained from the first one by a
simultaneous replacement of pairs of GBm-re,« . kiTGBsisas - ki, by —GRrser - €, which has to be
done in all possible ways. Note also that G;; = 0 by antisymmetry.

These P-representation integrals are still directly related to the ones arising in a standard Feyn-
man or Schwinger parameter calculation of the N photon amplitude [28,37]. The exponential
factor will, after a multiple rescaling and performance of the global T" — integration, turn into
the standard one-loop N - point Feynman denominator polynomial. The § - function contained
in G Bi; will bring together the photons ¢ and j, corresponding to a quartic vertex, and the
contributions of such terms match the ones from the seagull vertex of scalar QED which was
mentioned in the introduction.

3.3 The R-representation

Before coming to the “old” IBP procedure of [37,123] and its intended improvement, it will be
useful to solve a simpler problem, namely how to covariantize the Bern-Kosower master formula
itself. In the following we will often abbreviate

ez XL Grigkicki = o() (3.7)

Consider first the case of N = 2, where

Py = Gpiae1 - kaGparea - ki — Gpiacr - €2 . (3.8)

We choose two vectors rq,ry that fulfill

but are arbitrary otherwise. Adding to the integrand P, e() the following sum of total derivative
terms,
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_n&a 19} <G321€2 -k e(')> -2 1)) (G31261 - ko 6(.)) N R 9105 eV
ry -k ro - ko 1 kyra ke
. (C: .. b -
- e ( — G162 - k1 + Gpoiea - k1Gpigks - k2> et
r1- k1
. 6 .. b =
2o ( — Gp12e1 - ko + Gpi2er - kaGparks - k2> et
T9 - kQ

r-€17T2: €2

P ( — Gparky - k1 + Gpark: - koG pioks - k2> et

_ @ (Tl €182k | ra-ege1 -k Ti-eira gk - kz) o)
bz r1- ki T9 - ko r1-kirg - ko
+GBl2G321(r1 ~e17g - ea(ky - ka)? _ ri-ei€g-kiki-ky  rp -0y - koks - kg) el
r1-kirg - ko r1- ki T9 - ko
(3.10)
(0; = 85;) the total result is a change of P» into Rs,
Ry = GB12r1 ! 2GBQIT2 2 +GBI2M . (3.11)
r1- ki ro - ko r1-kirg - ko

Thus we have managed to absorb the polarization vectors into field strength tensors. And this
procedure can be immediately generalized to the N-point case: let us abbreviate

Ti* Eq

.= 7 3.12
p R (3.12)
N T
T.(i) := Gpijj ———2L | 3.13
0 = YT (3.13)
W.(ij) = Gpij————1—2 3.14
(ZJ) Bij ,r,lk?k,]rj ) ( )
and choose vectors 71, ...,ry fulfilling (3.9). Then it is a matter of simple combinatorics to
verify that
N ) .
Py el + [H(l — pa0s0¢) — 1] [PN e(')} =Py (Ggm-asa ki, = Tr(a), —GpabEa - €6 — Wr(ab)) e)
a=1

(3.15)

where the operator A, is defined as follows: each term in Py e() either involves the index a
in a second derivative factor G B, or it carries a factor of G Bai,€a - Ki,. In the former case the
term will be annihilated by A, in the latter case the action of A, is to replace the factor of
GBaiaga . kia by 1.

We can then reexponentiate the new integrand, and arrive at the following covariantized version
of the Bern-Kosower master formula (3.1):
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0 N T
. dT _D —m?
Dscailk1,€15. .. 1kn,en] = (—Ze)N(QW)DCS(Z ki)/ ?(47TT) *e TH/ dr;
0 i=170
N
1 L ’I"ZFZk] 1. Ti'Fi'Fj"f'j
. exp{ ~§:1 [iGB” kl ' k] ’LGBW T kl iGBZJ Ty ki Ty kj :| } lin(F Fn)
1,]= m 1y L'N
(3.16)

Thus, we have achieved manifest gauge invariance at the integrand level, with a large freedom
of choosing the vectors r1,...,rny. We will call this the “R-representation” of the N - photon
amplitudes. Note that it reduces to the original master formula (3.1) if r; - €; = 0 for all 4.

3.4 The Q and Q' -representations

Next, we review the IBP procedure motivated by the Bern-Kosower rules, whose primary purpose
is to get rid of all second derivatives Gp [121-123].

For the two-point case P has been written down already in (3.8). After an IBP of the second
term in either 7 or 7, and using GBlg = fGBm, it turns into

Q2 = Gp1Gpxn (61 kogo - k1 — &1 - e2ky - ko) = Gp12Gp21Z2(12) . (3.17)

Proceeding to the three-point case, here (3.6) becomes

P; = Gpuer - kiGBQjEQ . ijBsk€3 -k
- é312<€1 '52@33i€3 ki + (1 =223+ (1—3— 2):| .
(3.18)

In this three-point case it is still possible to remove all Gp'sin a single step. To remove, e. g.,
the term involving G BlgG B31 in the second term of P53, we can add the total derivative term

—0o (GBmEl -e9Gp3ies - k‘le(')) = (GBHEI -e9Gp3ies - k1 — Gpizer - £2Gpaiks - kiGpaies - kl) e,
(3.19)

where ¢ = 1,2, 3, so
—~Gpi2e1 - £2Gp3ie3 - k1 el) — 8y (G31251 -e9Gp31€s - k16(')> = —Gpi2e1 - £2Gpaika - kiGpzies - ky el

(3.20)
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This term together with five similar ones removes all the G B’s. Here are the other terms:

G121 - €2Gpases - kel 4+ 0y (GB12€1 - €9G p3ae3 - kze(')) = Gpiser - €aGpriky - kiGpaaes - kael) |

—Gpiser -e3Gpares - ki) — 35 Gpizer - €3G poen - krel)
—Gpiser - e3Gpases - ks el) + 01 ( Gpiser - €3G pasey - kel

—Gpaser - £3Gp12e1 - ka ) — 5( Gpases - €3G p1aey - koel)

N—— N N N~

—Gpaser - €3G 131 - kz el + 0o ( Gpazes - €3G pisey - kzel)

Decomposing the new integrand according to its “cycle content”, P; gets replaced by Q3 =
Q3 + Q2, where

Q3 = Gp12Gp2sGp3iZ3(123),
Q3 = Gp12Gp2122(12)T(3) + Gp13Gp3122(13)T(2) + GpasGp32Z2(23)T(1) .
(3.22)

Note that @3 contains a cycle of length three and Q% a cycle of length two, as indicated by the
upper indices, and that each 7-cycle appears together with the corresponding “Lorentz-cycle”.
This motivates the further definition of a “bicycle” as the product of the two:

Glivig - in) = GBiriyGBiyis - GBiir Zn(iriz - - i) . (3.23)

But the terms of Q3 have, apart from the cycle, also a “one-tail”, defined by

T(@) = GBM'EQ . k)l . (324)

This tail still has a polarization vector that is not absorbed into a field strength tensor. Now
in this three-point case there are already various chains of IBP that can be used to remove the
Gp’s, but if one assumes that the corresponding total derivative terms are added with constant
coefficients (i.e., they involve no functions of momentum or polarization other than the ones
already present in same @3 in (3.22)), then it is easy to convince oneself that they all lead to
the same Q3 of (3.22). It is easy to see that, nonetheless, each term in Q3 is individually gauge
invariant; if one replaces in, e.g., the term

Gp12Gp2122(12)G pakes - ki e
€3 by ks, then it becomes proportional to
O3 (G312G32122(12) e(')> .

However, our aim here is to make gauge invariance manifest even at the integrand level. Now in
the three-point case there are already various chains of IBP that can be used to remove all the
Gp’s, but if one assumes that the corresponding total derivative terms are added with constant

99

= *G313€1 : €3G33¢k3 : kiGB2152 -k 6(') ,
= Gpiser-e3Gpiiks - kiGpases - kzel) |
= —Gpasea - e3Gpaiks - kiGpiaer - ko el |

= G32352 : €3G3271k2 : kiGBl351 ks 6(') .

(3.21)
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coefficients (i.e., they involve no dependences on momentum or polarization other than the ones
already present in the term which one wishes to modify), then it is easy to convince oneself that
they all lead to the same Q3 of (4.25). Thus we have to look for a more general type of IBP. We
will now essentially apply the procedure of the previous Section to the tails. Consider again the
first term in Q% above, eq. (4.25). Choose a momentum vector r3 such that r3 - k3 # 0, and add
the total derivative

_Ts'€3 oG el)
rs - k’3 22(12)83 <G312G3216 ) . (325)

The addition of this term to the first term in @3, and of similar terms to the second and third
one, transforms @3 into

. . . r3-F3-k : : o ro-Fo-ky
R} = Gp12Gpa1Z(12)Cpar——""% + Gp15G ps1 Z2(13)G o -1
ry - kg r9 - k‘g
) . . ry-Fy - k;
+ G p23CGp32Z5(23)Gpr—— "
T - kl

(3.26)

Thus we have completed the covariantization of the integrand.

In the abelian case the 3-point amplitude must, of course, vanish, which we can see by noting
that the integrand is odd under the orientation-reversing transformation of variables 7, = T'— 7/,
1 =1,2,3. Note that in the three-point case, Q)3 is still unique, all possible ways of performing
the partial integrations lead to the same result. The same is not true anymore in four-point case
when the result of the partial integration procedure turns out to depend on the specific chain
of partial integrations chosen. This ambiguity was discussed in [122] but no systematic way was
found to perform the partial integrations at arbitrary IN. This ambiguity was considered again
in [123] and a systematic way and an algorithm had introduced based on preserving the manifest
permutation symmetry of the N-photon amplitude. Here is the algorithm:

1. In every step, partially integrate away all the second derivative factors G Bij S appearing
in the term under inspection simultaneously. This is possible since different G p;;’s never
share variables.

2. In the first step, for every factor of G Bi;j present use both 7; and 7; for the IBP, and take
the mean of the results.

3. At every following step, any G Bi;j appearing must have been created in the previous step.
Therefore either both variables 7; and 7; were used in the previous step, or just one of
them. If both were used, then both should be used again in the actual IBP step, and the
mean of the results be taken. If only one of the variables was used in the previous step,
then the other variable should be used in the actual step.

60



Chapter 8. String-inspired representations of photon/gluon amplitudes

The P-representation of N = 4 would be

P4(GBija éBij) = + é312€1 €2 GB3453 “€4 + GBISEI €3 C.;'132482 c€4+ GBMEI T €4 C.;'1522352 €3
- GBlﬁl - k; GBQjEQ : k'j é33483 c €4 — GB1¢81 - k; GB3j€3 : k'j GBQ462 t €4
- GBli51 - k; GB4j€4 : k‘j é32352 c€3 — GB2i52 - k; G33j€3 : k‘j éBl4€1 t €4
—  Gpaiga - ki Gpajes - k; Gpiser - €3 — Gpaies - ki Gpajea - kj Gpioer - €2

+ GBli51 - k; GszEQ -k G3k€3 - Ky, C.TY41€4 k.

(3.27)
Let us apply this algorithm for Gz12G 34 appearing in the first term of Py:
Gp1aGpasel) — 4G312GB34{ [GBulﬁ ki — Gaiks - kz:| [GBSij ki — Gujky - k]}
~Gpiskt - ks + Gpiaki - ka + Gpasks - ks — Gpaaks - k4} el
(3.28)

The terms in the second line contain some new GG which have been created in the first step so
they have to further processed. Let us consider just the first term which contains G pi3, since
both variables were active in the first step, both also must be used in the second step. This
yields

1. ) . 1. ) ) ) )
_ZGBUGBMGBB e - §G312G1334G313 [GBlikl ki — Gpsiks - ki:| et

+§G313 [G312GB34 - GB12GB34} e .
(3.29)

Considering again the first term in the second line which contains Gg12 needs to one more step,
here since 71 was active in the previous step therefor only 7o must be used now, and the third
step is the final one for this especial case

1. . ) 1. ) . .
§G313G312G334 e — §G313G312G334032i/€2 kel (3.30)

Since this algorithm treats all variable at the same footing, therefore it leads to the permutation
symmetric results. The nontrivial fact is that this process terminates after a finite number of
steps and does not become cyclic (as would be the case if, for example, one would always treat
the indices in a G Bij symmetrically). This algorithm transforms Py into Q4 [123] which is
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Qi = Gpuer - kiGpajer - kijGpares - kGpues - ki
1. . . . )
+{2GB1251 : 52{GB31'53 kiGyjes - k; [GBlkkl ki, — Gparks - kk}
[033163 ((Gpaes ki — Gpazes - k2)Gparks - kx + (3 4)}

—|—[ (Gpsies - k1 — Gpsoes - ko)Gpases - ksGparks - ki + (3 & 4)} +5 permutations}
+{
41
2

X [GBlikl ki + G.BQZ‘]CQ ki — GBgzkg ki — GB4zk4 k; :| } +2 permutations} s (331)

pM»—'

G p12Gp3acl - €263 - 54{ [Gmikl ki — Gpagks - kz:| [G.BSjk’?) -k;j — Gpajka - k'j}

—

Gpisky - ks — Gpazks - ks — Gpraky - ks + Gpasks - k4}

which can be rewritten more compactly as

Q4 = Q4 + Q4 + Q4 ) (3~32)
where
1 = G(1234) + G(1243) + G(1324) ,
3= G123)T(4) + G(234)T(1) + G(341)T(2) + G(412)T(3) ,
2 = GU2)T(34) + G(13)T(24) + G(14)T(23) + G(23)T(14) + G(24)T(13) + G(34)T(12) ,
2 = G12)G(34) + G(13)G(24) + G(14)G(23) .
(3.33)
Here we have now further introduced the two-tail,
T(ij) = Z{GBZ'TEZ’ -k Gpjsgj - ks + %GBijgi e |Gpirki - ky — Gpjskj - ks} } .(3.34)

T8

Note that in ths of (3.32) the the product of two cycles Q2? appears with a minus sign, the
reason is that we corrected for an over-counting here.
Thus the final representation of the (still off-shell) four-photon amplitude in scalar QED becomes

dT
Fscal[klygl;...;k4’€4] — 2 Zk / 7T,, —m2T
(4 ?
T
X/ dTl d7'4Q4(GBU exp{ Z GBUk k}
0 52

(3.35)
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We shortly summarize the advantages of this representation compared to a standard Feyn-
man/Schwinger parameter integral representation (see [50] for details):

First, the rhs of (3.35) represents already the complete amplitude, with no need to add “crossed”
terms. The summation over “crossed” diagrams which would have to be done in a standard field
theory calculation here is implicit in the integration over the various ordered sectors.

Second, the IBP procedure has homogenized the integrand; every term in Qn has N factors
of G Bij and N factors of external momentum. In the four-point case this has the additional
advantage of making the UV finiteness of the photon-photon scattering amplitude manifest before
integration. While the original numerator P, contains terms involving products of two G Bij 'S
which lead to spurious divergences in the T - integration, after the IBP the integrand is finite
term by term.

Third, it allows one to obtain the corresponding spinor QED amplitude by the application of the
replacement rule (4.13). In applying the rules it must be observed, though, that the form of the
integrand given above still contains, apart from the explicit cycle factors, additional cycles from
the tail factors for certain values of the dummy indices. In the four — point case this occurs for
Q? only: The two — tails contained in Q% as given in (3.33) above each contain a two-cycle, since
the content of the braces on the rhs of (3.34) for r = j, s = ¢ turns into

GBijGBji(Ei “kjej ki —egi ik - kj) = G(ij) - (3.36)

For the application of the “replacement rules” it is therefore convenient to decompose @4 in a
slightly different way [123]. Namely, note that

QF = Q2+20%, (3.37)

where Qf is obtained from Q% by eliminating the term with » = j, s = i from the sum over

dummy indices. With this definition, and setting Q4(') = Qfl') for the remaining components, we
can write

Qi=Qf + QP + Q2+ Q2. (3.38)

In this form all cycle factors are explicit, and moreover all the coefficients in the decomposition
turn out to be unity. Generally, we will denote by T"(4 ...4,) a tail whose cycles have been
removed by the appropriate restrictions on the multiple dummy sums appearing in it.

Thus the four-photon amplitude for the spinor loop case can now be obtained from the scalar
loop formula (3.35) simply by multiplying with a global factor of —2 from spin and statistics,
and by replacing, simultaneously, each bicycle G(zl ... 1) by the corresponding “super-bicycle”

Gs(il i) = (GBiligéBigig = 'GBinil — GriyisGFisig - - GFiniy ) Zn (i1 in) , (3.39)
(the notation refers to the worldline supersymmetry underlying the replacement rule (4.13), see

[50]). This “symmetric partial integration” procedure has been worked out explicitly for up to
the six-photon case; see [50,123] for the explicit formulas.
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3.5 The QR representation

So far we have established two seemingly unrelated IBP procedures, the first one leading to the
manifestly gauge invariant R-representation, the second one to the Q' - representation that is
suitable for the application of the Bern-Kosower rules, but manifestly gauge invariant only in the
cycle factors, not in the tails. We will now combine the two IBP strategies, using the following
three simple observations:

First, it had been noted in the appendix C of [50] that the @ - representation is recursive, in the
following sense: Each term in the cycle decomposition of @ contains at least one cycle [50], so
that any tail appearing in the N - point amplitude has at most N — 2 arguments. And a tail of
length, say, M, is related to the (undecomposed) lower-order @y simply by writing Qs in the
tail variables, and then extending the range of all dummy variables occurring in it to run over
the full set of indices 1,..., N. For example, writing out (3.34) for the two-tail T(12) in the last
term of Q% in (3.33) gives

4 4
. . 1. . .
T(12) = 5 GBlrffl : krGBQS52 . ks + §G31261 c €9 E [GBlrkl . kr — GBQTkQ . kr} s (3.40)
r,s=1 r=1

which can also be obtained by writing @2, defined in (4.18), as

) . 1. . )
Q2(12) = Gpiser - kaGpaiea - k1 + 5G312€1 - €2 [GBlzkl k2 — Gpoirks - kl} ) (3.41)

and introducing appropriate dummy index summations. That this property holds in general can
be easily seen by considering those terms in the cycle factors of the decomposition of @), that
do not contain factors of ¢; - €5, and thus can have involved IBPs only in the tail and not in the
cycle variables; see the appendix C of [50] for more details.

Second, for each N the symmetric IBP procedure defines a unique @ and thus a total derivative
term

Syel) =Qnel) — Pyel). (3.42)

Consider now an arbitrary term in the cycle decomposition of Q. It will have the form
C(iy...ip)T (1. .Jm), where M < N—2, C(iy ...i1) is a bicycle or product of bicycles involving
the variables 7;,,...,7;,, and T(j1 ... jar) is the unique (in the symmetric IBP scheme) tail of M
variables, written in the remaining variables 7;,,...,7;,,. Consider C(i1...45)Snm(j1 - jm) el
where possible dummy variable summations in Sy, are extended to run over the full range of
variables 71,...,7y as above. This is still a total derivative term (involving only derivatives in
the tail variables), and the above simple relation between the M - tail and Qjs implies, that

(3.43)

with a new version 7T}, of the M - tail which relates to Pas in the same way as the standard tail
T to Qus, i.e. by an extension of the dummy index sums.
Continuing with our example above, here we have
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S5 6G512k1'k2 — Qs — PQ) eGslzkl'k2

—~

1 ; s ° .. )
5G312€1 - €9 [GBlel - ko — Gporks - kl} + G piser - 62} (Griokihs
(01— B2) (GB12€1 - €2 eGBlzkl"CZ) 7

Il
N =~

(3.44)
and (3.43) becomes
) 1 ) ) )
GBHT(2) ) = (01— &) (G(34)G31251 . e(')> = G(B34)T,(12) V) | (3.45)
where T'(12) was given in (3.40) and 7,(12) is given by
4 . . ..
Tp(12) = Z GB17'51 . kTGBQSEQ . ks — GBlgEl €9 . (346)
r,s=1
Finally, the new tail T,(---) can now be covariantized by a simple extension of (3.15):
J\/I . .
[T = 23,03, 850 (COT (1 dar) ) = COT (Cpasua - ki, = Tola),~CGpaea 25— Walab) ) e
a=1
(3.47)
In our two-tail example, this lead to the following result:
e o Pk - reFyky s 1By Fyeomo
T,(12) = Gp1r Gpas Gpla—————— 3.48
( ) B r1 -k B2 9 - ko G 1 - ki1ka - 7o ( )

where the sums over r and s run from 1 to 4. This should be compared with Ry of (3.11).

3.6 The S representation

Thus in the QR - representation we have the usual decomposition into cycle and tail factors, with
the tails already covariantized, and in a form that generalizes the (lower order) R - representation
by an extension of the dummy index sums to run over all IV variables, including those belonging
to the cycle factors of the term under consideration. To finish our quest for an integrand that
would be both covariant and suitable for the application of the Bern-Kosower rules, two more
steps are needed: First, we need to remove the remaining G'g’s; this can be done by reapplying
the symmetric IBP procedure of Section 3.4, without any modifications. And finally all cycles still
contained in the tails have to be separated out. We will call this final, in some sense optimized
result for the integrand of the N photon/gluon amplitudes, the “S - representation”, and denote
the corresponding tails by T7(-).

Continuing with our example of the two-tail in @3, the first step transforms 7T}.(12) of (3.48) into
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4
o ori-Fyke s o Fy -k
T,(12) = GBir Gpos
_1(;312@@31 b =3 G k) e
2 — " ! 1 s 8 T1~k1]€2-7'2 '

(3.49)

This form of the two-tail, like the original two-tail T'(12) of (3.34), still contains a cycle - the
terms on the rhs with » = 2 and s = 1 combine to form a G(12), as in (3.36). Eliminating these
terms from the tail one arrives at the final form,

4
 ri-Fyke o o Fo- kg
T/ 12 = G r S
5( ) Z b r1 -k B2 r9 - ko

r,s=1

rs#£(2,1)

1. ‘. 4. PO L
~5Cma(3 Grirky b = 3 Gpaak b ) S R
r#2 s

(3.50)

For the one-tail there is no difference between T (i), Tx(¢) and T7(i), being all given by (3.13).

We can now write down a covariantized version of the four photon amplitude, simply by taking
over (3.33), (3.35), and (3.38) and replacing all one-tails by (3.13) and all two-tails by (3.50).
Explicit formulas for higher point amplitudes will be given elsewhere.

3.7 Alternative version of the two-tail

For the two-tail, there is actually yet another form which is covariant, free of Gp’s and at the
same time more compact than (3.49). Starting again with 7,(12) of (3.46) we add the following
total derivative term to 7T},(12) (omitting now the inert cycle factors C(-))

1
F1F2) 0102 6(') +

5 . ) _ . ks Yoo o)
(ks - k2)2tr( T s [81 gg 010z € £1 - kogo - kjOr (GBQJ e )

R N (GBM e<'>)} .
(3.51)
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One obtains the new two-tail

- o €1 k2€2 . kl — kl . k2€1 €9 ZtY(FlFQ)
Tr(12) = Gpi2 {2 kT — }

 GpinGayj
(k1 - k2)?
—&g - k1ky - koks - kj€1 -k +e1 - kieq - kj(kl . kg)ﬂ

tr(Fy Fo)ky - kiko - kj  GpinGpaj(ks - ka)
(K1 - k2)? (k1 - k2)?

+81 . k2k1 . ki€2 . kj + &9 klkg . kjEl . kl — &1 kiEQ . kjk‘l . kQ] 5

|:t1“(F1F2)]{?1 . k/’zkg . k‘j +e1- Egkl . kaQ . kjkl . k’i — &1 kgkl . k/’gkl . kiEg . k‘j

= —GpiGpaj {— €1 - ok - kjki - k;

(3.52)
which in a compact form would be
TH(12) = GBilGBiji . H12 . ]i?j s (353)
where we have introduced the tensor
FlFQ)”Vkl . ]{72 — k“k”tr (FlFQ)
HY = ( 12 . 3.54
12 (kl . k2)2 ( )

Note that tr Hyp = 0 and HI, = Hy;. Note also that the term with i = 2,7 = 1 in (3.53) as
before produces a G(12), since

1 1
]{)2 . H12 . kl = 5131‘ (FlFQ) —tr (FlFQ) = —Qtr (FlFQ) = —22(12) . (355)

Thus Ty (ij) can be used as well as T'(ij) and T4(ij) in the construction of the four-point am-
plitudes, including the application of the replacement rule (4.13) and the simple sign change in
passing from (3.33) to (3.38). However, contrary to Ty(ij) it appears that Ty (ij) has no natural
generalization to the higher-point tails.

3.8 The case of spinor QED

One of the main purposes of the IBP procedure is to trivialize the transition to the spinor QED
case though the replacement rule (4.13). Still, it is interesting to note (and of possible practical
relevance for the generalization to the case of open fermion lines, where the IBP is less attractive
due to the existence of boundary terms) that in the worldline formalism there is also a more
direct treatment of the spin % case using an approach based on explicit worldline supersymmetry
[50,62,65,125,126]. Tt allows one to write down a master formula for N — photon scattering [65]
which is formally analogous to the one for the scalar loop, eq.(3.1):

Tapinlkr, €15 shwyen] = —2(=ie)™ (2m) 763 ki) / X (arry BT

o T
N T N
XH/ dTi/ineXp{ Z
i=170 ij=1

1. A 1 A
iG”k‘l . kj + iDiGijEi . k‘j + 5D¢DjGijEi . Ej‘|

lin(e1,eene )

(3.56)
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Here we have further introduced integrals over the Grassmann variables 61, ...,0y, such that
J d6;0; = 1, and the super derivative

o 0
D = o0 (3.57)

The two worldline Green’s functions G r now appear combined in the super Green’s function

G(11,01;72,02) = Gp(T1,72) + 010G (11, 72) (3.58)

Now, also the polarization vectors €1,...,en are to be treated as Grassmann variables. The
overall sign of the master formula refers to the standard ordering of the polarization vectors
£1€2...EN-

Starting with this master formula, all the manipulations which we have applied in the previous
Chapters to the scalar loop integrands can, mutatis mutandis 2, also be used in the spinor loop
case starting from (4.37). Here we will be satisfied with pointing out that the covariantized
Bern-Kosower master formula (3.16) generalizes to the spinor QED case as follows:

. OOdT _D —m?
Fspin[klagl;---;kstN] = _2<_26)N(27T)D6<Z kl)/ ?(4777—1) Ze T
0

)

N T N
1. oo Fooks 1 o1 B Fiors
% |/ dn-/dei exp{ S [QGijkfkj 4D Gy - §DiDjGij7T B,
.y p— . ,

|

1,5=1 lin(Fy,...,Fn)

(3.59)

where now Fi,..., Fy have to be treated as Grassmann variables.

3.9 The nonabelian case

As far as concerns the calculation of the on-shell QED photon amplitudes, or of the on-shell
gluon S-matrix elements via the Bern-Kosower rules, the availability of a representation that is
manifestly transversal at the integrand level is satisfying, but the significance of this fact for
practical calculations is not obvious. To the contrary, it is easy to recognize the advantages of
such a representation when it comes to the gluon amplitudes off-shell. Here the natural objects
to consider in QCD are the “N-vertices”, that is the one-particle-irreducible NV - point functions,
and for applications of those it is often essential to decompose them into a basis of transversal and
longitudinal tensor structures (see, e.g., [124,127-129]). Such a “transversality-based form factor
decomposition” in the present approach emerges essentially automatically in the IBP procedure
through the appearance of field strength tensors. We have seen how this happens for the abelian
case, but it is true also for the nonabelian case; here in principle one would like to see the full
nonabelian field strength tensor emerging,

Fu = F3,T% = F), +ig[AYT® AST ] (3.60)

3Mutatis Mutandis is a Latin phrase meaning “changing [only] those things which need to be changed” or
more simply “[only] the necessary changes having been made”.
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where by

Fp, = (9,45 — 0,A0)T* (3.61)

we now denote its “abelian part”; and indeed Strassler demonstrated already for some simple
cases how this happens [37, 122]: When the external particles are gluons, the various ordered
sectors of the integral [dr ---drn need to be considered separately, since they carry different
color factors. Therefore boundary terms now arise in the IBP procedure, and the commutator
terms are generated as differences of boundary terms between adjacent sectors that in the abelian
case would cancel, but cannot do so any more in the presence of color since two of the color
matrices appear in different orders. In an z-space calculation of the effective action, those
commutator terms could then be combined with the “abelian” parts of the field strength tensor,
but this is not possible in a momentum space calculation of the N - point function at fixed
N, since any term in the nonabelian effective action after Fourier transformation contributes
to amplitudes with various numbers of external particles; e.g., the term tr (DHFQBD“FO‘B) will
contribute to the N - point functions with N between two and six. Generally, each term in
the nonabelian effective Lagrangian has a “core” term, which has a counterpart already in the
abelian case (in the example this would be (%Fgﬂaf‘F 025) and a number of “covariantizing”
terms that all involve commutators, and belong to amplitudes with more legs than the core
term. In this Section, we will explain the essentials of how to calculate the scalar, spinor and
gluon loop contributions to the one-loop IV - gluon vertex. The details and a full recalculation of
the three-gluon vertex and also its extension to the four-gluon case will be discussed in Chapter
4 and Chapter 5.

Starting with the scalar loop case, here the master formula (3.1) generalizes to the nonabelian
case simply by supplying a global color factor, and keeping the gluons in a fixed order:

Dbk, exs. . hnoen] = (—ig)V (T . T%)(2m)Pis(Y ki) / dT (4nT)~P/2e~m'T
0
T ™ N2 N1 : 1.
X/ dTl/ dTg.../ dTN_leXp Z *GBijk‘i-kij—Z'GBijEi'k‘j+*GBijEi'Ej
0 0 0 — |2 2 ,
i,7=1 lin(e1,....,eN)

(3.62)

Here the T® are the generators of the gauge group in the representation of the loop scalar. This
treatment of color correponds to a “color-ordered” representation (although not necessarily in
the usual sense, where the T® would be in the fundamental representation, see, e.g., [130, 131]).
Note that we have not only fixed the ordering of the gluons along the loop but also used the
translation invariance in 7 to set 7 = 0. Summation over all (N — 1)! inequivalent orderings
of the N vertex operators is implied. Also, I' has been given an index “1PI” to indicate that
the rhs gives only the one-particle-irreducible part of the N - gluon amplitude, not including the
reducible part that now also exists, differently from the abelian case. Starting from (3.62) one
can apply the IBP procedure leading from the P - representation to the S - representation as
before, the only novelty being the boundary terms. Since for the bulk terms all the polarization
vectors g; get absorbed into the transversal structures (3.60) (which now, however, represent only
the “abelian part” of the field strength tensor), in the final representation the non-transversal
part of the IV - vertex must be entirely in the boundary terms, given by lower-point integrals.
For those one still has to choose the vectors r;, preferably in a way that is consistent with the
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cyclic invariance of the nonabelian amplitudes. In the three-point case a convenient cyclic choice
is vy = ko — k3, ro = k3 — k1, 73 = k1 — ko, and indeed it turns out [132] that, with this choice,
the resulting form factor decomposition matches precisely the standard Ball-Chiu decomposition
[124] of the three-gluon-vertex.

Coming to the spinor loop case, here the only issue is whether the replacement rule (4.13) can
be applied also to all the boundary terms now arising in the IBP procedure. This is indeed the
case, as we can see as follows: it suffices to show the corresponding statement for the effective
action, rather than the momentum space Green’s functions. Now, the effective Lagrangian can
in principle be written as an infinite series of terms that are Lorentz scalars formed using any
number of field strength tensors and covariant derivatives. As was already mentioned, each such
term has a core term, whose calculation is not different from the abelian case for either the scalar
or spinor loop, such that the replacement rule applies to it. All covariantizing terms of a core
term must share its coefficient, and low-order calculations show that, as one would expect, the
way this works is that they all involve the same parameter integral [122,132]. And for the whole
structure to continue to be gauge invariant for the spinor loop case it is necessary that the same
replacement rule applies to all the covariantizing terms as well as for the core term.

Similarly one can convince oneself that also the replacement rules that connect the scalar with
the gluon loop cases [33,37,50,133,134] can be extended from the core terms to the ones involving
boundary contributions [132]. An additional issue with the gluon loop contribution to the N -
vertex is that one has to choose a gauge for the gluon propagator. The application of the gluonic
replacement rules gives the N - vertex corresponding to the use of the background field method
with Feynman gauge for the quantum part [37,134], which is also known to coincide with the
result of the application of the pinch technique [135-137]. This version of the gluonic vertex is
also the one that leads to SUSY sum rules [138].

3.10 Conclusions

We have continued here the systematic investigation of the Bern-Kosower partial integration
procedure, initiated in [122] and continued in [123]. We have presented an IBP algorithm that
unambiguously leads to a form of the integrand of the one-loop N photon amplitude in scalar
QED which is manifestly gauge invariant (transversal) at the integrand level, and suitable for
an application of the Bern-Kosower rules. We have worked out this integrand explicitly at the
four-point (two-tail) level. The N - point integrand contains N vectors ri,...,rny which are
constrained only by the condition (3.9). Further study will be needed to find out what is the
significance of this ambiguity, and how to make the best use of it. As far as concerns the on-
shell N - photon/gluon amplitudes, one would surmise that the dependence of the integrand on
the vectors r; is related to the usual dependence on the reference vectors qi,...,qn which one
would normally have in the application of the spinor helicity formalism, but does not exist any
more once all polarization vectors are absorbed into field strength tensors. And indeed, there is
clearly a relation: for example, consider the case of the the on-shell N-photon amplitudes with all
helicities positive. When using the P representation together with the standard spinor helicity
formalism (see, e.g., [130,139]), one can remove all terms involving a G Bij€i - €5 by choosing, in
the spinor helicity formalism, the same reference vector g; = q for all legs, since then 5;-" -5}' = 0.
Similarly, in the S representation one could make disappear all the factors r; - Fj - Fj - r; by
choosing all r; = r equal, and r on-shell, since then

1 1
T'Fi'Fj'T:§T'{Fi>Fj}'r:_i[ij]2T2:0 (3.63)
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on account of the identity [140]

v L. v
(R Py = —SlifPn” (3.64)

However, it is clear that this match between the freedom of choosing the r;’s and the ¢;’s cannot
be a perfect one, since the r;’s need not be chosen as on-shell.

All our representations are valid off-shell. This makes them relevant for state-of-the-art calcula-
tions already at the four-point level, since neither the four-photon nor the four-gluon amplitudes
are presently available in the literature fully off-shell (for any spin in the loop). This fact is
particularly conspicuous in the case of spinor QED, where the on-shell four-photon scattering
amplitude was obtained already in 1951 by Karplus and Neumann [141], and the extension to the
case of two off-shell legs in 1971 by Costantini et al. [142]. Our integral representations for the
QED four-photon amplitudes are, with any of the various definitions of the tails, manifestly finite
term by term and thus suitable for a numerical evaluation as they stand. For analytical purposes
one would still like to reduce the various parameter integrals appearing in them to scalar box,
triangle and bubble integrals. This could be done using existing tensor reduction algorithms
(see [143] and refs. therein), but in a companion paper [144] we will rather perform this tensor
reduction in a way that is specifically adapted to the structure of the worldline integrals.

Due to this validity off-shell our representations can also be used to construct, by sewing, all
higher-loop N - photon amplitudes. From the calculation of the two-loop QED f function [62] it
is clear that when calculating those multiloop amplitudes in the worldline formalism significative
simplifications can be expected from a judicious application of IBP.

The manifest transversality is probably a more significant issue in the nonabelian case. Here we
have in mind not so much the calculation of on-shell gluon amplitudes, for which other extremely
powerful methods have been developed in recent years (see, e.g., [145,146] and refs. therein),
but rather of the one-particle-irreducible off-shell IV - gluon vertices, for which there is presently
still a dearth of efficient methods. For the use of these amplitudes, e.g. in Schwinger-Dyson
equations, it is usually important to have them in a form that separates them into transversal
and non-transversal parts, which normally requires a tedious analysis of the nonabelian Ward
identities. This is one of the reasons why, using standard methods, the explicit calculation
of these off-shell vertices has been completed so far only for the N = 3 case [124, , 147].
In another companion paper [132] we use the S representation to recalculate the three-gluon
vertex, for the scalar, spinor, and gluon loops, achieving a drastic reduction in computational
effort compared to earlier attempts (a summary of this calculation was given in [148]). The main
advantages of our approach are that the gluon and spinor loop cases can be effortlessly obtained
from the scalar loop one through the (off-shell extended) Bern-Kosower replacement rules, and
that there is no necessity to solve the Ward identities, rather the decomposition into transversal
and non-transversal pieces emerges automatically in the IBP procedure. In relation with the
latter point it must also be mentioned that the boundary terms in the IBP procedure applied to
the N-vertex always involve color-commutators, and are always connected to some lower-point
term, even appearing with the same integral. Thus the algorithm makes it also easy to separate
the genuinely new structures appearing in the N-vertex from those that, in terms of the effective
action, only serve the completion of lower-point expressions to fully gauge-invariant ones; see
[132].

It should be possible, and very interesting, to generalize our approach to the inclusion of gravity.
On-shell, the gauge theory Bern-Kosower rules were generalized to the construction of string-
based representations for the one-loop N-graviton amplitudes in [149], and these gravity rules
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were then successfully applied at the four-point level in [150]. They also involve an IBP and
“replacement rules” connecting the amplitudes with different spins in the loop. Worldline path
integral representations of the one-loop effective actions for gravity have so far been constructed
for spin zero [51], spin half [74,151] and spin one [152] in the loop, and can be used to obtain pa-
rameter integral representations of the corresponding off-shell one-particle irreducible N-graviton
amplitudes that are closely related to those string-based representations. They are written in
terms of the same worldline Green’s functions as the ones for gauge theory, and the challenge is
again to find an IBP algorithm that would allow one to apply the replacement rules and at the
same time make covariance manifest, where the latter now means the emergence of full Riemann
tensors in the IBP. This algorithm can, however, not be a simple extension of the one which
we have presented here, as one can see from the fact that in gravity there are no boundary
terms in the IBP, so that the nonlinear terms in the Riemann tensor now have to be created by
d-functions; therefore a complete removal of all Gg’s in the IBP is not called for, and in fact also
not possible, as one can easily see already from the case of the graviton propagator.

Finally, in open string theory the one-loop gauge boson amplitudes can be written in terms
of a master formula that is analogous to the master formula (3.1), only that the variables 7;
parametrize positions along the boundary of the string worldsheet, and the Green’s functions are
worldsheet Green’s functions (see, e.g., [153]). Since in all of our manipulations we have, apart
from the translation invariance in proper-time, not used any specific properties of the worldline
Green’s functions, our IBP procedure could as well be applied at the string level to achieve a
form factor decomposition based on gauge invariance.
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Chapter 4

A covariant representation of the
three-gluon vertex (Ball-Chiu
vertex)

4.1 Introduction

! In theoretical physics, quantum chromodynamics (QCD) is a theory of strong interaction, a
fundamental force describing the interaction between QCD ingredients as quarks and gluons
which make up hadron such as the proton, neutron and pion. QCD is a nonabelian theory
which has a SU(3) symmetry group which is free in ultraviolet (UV) and confining in infrared
(IR). The idea that the IR singularities of QCD provides the mechanism for quark and color
confinement is widely accepted, in spite of the limited understanding of these singularities. In
comparing the IR behavior of QCD with that of QED, which is well understood, we observe that
QCD has two complications. First, the field quanta carry a charge (color in QCD) and hence
are self-coupled; and second the quanta are coupled to massless particles (quarks and gluons).
Both of these features are required in QCD. In this and next Chapter we study the analytic
properties of the off-shell three and four-gluon vertex function. As noted by Ball and Chiu [154]
there are three reasons for studying vertex function: First, in massless theories, functions of a
single momentum such as the propagator have singularities in the dimensionless variable ¢ /A2
where A? is the UV cutoff. Thus the IR singularities at the one loop level are trivially related to
the UV behavior. In contrast to the propagator the off-shell vertex function depends on three
scalars let say k2, k> and ¢2. Hence, even in the one-loop result, logarithmic singularities in
k% /K™% or ¢*/k'* can occur which are not related to the UV behavior. Second, the vertex function
in a gauge theory satisfies a Ward identity, which relates the longitudinal components of a vertex
to simpler function. The fact that all of the IR singularities in the vertex function for massive
QED occur in this longitudinal component allows a simple and direct investigation of the general
IR properties. It has been suggested [155] that a similar procedure might be followed for QCD.
And the essential step as described in [155] is to construct a vertex function which automatically
satisfies the Ward identity. The longitudinal part of the vertex can be represented explicitly in
terms of simpler scalar functions that appear in the Ward identity.

IThis Chapter is based on [132].
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During the last decade, the IR behavior of Yang Mills Green functions has been studied exten-
sively. Especially studying the propagators is of interest because they are linked to the con-
finement problem via two exciting scenarios, Kugo-Ojima [156] and Gribov-Zwanziger [157, 158].
Both of these scenarios predict that in Landau gauge the IR enhanced ghost propagator that
is responsible for the appearance of long-ranged forces, whereas the gluon propagator should
vanish (or be finite for the former). Indeed such behavior was found by functional methods as
Schwinger-Dyson equations (SDEs) and Renormalization Group (RG) equations (see, e.g., [159]
and references therein).

The one-particle-irreducible (‘1PI’) (any diagram that cannot be split in two by removing a
single line) off-shell three-gluon Green’s function (in the following simply called “three-vertex”
or“vertex”) is a basic object of interest in nonabelian gauge theory and quantum chromodynam-
ics. As we already mentioned it contains important information on IR and it is a main ingredient
of the SDEs. In perturbation theory three-gluon vertex can be computed explicitly to a certain
loop order and be used a s building block for higher-loop calculations. Historically, the first
calculation of off-shell three-gluon vertex has been considered by Celmaster and Gonsalves in
1979 [160] where they computed the dimensionally regularized the two and three-point functions
at the symmetric point k3 = k3 = k2 in arbitrary covariant gauge in one-loop order. Later
in 1980 Pascual and Tarrach studied the Slavnov-Taylor identity in Weinberg’s renormalization
scheme [161]. In 1980 first by Kim and Baker [128] the most general form of the three-gluon
vertex consistent with requirement of gauge invariance was determined in both axial and co-
variant gauge. Later Ball and Chiu [124] constructed from first principle the general form of
the three-gluon vertex but restricted to Feynman gauge which satisfies the Ward identity which
nowadays is know as Ball-Chiu form factor decomposition. In 1989 Cornwall and Papavassiliou
[129] constructed the gauge invariant three-gluon vertex through the pinch technique. In 1996
Davydychev et al [162] treated the gluon loop for three-gluon vertex in arbitrary covariant gauge
also the massless fermion loop case and in other paper in 2001 they studied the massive fermion
loop case [147]. By using the BFM in 2006, Binger and Brodsky [138] studied the scalar, fermion
and gluon loop cases in various dimensions, their result is equivalent to the pinch technique for
N-gluon amplitude but they obtained an explicit form for three-gluon vertex. At two loop, the
three-gluon vertex has been obtained, so far only for some very special momentum configurations

[163-165).

Multi-gluon amplitude in perturbative QCD pose two very different computational challenges.
On one hand, there is the calculation of on-shell matrix elements, a field that has been tremen-
dous activity and progress during the last decades, particularly for the massless and/or SUSY
cases. A whole host of new concepts and techniques have emerged, such as unitarity based
method [166, 167], twistors [168], BCFW recursion [169,170], and Grassmannians [171,172]; see
[139] and [173] for recent reviews. In this Chapter and Chapter 5 we show how to use he Bern-
Kosower master formula, originally a generating function for on-shell matrix element, to derive
well-organaized form factor decomposition of the off-shell one particle-irreducible three and four
gluon vertex.

Now this question may arise, why studying the three-gluon vertex is important?

We already mentioned that one of the original reasons for studying this object is the believe that
its IR properties might shed light on the mechanism of confinement. The three gluon vertex is
perhaps the most obvious manifestation of the nonabelian aspect of QCD [174] (for a review see
[175]). In real physical calculations, the perturbative corrections to gluonic vertex are also very
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important such as multijet production at the hadron colliders [176].

In this Chapter we recalculate, in a simple and unified way, the scalar, spinor and gluon loop
contribution to the one-loop three-vertex. In Fig. 4.1 for definiteness we show the scalar loop
contribution.

ky, aa, pin

€

’
"
- ~

ra
kg 82, iz w % kyay,p

Figure 4.1: Three-gluon vertex for scalar loop particle.

A priori, six tensor structures (and their permutations) are needed to decompose the three-
gluon vertex [124]. The Yang-Mills term of the QCD Lagrangian yields the following well-known
expression for the lowest-order three-gluon vertex:

_igfalazag [9#1#2 (kl - kQ)#s + Guips (kl - k3)#2 + Guops (kQ - k3),u1] ) (4'1)
where k1, ko and k3 are the are the momenta of the gluons, all of which are ingoing, k1 + ko +
ks = 0, we are following the notation of [147,162] and the adjoint representation is given by

(Ta)bc — _,L'fabc.
In (4.1) the f*192% are the totally antisymmetric color structure constants in adjoint represen-
tation of the gauge group. So one can define the general three gluon vertex as

Fa1a2a3 (klv kg, kg) = —z’gfalaz“?’I‘mﬂm (kl, kg, k’g) . (42)

K123

Since gluons are bosons then FZiZﬁ‘ﬁ;(kh ko, k3) must be symmetric under interchange of a pair
gluon momenta and the corresponding Lorentz indices. Since 19293 are antisymmetric hence
Ty jiops (K1, k2, k3) must also be antisymmetric under any of these changes.

For Fig. 4.1 we have two diagrams differing by the two inequivalent orderings of the external
gluons along the loop (or equivalently by a change of the scalar line orientation). Those diagrams

add to produce a factor of two. We recall that the lowest-order gluon propagator is

a1a2 1 k lklf2
612 5 (g — €75%2) . (43)

where ¢ is the gauge parameter corresponding to a general covariant gauge, defined such £ = 0 is
the Feynman gauge. When one calculates the radiative corrections (here one-loop as depicted in
Fig. 4.1) in addition to the lowest order (4.1) other tensor structures arise, and the general form
of these tensor structure should be considered. So we want to construct a general tensor decom-
position consistent with Bose symmetry out of three Lorentz indices and two linearly independent
four vectors (energy momentum conservation leaves only two independent four momentum vec-
tors). It is easy to construct tensors which are odd under interchange of (k1, u1) <> (k2, u2) and
making I'),, 1, s (K1, k2, k3) invariant under cyclic permutations. Ty, ;4 (K1, k2, k3) must satisfy
the Ward identity so it is more convenient to construct tensors which are transverse, i.e. , or-
thogonal to kq,,, k2, and ksy,. In term of these quantities, the transverse part of the vertex is
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given by four (which actually two of them are independent because of cyclic permutations) and
there are 10 (in reality five) tensor structures which make the longitudinal part of the vertex.
Ball and Chiu [124] in 1980 found a form factor decomposition of the three-gluon vertex which
is valid at any order in perturbation theory, and also independent of whether the particle in the
loop is scalar, fermion or gluon, (in Feynman gauge). This tensor decomposition as we discussed
above can be written in term of really six independent tensor structure, as

F#llvzlts (klv k2a k3) = 7A(k%7 k% k%) Gpapo (kl - kQ)Ats - B(k%a kg; k%)g#wrz (kl + k2)u3
kQ’ k3 |:k1M2 leM - < ko gN1H2:| (kl - k2)u3

+7S(k%’ k%, ki)z)) |:k1#3k2#1 k3#2 + k1#2k2#3k3#1:|
Tok3k3) |k pka, — k- ke gM1M2:| [k‘l kg ko — ko k3 k1,
k%a k2a k3 { Guaps |:k1p3k2 k3 ]ﬂ2#3]€1 . kS]

[klﬂs k2pi ks, = ki, k2p, k?’“l} }

+{cyclic permutations of (ky, 1), (ka, p12), (K3, u3)} :
(4.4)

Here the functions A, C and F are symmetric in the first two arguments, the function B is
antisymmetric in the first two arguments, H is totally symmetric and S totally antisymmetric
with respect to interchange of any pair of arguments. F’ and H functions belong to the transverse
part of the vertex and A, B, C' and S to the longitudinal part.

In the following we wish to study off-shell three-gluon vertex, with our calculation method it
will be convenient to contract it with polarization vectors €12 3 which are arbitrary and serve
book-keeping purposes only. So for (4.4)

e e el Ty paps (k1 ko ks) = A(KT, k33 k3)Ta + B(KT, k3 k3)Ts + C (K3, k3 k3)Tc
+  S(ki,k3,k3)Ts + F(kT, k3; k3)Tr + H(kT, k3, k3)Tw
(4.5)

Note that the tensors Tr and Ty are totally transversal, i.e., they give zero when any ¢; is
replaced by k;.

For the gluon loop in the Feynman gauge and at the one-loop level, Ball and Chiu also calculated
the coefficient functions A to H, up to their constant terms in the e-expansion; here it turn out
that S actually vanishes. In other words, one-loop correction to three-gluon vertex has only five
independent form factor. Later Davydychev, Osland and Tarasov [162] computed this gluon loop
contrition vertex more generally for an arbitrary covariant gauge, and in arbitrary space-time
dimension. Their interest for doing the calculations in arbitrary gauge and dimension was the
following [162]:

i. one can explicitly keep track of gauge invariance for physical quantities by knowing the
results in an arbitrary gauge.

ii. if one is interested in the two-loop calculation of the three-gluon coupling, one should know
one-loop contributions in more detail.
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iii. results in arbitrary dimension make it possible to consider all on-shell limits (when some
k; = 0) directly from these expressions, this is impossible if one only has the results valid
around four dimensions.

iv. QCD is also a theory of interest in three and two dimensions (see e.g. [177] and a review

[175)).

As we have mentioned, the quark loop contribution to the vertex was first calculated for massless
quarks and in the symmetric limit k% = k3 = k2 by Celmaster and Gonsalves [160] and Pascual
and Tarrach [161]. But latter in [162] the massless quark contribution was obtained for general
off-shell momenta and in [147] for massive quark loop again in arbitrary dimension.

However, this is not the whole story, since for the gluon loop contribution to the vertex there
are subtle issues with gauge dependence. In the standard formalism using any covariant gauge
for gluon loop, it satisfies rather complicated Slavnov-Taylor identities involving not only the
gluon propagator, but also the ghost propagator and the gluon-gluon-ghost vertex (see, e.g.,
[124,138,175]). In contrast to the gluon loop, the scalar and fermion loop contributions, satisfy
the simple QED like Ward identity,

1_‘scalar,spinor(83 — kS) = (k%el €2 — kl . 51k1 : 52) (1 - Hscalar,spinor(k'%))
_(k%€1 c €2 — kQ : 51k2 : 62)(1 - Hscalar,spinor(kg)) .
(4.6)

where II(k?) is the corresponding vacuum polarization function, for example for the spinor case
is

() = (g — KT
D — m - — m
Hg(k’z) — _(_,L-e>2/ d qtr[’y“ ( ¢j+ ) ’)/V ( é %"" ) }, (47>

(2m)P @ +m2—ie (¢+k)2+m?—ie

where II5(k?) is the second order (in e) contribution to IT(k?).

Having the same simple Ward identity for the gluon loop case is possible, but requires more
sophisticated techniques; it can be achieved using either the BFM [179-181] with Feynman
gauge for the quantum field, or the pinch technique [127,129]. Although very different, those two
methods turn out to lead to precisely the same Green’s functions [135,182]. The corresponding
three-gluon vertex, also called the “gauge-invariant vertex”, was studied first by Freedman et
al. [183]. Somewhat surprisingly it was found to be conformally invariant, despite of the gauge
fixing. Binger and Brodsky [138] calculated the scalar loop contribution, which enabled them
to find certain sum rules between the massless scalar, fermion and gluon loop contributions.
In particular in the adjoint representation for all particles massless they obtained the following
identity

1
3F0+§F% +T,=0, (4.8)
(here we introduce the convention that a subscript s = 0 refers to a scalar loop, s = % to spinor
loop, and s = 1 to a gluon including the ghost loop contribution). This identity is related to

supersymmetry, and implies that the off-shell three-gluon amplitude in A" = 4 Super-Yang-Mills
theory vanishes. It generalizes the well-known vanishing of the gluon self-energy in that theory,
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but contrary to that fact does not obviously relate to the finiteness of the theory.
In this Chapter, we will recalculate the scalar, spinor and gluon loop contributions to this “gauge-
invariant” three-gluon vertex using the “string-inspired” formalism the line of [30,33,37, -

b

] (for areview, see [50]). Our starting point is the “Bern-Kosower master formula” [30,33,121]:

Diaine™ (k1 €15k, en]

scalar

= (—ig)Ntx(T* ... T*)(2m)Pi5(>_ ki) /Oo dT (4 T)~P/2e=m*T

0
T 1 TN—2
></ dTl/ dry . / dTn_1
0 0 0
N

1 . 1.
X exp { Z |:2GBijki . ]{Ij — iGBijEi . kj + iGBij&' '6j:| }
i,j=1

lin(ey...ex)

(4.9)

As it stands, this formula represents the color-ordered contribution to the 1PI N - gluon am-
plitude due to a (complex) scalar loop of mass m, calculated in D spacetime dimensions. The
tth gluon carries the momentum k;, polarization €; and a gauge group generator T%. T is the
total proper-time length of the loop, and 7; is the position in proper-time along the loop of gluon
1. One integration is redundant and has been eliminated by setting 7,y = 0. The derivation of
this formula involved a formal exponentiation, which still needs to be undone by expanding out
the exponential factor and keeping only the terms linear in each of the N polarization vectors.
The color-ordering means that one still has to sum over all (N — 1)! inequivalent orderings of
the gluons along the loop to get the full amplitude. Gg;; = Gp(7,7;) denotes the “bosonic”
worldline Green’s function, defined by

(11— )

Gp(ti,m2) =11 —T2 | — T ;

(4.10)

and dots generally denote the derivative acting on the first variable, here we need first and second
derivatives of the “bosonic” worldline Green’s function

GB(Tl,TQ) = Sigﬁ(ﬁ—n)—?@,
.. 2
GB(Tl,TQ) = 25(7’1—7’2)—T.
(4.11)
The main motivation of Bern and Kosower to derive the (4.9) from string theory [30,33,121] was

a representation of the N-gluon amplitude for the heterotic string and analyzing its field theory
limit. They were interested in on-shell calculation of the full N-gluon amplitude rather than the
1PI amplitude off-shell. Thus on one hand on-shell conditions were used from the beginning,
already at the string level; on the other hand the fact that the distinction between reducible
and irreducible diagrams emerges only in the field theory made it possible to establish certain
formal rules that allow one to reconstruct, from the formula for the 1PI amplitude (4.9), also all
the missing reducible contributions to the full on-shell matrix element. Bern and Kosower were
moreover able to derive simple “loop replacement rules”, based on worldsheet supersymmetry,
that allow one to obtain from (4.9) also integral representations for the spinor and gluon loop
contributions to the full on-shell N-gluon amplitudes [30, 33, ]. We need not discuss these
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“Bern-Kosower rules” here in full, but it is important to note that they all involve integration-
by-parts (‘IBP’) in an essential way. We have discussed this issue in Chapter 3 in detail, see also
[55].

Namely, performing the expansion of the exponential factor in (4.9) will yield an integrand
~ Py e(), where we abbreviated

N
. 1
et = eXp{2 Z GBijpi 'pj} ; (4.12)

ij=1

where as we already discussed in Chapter 3, Py is a polynomial in G Bij> G Bi; and the kinematic
invariants. One can remove all the G Bi;S by suitable integration-by-part, leading to a new
integrand ~ Qye) which is the real starting point for the application of Bern-Kosower rules.
We recall from Chapter 3, the rule for passing from the scalar to the spinor is easy to state in
general: @y contains “7-cycles”, that is, product of G Bij s whose indices form a closed chain
which can be written as GBm‘z GBZ-ZZ-S e GBinil. Then, apart from a global factor of —2 correcting
for degrees of freedom and statistics, the integrand for the spinor loop case can be obtained from
the one for the scalar case simply by simultaneously replacing every 7-cycle appearing in Qx by

GBiyiysGBisis ** GBinis = GBiisGBisis " GBiyis — GFiyisGFisis = GFigyiy -

where Gp;; = sign(r; —7;) denotes the fermionic worldline Green’s function. The rule for passing
from the scalar to the gluon loop case is similar but more complicated, and will be dealt in Section
(4.4). This formalism was used for the first calculation of the one-loop one-shell QCD five-gluon
amplitudes [27], but due to emergence of other extremely powerful methods for computation of
one-loop on-shell amplitudes such as generalized unitarity [146] no further employed for such
on-shell gluon amplitude calculations. In this Chapter, we will start an effort to exploit the
Bern-Kosower formulation as a tool for the calculation of the N-gluon vertex in one loop. In
the original string-based formalism (which is on-shell) going off-shell is highly nontrivial, but
not impossible [184,185]. In [186] Bern and Kosower present the derivation of the rules and
apply them to the computation of two-to-two gluon scattering in one-loop which previously was
difficult enough to challenge the most expert calculators [187]. Later Bern and Dunbar [188]
showed how to map the Bern-Kosower rules onto Feynman diagrams and demonstrated that
the BFM plays and important rule. In [184,185] a formalism was developed that, in principle,
allows one to obtain the one-loop off-shell gluon amplitudes in pure Yang-Mills theory from
the open string, and it was shown correctly reproduce the renormalization constant for the
two-three and four point vertices. In our calculations we use however the simpler approach
to the Bern-Kosower formation due to Strassler [37, 122], which uses string theory only as a
guiding principle. In his approach the effective action is written as a one-dimensional path
integral, which can be calculated to any order in a gauge coupling, evaluation leads to Feynman
parameter integral directly, bypassing the usual algebra required from Feynman diagrams, and
leading to compact and organized expression. This formalism is valid off-shell and is explicitly
gauge invariant. The starting point of this “string-inspired worldline formalism” is the following
path integral representation of the nonabelian one-loop effective action due to a scalar loop [37]
(this generalizes Feynman’s famous 1950 formula for scalar QED, see the Introduction 1),

[o[A] = /OOOd;: 67m2Ttr/DxeXp[— /OT dT(i 2 +igd - A)] , (4.13)

where the integral / Dzx is over the space of all closed trajectories in spacetime with periodicity
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T in proper-time, z#(T) = z*(0) and subscript 0 indicates the scalar loop particle. In [122],
Strassler started a systematic investigation of the IBP procedure, and discovered that it bears
an interesting connection to gauge invariance, which we have discussed in Chapter 3. However in
[122] no systematic way was found to perform the partial integration at arbitrary N, nor how to
preserve the permutation symmetry. This issue was taken up again by Schubert in [123], where he
found a computerizable IBP algorithm which works for any IV and preserve the full permutation
symmetry. This algorithm is still not satisfactory from point of view of gauge invariance. This
issue has been discussed in proceeding Chapter. Very recently an extension of the algorithm

of [123] was found which, for any N and preserving the permutation invariance, achieves this
“covariantization” for all the polarization vectors [55].
This in some sense completes the investigation started in [122]. It also suggests that, with this

optimized IBP at hand, the string-inspired formalism might become a powerful tool for the
computation of the N-vertex. This is for three reasons:

i. The covariantization means that the bulk integrand after the IBP is manifestly transversal, so
that any nontransversality must come from boundary terms. Thus the IBP procedure itself
should generate a transversality-based form factor decomposition similar to the Ball-Chiu
one (4.4).

ii. Like the Ball-Chiu one, this decomposition will respect the cyclic invariance (which is the
remnant of the permutation invariance after the color ordering).

iii. The work of [37] also suggests that the “loop-replacement” part of the Bern-Kosower rules
may hold off-shell for the 1PI amplitudes, which would reduce the calculational effort very
significantly.

Here we will recalculate the three-gluon vertex along the above lines, and find these expectation
will be fully justified. The organization of this Chapter is as follows:

In Section 4.2 we will start the scalar loop contribution to the vertex (scalar particle running
in the loop). With perform the IBP using the old algorithm of [123] as well as the improved
one of [55]. With both choices we obtained a very compact integral representation of the vertex,
however the new algorithm has the advantage that the nontransversality is pushed into the
boundary (two-point) terms.

In Sections 5.4 and 4.4 we show that the “loop replacement rules” indeed hold for the three-gluon
vertex. It is known that the free relativistic spin—% particle can be described by a first quantized
action with N-extended worldline supersymmetry, then the Dirac fermion possesses an N = 1

supersymmetric worldline path integral representation [38,58,59,61, 063,64, 189], and the gluon
an N = 2 supersymmetric one [37, 38,59, , ]. Analogously to the original string-based
derivation of those rules [30,33,121], where worldsheet SUSY was identified as the underlying

symmetry, in the worldline approach the same rules can be related to this worldline SUSY [37,50].
In Section 4.5 we summarize and unify our results for the scalar, spinor and gluon loop. In
Section 4.6 we establish their exact relation to the Ball-Chiu decomposition (4.4), and also
explicitly verify the Ward identities (4.6) and the Binger-Brodsky relation (4.8).

The 1PI vertices hold the same information as the effective action. Nevertheless, contrary to
the QED case where there is no essential difference between the calculation of the effective
action and of the off-shell N-photon amplitudes, in the nonabelian case the effective action is
mathematically an intrinsically more natural object. This is because it can be written in terms
of full field strength tensors

Fo = F3,T% = (0,A% — 0,A4)T* +ig[AL T AST] (4.14)

pr =
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whereas upon Fourier transformation those inevitably get split up into their “abelian parts”
o o= 0, AL — 0, Af, and the commutator terms. This suggests that the analysis of the structure
of the 1PI vertices should benefit from a comparison with the low energy expansion of the
effective action, and indeed we will show in Section 4.7 for the three-point case that in the present
formalism, due to the systematic generation of “abelian” field strength tensors and commutator
terms by the IBP, it is possible to keep the relation between the effective action and the vertex
very transparent.
Our conclusions are given in Section 4.8. In particular, we give there a general argument showing

that the off-shell validity of the loop replacement rules extends to the N-vertex.

4.2 The scalar loop case

Before coming to the calculation of the (off-shell, 1PI) three-gluon amplitude for a scalar loop,
let us first consider the two-point (vacuum polarization) case. This will not only be useful as a
warm-up, but also for the verification of the Ward identitiy (4.6) later on.

For N = 2 we get from the master formula (4.9), after expanding out the exponential (in the
following we generally omit the global factor (27)%i§(>_ k;) for energy-momentum conservation),
P& [k ersky,en] = (—ig)’te(TT) | dT(4nT)~P/2e=mT

0

T
></ dry (=i)? Py eGmizkika
0

(4.15)
where
Py = Gpioer - kaGpaiea - ki — Gpiaer -2 (4.16)
In this stage we need to remove the G p12 by adding a following total derivative
o1 (GB1261 '626G312k1'k2> = (é31251 -£9 — Gp1ae1 - £9Gp12ks - k2>€GBl2k1'k2 . (4.17)
Now P, transforms to Qs,
Q2 = GBlQGBm (81 kogo - k1 — €1 - e2ky - k2)
= %GB12GBZItr (f1f2) = Gp12Gpa1Z5(12), (4.18)
where we used G p;j = —Gpji.

Here one can see that the IBP algorithm allows us to absorb the polarization vectors into the
“abelian” field strength tensors f; which defined as
I =kley — kYl (4.19)

15

thereby making the transversality of the two point function manifest.
By using the energy-momentum conservation we set ky = —ko = k and using tr(7*7%2) =
C(r)d*9%2  we can write

L5 ki, e1ike,e2] = efTIg0 (k)es
g2 (k) = 6“2 (nuk® — kuko)To (k) (4.20)
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where

2 o) T
g dT  _ 2T/ . . G2
I k2 C m drG G B12 .
o(k”) = (7’)(47T)D/2/0 Tge . T1GRri12G B2t €

(4.21)

Moving on to the three-point level, here the expansion of (4.9) yields

05129 [k, e1; ko, €95 ks, €3] = (—ig)3tr(T“1T“2T“3)/ AT (4xT)~P/2e=m T
0

T T1
X / dTl/ dT2 (—i)3P3 6() 5 (4.22)
0 0

where
Py = Gpuer - kiGpajea - kjGpares - ky — Gpizer - €aGpakes - ki
—Gpiser - €3G pajer - kj — Gpazes - €3G p1ic1 - ki
(4.23)
and we have introduced the convention that repeated indices i, j, k, . . . are to be summed from 1

to N = 3. As the two point case we want to remove all the Gp’s appear here in P; to get a new
polynomial as Q3. So let us look at one of these terms and add a total derivative, for example
consider the Gp12G 31 in the second term of P;, we add the following total derivative

_i (GBI251 . 82(;33183 . kle(G312k1'k2+G313k1‘k3+G23k2'k3)) (4 24)
87'2 ' '
Adding five more similar total derivative terms (as we have discussed in Chapter 3) removes all
the G'g’s. Our new Q3 = Q3 + Q3 polynomial contains two different “cycle content”,

Q3 = Gp12Gp23Gr3175(123),
Q2 = Gp12GpanZ2(12)Gpsres - ki + Gp13Gp3122(13)Gpajen - kj
+Gp23GE3222(23)Gruer - ki s
(4.25)

where Q3 contains a 7-cycle of length three and Q3 of length two, as indicated upper indices,
and each 7-cycle appears together with the corresponding “Lorentz-cycle”, as advertised in the
introduction and in Chapter 3. The term of Q3 have, apart from the cycle, also a “one-tail”,
defied by [50]

Ti(a) == €4 - kiGBai - (4.26)

Although the form of the integrand reached in (4.25) is already suitable for the application of
the Bern-Kosower rules, it is natural to ask whether the polarization vectors appearing in the
tails can also somehow be completed to field strength tensors. A more general type of IBPs is
called for is one wishes to achieve this “covariantization of the tails” which has been discussed
in Chapter 3 according to [55].
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Choose a momentum vector r3 such that r3 - k3 # 0, and add the total derivative

r3-€3

o /. .
ZQ(].Q)*(GBlQGBQle(')) . (427)

rs - k3 87’3

The addition of this term to the first term in Q2, and of similar terms to the second and third
one, transforms Q3 into

r3 - f3 - ki
r3 - k3

1 f1e ki
7“1']@’1 '

ro - fa - kj

S2 = Gp12GpnZ2(12)Gpak
ro - ko

+ G B13G 31 22(13)G Baj

Gp23G B3279(23)GB1i
(4.28)

Note that S3 = Q3.

Thus now all polarization vectors have been absorbed into tensors f;, leading to manifest transver-
sality. This IBP procedure can be systematized to obtain closed-form integral representations of
the Scalar and Spinor QED N - photon amplitudes that are manifestly gauge invariant at the
integrand level [55].

Here, however, we are in nonabelian case, where the color-induced restriction of the parameter
integrations to ordered sectors leads to appearance of boundary terms in the IBP [37,122] (in
the abelian case they would be zero).

Let us look again at our total derivative term (4.24). In the abelian case it would be integrated
over the whole circle, and the result would be zero, since the worldline Green’s function G g (71, 72)
has the appropriate periodicity properties to make the two boundary terms cancel. Here instead
we find a nonzero result:

To=T
2 Gpi3ki-(ka+ks) )

*GB12€1 : €2G331€3 : k1€(‘) =0+ G31351 : €2G331€3 ke

T2=T3

(4.29)

In the three point case there are already two inequivalent orderings for the external legs, say
(123 =711 > 75 > 73) and (132), (4.29) give us the boundary terms for the (123) orderings so we
need to consider the boundary terms for other ordering which simply is

T2=T3

—~Gpi2e1 - £2Gpaies - krel) = —Gpiser - €2Gpsies - ke
T2=T1

Gpiski-(k2+ks) _
(4.30)

These two boundary terms would cancel each other in the abelian case, but now they would
combine to produce a color commutator tr(7%[T%2,7*3]). As we mentioned above we need five
more total derivatives to convert Ps into Q3 and there is on that differs from (4.24) only by the
interchange 2 < 3, as depicted in Fig. 4.2. With some relabeling of integration variables, we can
combine the two boundary terms generated by that term with the two above to the structure

tr (Tal [TGQ,TQ3])E3 . fl . 62@312@321 6G312k1.(k2+k3) . (431)

Comparing with (4.21), we note that this term yields a parameter integral identical to the one
of the two-gluon amplitude, except for the replacement of ko by ko + k3. In terms of the effective
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Figure 4.2: Two-gluon vertex of scalar loop particle from the boundary terms corresponds to T'§"
when 2 < 3.

action, from (4.14) and (4.31) its role is evidently to provide a piece needed to extend the
“abelian” Maxwell term tr (f,, f**) to the full nonabelian one tr (F),, F'*"). We will discuss this
in more detail in Section 4.7 below.

To summarize so far, we can decompose the three-point amplitude for the scalar loop in Q-
representation (as we discussed in Chapter 3) according to [55] as (here and in the following we
will often suppress the superscript “ajasas”)

3
Ty = —2 _(D34+T2+10Y), (4.32)
4m)z
where
©dT g [T n :
Fg = —tr(T‘“T”T‘“)/ —Defsz/ d’rl/ dTgQge(')
o Tz 0 0
o0 dT T T1
—tr(T“lT“3T“"‘)/ —De_mQT/ dTl/ drs Q3 el
o T2 0 0
Iy = T5(Q3 - Q3),
bt a a a *dT —m?2T T - s
FO = 7tI‘(T I[T 2,T SD —5 € dT1G312G321
o Tz 0

G k1-(ko+k G ko-(k1+k
% €3~f1~€26 B12k1-(k2+ 3)+€1~f2~€36 B12ka-(k1+k3)

G ks-(k1+k:
+€2-f3'<€16 B12k3-(k1 z):|,

(4.33)

(here and in the following it is understood that always the last integration is eliminated by
setting its integration variable equal to zero; e.g., for the ordering 71 > 73 > 7o we set 72 = 0).
Alternatively, we can replace Q2% by S2 which gives us the S-representation of the scalar case [35],
in the T'3 part, but then we have to also add to I‘Bt a term f‘gt containing the further boundary
contributions coming from the total derivative terms of the type (4.27). Collecting those, one
finds
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bt 1 a [ras as *dTr —m?T r - s
FO = §tT(T [T ,T ]) o Tige o dT1G312G321

X{ [tr(f1f2)03 - tr(f3f1)ﬂz} eGpizki-(kaths) 4 {tr(f2f3)ﬂ1 —tr(f1f2)p3 G B2k (kitha)

+ [tr(fol)PQ - tr(f2f3)p1] eGBlzkg'(k1+k2)} 7
(4.34)

where we have now abbreviated p; :=r; - &;/r; - k;.
4.3 The spinor loop case

kﬂ!“.‘i:#‘ﬂ

li".’2'|ﬂ'3:||'-f'2 khﬂl:#l

Figure 4.3: Three-gluon vertex for spinor loop particle.

For the spinor loop case, Fig. 4.3, it will be convenient to use the worldline super formalism
[38,62-65,134,192]. In worldline super formalism, one defines for each gluon leg a Grassmann

variable 0; where §? = 0, and also considers the polarization vectors €; as being Grassmann. Thus
all €%, 0) and df; anti commute with each other. One further introduces the super derivative as

0 0

D=——-0— 4.35
00 or’ ( )
and the super proper-time distance
7A'ij =TTy + 910] . (436)
Then the Bern-Kosower master formula can be generalized to the case of a Dirac fermion loop
case as follows [50,65], as was discussed in the introduction:
ai...an - \IN a a *dT —m
re [k1,e15.. . kn,en] = —2(—ig) tr(T...T) (47TT)
2 0

N T ™ N-1
X H/ dr, /d0k5( T TlN H 79 Tl(l-{—l)
k=170 1=1

1. A 1 ~
§Gijki . k’j + iDiGijEi . kj + §DiDjGij€i 'Ej] }

ij=1

lin(eq...ex)

(4.37)
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Here ¢ is the Heaviside step function and the Green’s functions

G(Ti,ei;Tj7(9j) = GB(Ti,Tj) + HinGF(Ti,Tj) . (438)

The overall sign of (4.37) refers to the standard ordering of the polarization vectors 165 - .
Next note that

19(%”) = 19(’7'2 - Tj) + GZQJ(S(TZ — Tj) . (439)

The terms arising in the expansion of the spinor loop master formula (4.37) can be divided into
three types:

i. Terms they were there already for the scalar loop.
ii. New terms not involving any of the delta functions appearing in (4.39).

iii. Terms that do involve such delta functions (only single delta functions can appear up to
three-point level).

Concerning the type (ii) terms, those are known already from the abelian case, and it was shown
in [50] by a direct combinatorial argument, starting from the abelian version of (4.37), that they
can be taken into account correctly by the “loop replacement rule” eq. (4.13). Terms of type
(iii) are specific to the nonabelian case. They would cancel between adjacent ordered sectors in
the abelian case, but now produce color commutators, so that it is natural to think of them as
a fermionic counterpart to the boundary terms encountered in the scalar loop calculation.

In the two point case the loop replacement rules applies and its applications appears simply by
replacing the G312G321 in Q2 by G312G321 — Gr12Gro1 - Note that at the two point level, a
terms of type (iii) appears but it gives an integrand proportional to

8(m1 — )G p(ri, 2) eCB (L) (4.40)

that vanishes since Gg(7,7) = 0 by antisymmetry. Therefore the vacuum polarization function
for the spinor case (by taking the global normalization into account) becomes

II (kQ) 20( ) 1 2 / m? / d7 (G G G G ) 12k2
— r)——m——— e — e B .
% ( )D/2 0 g 0 1 B12WU B21 F12GU F21

(4.41)
In the three point case, the effect of the type (ii) terms is to change each “bulk terms” 123 of

(4.33) to a corresponding 1"2;’3 differing from its scalar loop counterpart by a change of Q3’3 to
2
42,3

3, where
Q3 = (Gp12Gp23Gps1 — Gr12GrasGrar) Z3(123)
Q2 = (G312G321 - GFlnggl)Z2(12)Gng€3 -k, + two permutations.

(4.42)
But now the terms of type (iii) will really contribute. As we mentioned above, those are similar

to the boundary terms (that come from the nonabelian characteristic of the theory and the total
derivatives) of the scalar loop case, which is shown in Fig. 4.4 for spinor loop case, and a simple
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Figure 4.4: Two-gluon vertex of spinor loop particle from the boundary terms corresponds to
I'* when 2 < 3.
2

calculation shows that their role is precisely to make the “loop replacement rule” work for the
boundary terms, too. Thus for the spinor loop contribution we find the Q-representation of the
spinor case as

3
r, = -2 9 41241, (4.43)
2 (47.(-)7 2 2 2
where
® 4T r o
F?i = —tr(TalTazTa?’)/ 7D6_m2T/ dﬁ/ dry Q§|73:0e(')
2 o Tz 0 0
® 4T r ™o
—tr(T“lTa3T“2)/ —De‘mQT/ dT1/ dr3 Q3| =0 e,
o Tz 0 0
SR )
bt ay [az qas *dr -m?T ’ . :
Iy = (T[T, 7)) P dm (Gp12Gpa1 — Gr12Gra1)
0 2 0
X |eg - fi-epeCmbthathe) oy gy g eGmha(hithe) 4oy fy. gy eGBl?kg'(k1+k2)] .

(4.44)

The alternative form of the scalar loop result which is S-representation, involving S2 instead of
Q3 and the additional boundary contribution I'jt, can similarly be generalized to the spinor loop
case by an application of the replacement rule (4.13).

4.4 The gluon loop case
As was already mentioned, the case of the gluon loop is intrinsically more subtle, because here

one has the issue of gauge (in)dependence not only for the background field but also for the loop
particle. The preferred way of fixing the corresponding ambiguity for the three-vertex leads to
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Figure 4.5: Three-gluon vertex for gluon loop particle.

the “gauge invariant vertex”, which obeys the simple Ward identity (4.6). This version of the
vertex is generated by the BFM with Feynman gauge for the quantum part, and it so happens
that the only generalization of the worldline path integral representation (4.13) of the effective
action to the gluon-loop case presently known is just based on the BMF with quantum Feynman
gauge, and thus the right starting point for a calculation of the “gauge invariant vertex”. This
representation was developed in [37, | in component fields, and reformulated in terms of
worldline superfields in [192]. Although from the point of view of string theory it is a “poor
man’s version” of the Polyakov path integral in the infinite string tension limit, it is perfectly
adequate as far as the 1PI amplitudes are concerned. It is also consistent with full string theory
in the sense that in the approach of [184,185], too, the field theory limit of the off-shell continued
string gluon amplitudes naturally leads to the Green’s functions corresponding to the BMF with
Feynman gauge.

We will continue to take a user’s approach here and proceed directly to the relevant master
formula; the interested reader may consult [50] or the introduction for more details. This master
formula for the (color-ordered) contribution to the off-shell 1PI N-gluon amplitude due to a
gluon loop reads

a . . (_Zg)N a a : ~dT -% -cr
Fglluon [k17517-"7kN78N] = - 4 tr(T 1"'T N)Ch—r>noo 0 ?(47(-/1—’) 26
N—-1
X H/ dry, /dé)k ViG] H NTa41)) Z opZp
=1 p=P,A

xexp{Z[ZGg”k ki +iD;GS e -k + DDGM H

2,j=1 lin(ey...en)

(4.45)

Here the generators T are now fixed to be in the adjoint representation. We have defined op = 1,
o4 = —1 (corresponding to periodic (p = P) and antiperiodic (p = A) boundary conditions in
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the original path integral), and

Zy = (2cosh[CT/2])*,
Zp = (2sinh[CT/2])*,
(4.46)
GEa(T1,01572,05) = Gp(71,7m2) + 010:GF 4(11,72) D
where
. sinh[C(Z — |r1 — 7))
GE(ri,m) = 2sign(n — ) [siHQh[CT/l?} 2 }’
. cosh[C(£ — |r — 72|)
Gi(r,m) = 2sign(n — 1) [coszh[CT}ﬂ B
(4.48)

As one can see from (4.45) the limit C' — oo and the sum Zp p.4 Serve the purpose to remove
unwanted degrees of freedom circulating in the loop. Now, at fixed C, p the gluon loop master
formula (4.45) is isomorphic to the spinor loop case (4.37). For two point case, this formal
analogy allows us to reuse (4.41) and write the vacuum polarization function due to a gluon loop
in the form

1 g2 dT
Hgluon(kQ) = 710(7’)( )D/211m0—>oo Z Gp/ 7CTZ
p=P,A
T . . 2
X/ dTl(GBlgGBgl—GglgGgm) eicBmk . (449)
0

Similarly, in the three-point case the isomorphism implies that we can generalize the decompo-
sition (4.43) to

93

1
Fgluon = _chlggo Z Up( gluon(C p) +Fg1uon(c’p) gluon(c p)) ’
p=P,A

(4.50)

)

where T'*) (C,p) differs from the corresponding 1"(

gluon
C, Grij by Gp i)
It remains to analyze the limit C — oo and the sum over boundary conditions; however, this
has already been done in complete generality in [37,50,134]. For the integrands appearing in the
two-point and three-point cases, the general rules found there give

in (4.44) only by a replacement of m? by

and the insertion of Z, under the T integral.
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Figure 4.6: Two gluon vertex of gluon loop particle corresponds to T'®* when 2 « 3.

: -C
Jim e Y w2y = 8,
p=P,A
Jim =T Y 0Z,GriGhy = 16,
p=P,A
CILmOO e T Z 0pZpGy 120Gy 3Gy = 16
p=P,A
(4.51)
For the two-point case, this results in
2 e} T
2 - g dT . . —Gpie k2
Hgluon(k ) = QC(T)W/O Tig/ov dTl (G312G321 +2) e B12 .
(4.52)

For the Q-representation of the three-point case for the gluon loop, we can write, from (4.44),
(4.50) and (5.53),

g3

Fgluon = QW

(Fg;luon + I“z'luon + Fgfuon) ) (453)

where, in terms of the spinor loop results of (4.44),

Cuon = FB%(GF12GF23GF31 — —=2),
Fg;luon = F2% (GFIZGFQI — _2) )
F]g)ltuon = ]-—‘Et(GFIQGFQI — _2) 5

(4.54)
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where Fgluon corresponds to the boundary terms in the case of gluon loop particle which is shown
in Fig. 4.6, when 2 « 3.

However, we must not forget the ghost loop contribution, which is necessary for the subtraction
of the unphysical degrees of freedom of the gluon in the loop, and not contained in (4.45). This
one is equal to the scalar loop contribution, but has to be taken with the opposite sign. Thus
e.g. for the two-point case we get the total spin-one contribution

(k%) = Tguen (k%) 4 Manost ( kz)

B D/2/ / drmy GBlQGle—i-?) —Gp12k®
D/Q/ / A1 G p15Gpay e Fr12k’

- D/Q/ / dm G312G321 +4) —Gp12k?

(4.55)

Finally, the S-representation of the gluon loop case, too, we have the option of using S? instead
of Q3 in the three-point vertex, with an additional boundary contribution Fgluon, and it is easy
to check that this form of the result still relates to the corresponding one for the spinor loop
result by (4.54).

4.5 Summary

We will now summarize our results for the scalar, spinor, and gluon loop cases. For easy com-
parison, here we also rewrite the multiple 7; - integrals in terms of the more standard Feyn-
man/Schwinger parameters «;. First, as usual we rescale 7, = Tu;, after which the T integral
can be done trivially. Then in the two-point case we set us = 0 and change from u; to «, and in
the three-point case we set uz = 0 and change from w1, us to aq, ag, as via

u; = ag+as,
U2 = a3,
(4.56)

with a1 + as + a3 = 1.

Only six different parameter integrals appear:
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Figure 4.7: Vacuum polarization diagrams for different particles running in the loop.

(1-2a)?
2, (k) = / da —
(m?+a(l—a)k?)” 2
1
I2Dpt,F(k2) = / dO{ 9_D >
m2 + of )kQ) 2
1-2 1-2 1-2

IPp(k3, k3, K3) = / dodasdags(1 — ay — as — as) (1= 2en)(1 = 202)(1 — 203) —

0 (m2 + alagkz% + agagk‘% + alagkg) ’

1
1
190k k3, k3) = 7/ dardasdazd(l — oy — ag — az) o
0 (m2 + ajank? + agazk? + alagkg) :
1 2
1-2 1—-2

25062 k3, k2) = / dardasdasd(l — ay — as — as) (1 = 2a2)7(1 = 2e1) .

0 (m2 + ajank? + asazks + ozlozgkg)

1
1 -2«

170 (k3 K3, k3) = / daydagdazd(l — o — ag — az) ! -

0 (m2 + Ollagk% + ag()égk% + O[lagkg)

(4.57)

Now we summarize our results for the vacuum polarization function for different particles running
in the loop (4.21), (4.41), (4.55) as (see Fig. 4.7)

M) = )t (2 2) s,
(k) = =2k <I2ptB_>I2ptB IZDpt,F)7

M) = To(k?)(IHus = s — Thur).

I1

N

(4.58)

Here it is understood that the formula for II; refers to the adjoint representation and to the
massless case.
For the three point case, too, we can unify our results as follows:

3

(47f)

5 (T3 4+ T2 +T0Y). (4.59)
2



Here do =d, = l,d

Chapter 4. A covariant representation of the three-gluon vertex (Ball-Chiu vertex)

= —2 and

1
2

rs ( 1;) (TT*T*)tr (f1fofs)I8 5(KT, k3, k3) + (a2 > as, f2 < f3, ko > ks)
13— g (3 2) T i () o I 02, K) — 20 RT3, 02, 49)
+tr (f2f3) (g1 - kQIgB(kgv k3, ki) —e1- k3I£B(k§7 k3, k7))
+tr (faf1)(e2 - kgsz,B(kgkavkg) —é&g- kll2D,B<k%7k?2ﬂk§))}
+(az <> az, fo <> f3,60 <> €3, ko <> k3),
s = T (2 - l;) (T [T, 7)) (25 fi - 215 5 (K) + 21 - fo - el ()

+ea - f3 '61[2Dpt,B(k§):| ;

(4.60)
D
1 = 1 (30 9 ) aE T () (a0 - I (R 8,) + (265 3),
1 D
2 5r (3 - 2) tr(T™ T4 [tr (1 f2) (53 ey (TP (K2, K2, kD) — TP (K2, K3, K3))
—e3 - k2 (IQI,JB(kgv k%v k%) - Ié?F(k%a k%v k?%))) + 2 perm'} + (2 A 3) ’
D a a a
ry r (2 - 2) tr(T [T, T 3])[53-f1 oo (IR, 5 (kD) — IR, o (k) + 2 perm} ,
(4.61)
D
1= (3 2 nTn T (fo ) (D (51, — A1 (R ) + (20 3).
1 D
1= g (3= 3) T o () (o by (1 (0243, ) — AT (1,03, 49)
ey ko (IR (3, 12, K2) — 412 (3, K2, 42)) ) + 2 perm.| + (2 3 3),
D
bt r (2 - 2) tr(T [T92, T%)) [53 i oo (IR (k) — IR oK) + 2 perm.] .

The parameter integrals at the three-point level are already highly nontrivial, and we refer the
reader to [147], and refs. therein, for methods for their evaluation.

Further, note that the “loop replacement rules” now have, for both the two-point and three-point
cases, assumed the form

0 = 1918~ 15— 10x). (4.63)

2

r) = rf (I&B S IP - 41('?),F) . (4.64)
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Further, it can be easily checked that, for the bulk terms F?)Q , the terms with the interchange

(2 <> 3) just provide the other half of a color commutator [7'%2, T3], so that for them, as for the
boundary terms, the color structure factors out in a tr(7%[T%2,T%]). Therefore we can now use

(T [T, T9]) = iC(r) f*1°299 | (4.65)

to get the expected proportionality to %123, Thus we can write

3

D = dy S u(TU I, T (02 42 +9L)
(4m)2 ‘
_ - alagago d gg 3 2 bt
= if (Mds —5 (05 +7% +7%") »
(4m)"
(4.66)
with
3 D D (12 12 1.2
Y = —-I'{3- o tr (f1f2f3)13,3(k17k27k3) )
1 D
B o= 5T (3 - 2) [t (f1£2) (25 - B LD (3, 13, K3) — =5 - kT2 (03, K2, 43))
ir (fofs) (21 - kP (K, K3, K3) — &1 - ks 15 (k3 K3, 43) )
+tr (fdfl) (52 ’ k3[2D,B(k?2ﬂ k%, k%) — &2 klIQL—,)B(kfv k?2>= k%))} )
D
w =T (2 - 2) [53 froeadd g (kD) +er- f2resly) p(k3) +e2- fs 511%,3(’6%)} ;
(4.67)
and the ’y(%")l’s obtained from the yé')’s by the rule (4.63) resp. (4.64).
In the S-representation, 2 gets replaced by (there is no change for 43 because S5 = Q3)
1 D cfa -k  fa ke
7= (3= D) fwtnm [l g g ) - B2 0 g2 k2 ) 4 2per )
2 2 T3 - k3 rs - k‘3
(4.68)
and one has the additional boundary contribution
< bt 1 D D 2
Yo o= —§F 2-5 {[tf(flfz)/’a —tr(fsf1)p2 | Lape, 5 (KT) + 2perm»}«
(4.69)

The rules (4.63) and (4.64) continue to hold.
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4.6 Comparison with previous results

In this section we study the connection between our results for the three-gluon vertex and previous
work. Since our treatment of the gluon loop case is equivalent to the use of the BFM with
quantum Feynman gauge, we expect the Binger-Brodsky relation (4.8) to hold; and indeed this
relation here follows immediately from the replacement rules (4.63) and (4.64). (Similarly we
can use (4.58) to verify the vanishing of the gluon propagator in /' = 4 SYM theory.)

For the same reason, the QED-like Ward identity (4.6) should be fulfilled not only for the scalar
and spinor, but also for the gluon loop case. Here it is advantageous to use the S-representation
instead of the Q-representation. Since S7 is transversal, the Ward identity then involves only
the boundary terms 8%, 75t, and can be easily verified using (4.58), (4.67),(4.69).

Next, we proceed to the less straightforward task of relating our representation to the Ball-Chiu
decomposition. As usual we start with the scalar case. Comparing our final result (4.66),(4.67)
with (4.4), (4.5) we first note that Ty = tr(f1f2f3). Thus we must identify

dog? D
HUR ) = Cmir (3= 5 ) 1Dl 0.09). (4.70)

which is indeed totally symmetric in its arguments. The normalization of the generators is
tr(T°T") = C(r)0°°, where for SU(N) one has C(N) = % for the fundamental and C(G) = N
for the adjoint representation.

Further, it is also easy to recognize the functions A and B functions as symmetric and antisym-
metric combinations of the functions contained in vt

dog2 D
AR = ~C0)5 e (2= D) [1Bus(9) + Bs(9)].
Ty = e1-e2(ki-e3—ko-e3),
(4.71)
and
dog? D
2 72,72\ _ 04 D 2 D 2
BUREKD = ~C0)g ot (2- 5 ) [Bus(k) - s()].
Tg = e1 '82(1{31 -83+I€2-53).
(4.72)

Coming to the structure F', the fact that T is transversal suggests that we should again use the
transversal structure 43 rather than ~3; the question is, how to choose the still undetermined
vectors ;7 By inspection one finds that, with the cyclic choice 71 = ko — k3,70 = k3 — k1,73 =
k1 — ko, and using the antisymmetry of f;, e.g. the first term in braces in (4.68) turns into

ki fs -k
tr(fle) —2 23 IgB(k%,kg,kg)7]2[7)3(]{:%,]{:%,]{:%) . (4'73)

(k1 — ko) - K
Noting that

Tp = %tr(f1f2)k1 “f3 ko, (4.74)
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we are led to set

F(k‘2 k‘2'k‘2) _ C(’I“) d092 r 3_2 I£B(k%7k§7k§)7I£B(k§7k%ak§)
1572y ™3 (471-)D/2 2 k%—k% )
(4.75)
where we have also used momentum conservation to rewrite
(ky — ko) - ks = k2 — k2. (4.76)
Thus the remaining structure C' must match 5/82 and indeed one has
1 1 9 9
Te = Ste(fife)(ky — k) &3 = —5te(fif2)ps (ki — k2) | (4.77)
leading to the identification
d 2 D ID (k‘2) —ID (k2)
2 12,12y _  _ 09 DY fopt,B\M 2pt,B\"V2
CORMERY = ~Cl)misr (2- 5 ) St — e,
(4.78)

Note that F' and C are indeed symmetric functions in the first two arguments, and that C' is
actually independent of k3. Also, A is the only one of the functions having an UV divergence
(since in B the expression in square brackets is O(e)), and B and C are simply related by [147]

2B = (k2 — k2)C. (4.79)

Passing from the scalar to the spinor and gluon loop cases using (4.63) and (4.64) will obviously
not change anything essential in this analysis.

For the (massive) spinor loop case we have also verified the above correspondences explicitly,
using the formulas for the functions A to H given in [147] (to be precise, we have done this check
for A, B,C with arbitrary momentum, for F specializing to k2 = 0 and for H specializing to
k% = k2 = 0. This provides also a check on the much more involved calculations of [117]).

From this comparison one can easily see that our analysis for the three-gluon vertex is more
general than Ball-Chiu, in other words we have generalized the three-gluon vertex which for
some especial choice of the 4-momentum r;, it coincides perfectly with the Ball-Chiu form factor
decomposition. In Appendix F we use the conventional Feynman rules to do some calculation
for the scalar case to compare with our results.

4.7 Comparison with the effective action

One-loop effective actions [54, 193] are space-time integrals of Lorentz and gauge-invariant ex-
pressions. They are closely related to traces of heat kernels, known as Schwinger-DeWitt [194],
Gilkey-Seeley [195] or Hadamard [196] coefficients. In flat space-time gauge theory, these co-

efficients are polynomials consisting of a matrix potential, the gauge-field strength tensor, and
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gauge-covariant derivatives. There are many equivalent forms for these coefficients essentially
due to the Bianchi identity and the product rule for covariant derivatives. Furthermore, the
physically interesting functional trace allows one to cyclically exchange matrix factors and to
integrate by parts. Increasing use of computer algebra [197] and new methods to calculate ef-
fective actions [37, 84, , ] extend our knowledge of heat kernel coefficients to higher and
higher order. To manage the increasing number of terms in them and compare results obtained
by different methods, a minimal set of invariants is needed in terms of which all results can be
expressed. In addition, an algorithm to expand a given gauge-invariant Lorentz scalar into this
minimal set should be provided.

This problem was mainly considered in general relativity where the tensor polynomials consist of
the Riemann tensor, the metric tensor, and covariant derivatives. This is more complicated than
flat space-time gauge theory due to the symmetry properties of the Riemann tensor. However,
Fulling et al. [199] used group representation methods to determine the numbers of independent
monomials, so that an appropriate subset of all monomials can be chosen to be a basis. Nev-
ertheless, this subset has to be chosen by hand because there is no known general construction
principle.

For gauge theory in flat space-time, van de Ven [200] constructed a basis up to mass dimension
ten (fifth order of the inverse mass expansion). But he also chose the basis elements by hand
and did not present a general construction principle. For the expansion of effective actions of
matter, gauge fields, and gravity in terms of Barvinsky-Vilkovisky form factors [201], a basis set
of non-local invariants up to third order in the curvature was defined [202]. Analyses the formal
structure of Lorentz and gauge-invariant monomials in nonabelian gauge theories with matter in
flat space-time has been done in [203].

It will be instructive to compare our results for the three-point amplitude with the low energy
expansion of the one-loop QCD effective action induced by a loop particle of mass m. The general
form of this expansion is

To[F] :/OoodT e T /dxo .)n On|F], (4.80)

T (4=T) (4xT)P/2

where O,,(F) is a Lorentz and gauge invariant expression of mass dimension 2n. For the scalar

loop, in [113,198] this expansion was obtained to order O(7°)
0O, = O,
O = =59 2F vFuw s
O3 = — 2 ig FFauF, L 2Dy F,, DA e
3 - _Blg rA AL uw — 2709 MMpy ;
(4.81)
where the nonabelian covariant derivative is D, = 9, +igAsT*, with [T, T"] = ifeb°Te.

To see the relation with our form factor decomposition, it will be sufficient to consider the n = 2
and n = 3 terms:
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1

0Oy = 692F,LLVF;,LV7
Os = —2ig® FuFauF L 2p DA
3 - _Bzg AL Ap Mn_%g Mpv .

(4.82)

Here changing from the scalar to the spinor or gluon loop will change only the coefficients in
the expansion (4.80), not its structure. Comparing with, e.g., (4.67) we easily recognize the
correspondences

’Y?.) A F,{\F,\“Ff = fﬁ’\f,\“fu“ + higher point terms,
10y ¢ (0 +1ig A)F(0+igA)F = (igA) F OF ,
N——

WY > (f +ig [A, A))(f +iglA, A]) = (ig)[A, A] f .
(4.83)

Thus all the pieces of our form factor decomposition have a simple meaning in terms of the effec-
tive action. Note that commutator terms are always generated by boundary terms in the IBP,
and that our three-point results allow us to predict certain terms in the higher-point gluon am-
plitudes using the knowledge that any “abelian” field strength tensor in the nonabelian effective
action must appear as part of the full nonabelian field strength tensor including the commutator
term. Note also that the tensor structure multiplying the function S in the Ball-Chiu decomposi-
tion does not correspond to anything in the expansion (4.80), which is one way of understanding
why S turned out to be zero in the calculations of [124,1417]. Since the structure of the effective
action is loop-independent, this observation allows us also to predict that the vanishing of S is
not a one-loop accident, and will be found to persist at higher loop orders.

4.8 Conclusions

In this section we conclude our results and discuss some extension of this formalism. In this
Chapter we have calculated the one-loop QCD three-gluon vertex for scalar, spinor and gluon
loop particle in a unifying way which gives us a compact result involving only six different
parameter integrals. We have established the precise relation of our result to the standard Ball-
Chiu decomposition, and also verified this relation for the massive spinor loop case using the
explicit result of [147].

As we already mentioned in the introduction, even in a four-dimensional calculation the use of
the vertex as a building block for higher loop calculations will in most cases make it necessary
to know its D-dimensional continuation. For that reason we have kept the full D-dependence as
much as possible. As one can see in fact our result for the scalar case is complete in this sense
and it holds for arbitrary D. For the spinor case the only place where we have used D =4 is in
the normalization of the path integral, which however corresponds to the usual fixing of tr,1 = 4
in dimensional regularization. But in the gluon loop case we have used D = 4 in a nontrivial way,
namely already in the derivation of (4.45). Here a true extension to other spacetime dimensions
would require some more work. For the purpose of dimensional regularization it is, sufficient to
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note that our result for the gluon loop case corresponds to the dimensional reduction variant of
the dimensional regularization proposed in [33].

In this calculation, three main advantages of our approach have emerged.

First, the IBP procedure generates the standard transversality-based Ball-Chiu decomposition
of the vertex almost automatically, bypassing the usual tedious analysis of the nonabelian Ward
identities. Let us recapitulate how this happens: for the bulk terms, in the IBP all polarization
vectors get absorbed into “abelian” field strength tensors f/*, and thus become transversal. In
the abelian case, there would be no boundary contributions, and one would have achieved man-
ifest transversality at the integrand level. In the nonabelian case there are boundary terms, and
those combine into commutator terms that carry all non-transversality, and generally contribute
to the covariantization of some lower-point bulk term.

Second, this emergence of field strength tensors in the IBP allows one to maintain a close relation
between the momentum space amplitudes and the low energy effective action, and thus to profit
from the superior organization of the latter with respect to gauge invariance. This has led us to
predict that the vanishing of the coefficient function S of the Ball-Chiu decomposition will be
found to persist beyond one-loop.

Third, the integrands of the spinor and gluon loop contributions can be obtained from the scalar
loop one trivially using the off-shell extended Bern-Kosower “loop replacement rules” (4.63) and
(4.64). The gluon loop result corresponds to a field theory calculation in the BEM with quantum
Feynman gauge, and thus to the preferred “gauge-invariant vertex” which fulfills the simple
Ward identity (4.6) and the SUSY-related identity (4.8). The latter here appears as a simple
consequence of the replacement rules and thus relates to worldline SUSY.

We had taken the validity of the replacement rules off-shell at the beginning. Our method of
calculating the off-shell three-gluon vertex would have been even more efficient; in fact, more
efficient than the combined efforts of [124, , 147] that was necessary to arrive at an explicit
results for the scalar, spinor, and gluon loop contribution to the three-gluon vertex with standard
field theory methods. Before applying it to higher-point vertices, it will thus be important to
show the validity of this off-shell extension in general. With hindsight, this can be done as follows:
it is sufficient to show the validity of the replacement rules for the effective action. Let us consider
the spinor loop case first. Here it was shown in [50] that the replacement rule in the abelian
case holds for the off-shell N - photon amplitudes. Thus it holds also for the abelian effective
action. The nonabelian effective action in the low energy expansion can be decomposed into
terms that are Lorentz scalars built from covariant derivatives and field strength tensors. Each
such term in general will, after Fourier transformation, contribute to momentum space functions
with various different numbers of legs; e.g., the term tr (DuFaﬁD#Fo‘ﬁ) will contribute to the
N - point functions with N between two and six. Generally, each such term in the nonabelian
effective Lagrangian has a “core” term, which has a counterpart already in the abelian case (in
the example this would be 8, fo50" f*?) and a number of “covariantizing” terms that all involve
commutators, and belong to amplitudes with more legs than the core term. For the core term
the IBP leads from bulk term to bulk term and is formally identical to the abelian case, so
that the replacement rule holds. But a core term in the effective action appears combined with
all its covariantizing terms, all sharing the same coefficient. The replacement rule induces a
change of this coefficient defined through a cycle GBiliZ GBim e GBinil which is multiplied by
a tr (fi, fi, - -+ fi,,) that in the effective action corresponds to a tr (f™). Consistency is therefore
possible only if the same change of coefficient applies also to all the terms where one or several
of the factors f*” are replaced by a [A, A] term, or where a d acting on some F' is replaced by
a [A, F]. This settles the spinor loop case. For the gluon loop case, it is sufficient to remember
that the corresponding master formula before taking the limit C' — oo and the projector sum
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Zp:P’A, eq. (4.45), is still isomorphic to the spinor loop one (4.37).

Based on this general validity of the off-shell replacement rules and the general IBP algorithm
developed in [55] we anticipate that with the method presented here a first explicit calculation
of the four-point vertex should be well in reach. We will discuss this object in the next Chapter.
Less straightforward but very interesting would be the extension of the formalism presented here
to the gravitational case. The one-loop three-graviton vertices have already been extensively
studied for their conformal properties (see [204] and refs. therein). As far as external gravitons
are concerned, suitable string-inspired representations exist already for the (off-shell) one-loop N
- graviton amplitudes with a scalar or spinor loop [51,74] as well as for a photon loop [152,205].
However, a suitable IBP procedure still remains to be developed.
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Chapter 5

Form factor decomposition of the
off-shell four-gluon vertex

5.1 Introduction

! In this Chapter we continue our investigation which has been started in Chapter 4 for one-loop
correction of the off-shell three-gluon vertex, here we extend our calculations for the off-shell
four-gluon vertex. Off-shell four-gluon is an interesting object because of the following reasons:

e First of all, this vertex is the only primitively divergent one that allows for the formation
of bound state (glueball-) poles, a phenomenon usually restricted to higher, superficially
convergent vertices.

e Second, the vertex describes quantum corrections to elementary gluon-gluon scattering,
which might be important e.g. for the description of gluon-gluon interactions in the high
temperature quark-gluon plasma phase of QCD.

e Third, a number of studies indicate that the infrared structure of the correlation functions
of Yang-Mills theory is connected to the confining properties of the theory via the so called
“Gribov-Zwanziger” scenario [157,158].

e One of the basic ingredients to the running coupling a*8(p?) is the dressing function of the
nonperturbative four-gluon vertex [206].

So there are several motivations to study this object. Four-gluon vertex is a highly complex
object because of its rich tensor structure which based on four color and four Lorentz indices.
This correlation function is poorly understood and there has been limited investigation related
to this object.

Schwinger-Dyson equations (SDEs) provide a non-perturbative tool for studying quantum field
theories. Being an infinite set of coupled equations for the N-point functions of the theory, they
contain in principle all information about the observables of the underlying theory. In addition,
since they are derived from the renormalized action, they are fully renormalized equations and,

IThis Chaper is based on [207,208].
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given a certain regularization and renormalization scheme, all divergences are absorbed in appro-
priately determined renormalization constants [209]. Since SDEs are an infinite set of coupled
equations, in practical calculations, however, truncation of the full infinite system to a finite
subset of equations have to be performed. In general these truncations will interfere with the
renormalization of SDEs and divergences will reappear. In addition an appropriate choice of a reg-
ulator might also introduce divergences, as e.g., a hard cut off in numerical calculation, however
in practical calculations divergences have to be properly subtracted. Furthermore, perturbative
renormalization is not sufficient due to the self-consistent nature of SDEs. In Schwinger-Dyson
studies of Landau gauge Yang-Mills propagator in four dimensions especially spurious quadratic
divergences caused problems, since they are related to the breaking of the gauge symmetry the
regularization/truncation scheme. Successful treatments were, e.g., identification and subtrac-
tion in the relevant tensor-components of the gluon self-energy [210,211], and the construction of
explicit subtraction terms within the integral kernels [212-214]. On the other hand, logarithmic
divergences can be treated straightforwardly in a MOM-scheme.

In Landau gauge studies gluon propagator SDE truncation were chosen such that all terms con-
taining the four-gluon interaction have been neglected [215]. A special role is played by the
tadpole diagram: It only contributes a quadratically divergent constant, which is then removed
in the renormalization process. The other terms with a four-gluon interaction are of two-loop
order, the so-called sunset and squint diagrams which has been studied recently [209].

In this Chapter we present our recent calculation in one-loop correction to the off-shell four-gluon

vertex in scalar, spinor and gluon loop particles in the BFM with the Feynman gauge based on
the worldline formalism and string inspired method.

5.2 Integration by part procedure

Again our starting point is the “Bern-Kosower master formula” (4.9):

ay...a . .
FsclalarN [k’1,61, LR kNagN]

= (—ig)Ntr(T™ ... T*)(2m)Pi6 (> ki) /O h AT (4 T)~P/2e=m*T

T T1 TN-—2
X/ dTl/ dTQ.../ d’TN,1
0 0 0
N

1 . 1.
X exp{ Z |:2GBijki . k‘j — Z'GBijEi . kj + iGBijEi 'Ej:| }

ij=1

)

lin(ey...en)

(5.1)

performing the expansion of the exponential and keep those terms which are linear in polariza-
tion vectors up to four €’s we get the following amplitude for the 1PI four-gluon vertex which
diagrammatically is shown in Fig. 5.1 for the scalar loop:

F81a2a3a4 [k‘l,€1; kg,Eg;k‘3,€3;k4,€4] = (—ig)4t1‘(Ta1Ta2Ta3Ta4) / dT(47TT)_D/2€_m2T
0

T
x / drydrydrs (—i)* Py e2i<i= Orishik
0

(5.2)
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LT FITY k1.4,

ot
o

ks, g, ps kz.az, pz

i
P

Figure 5.1: Four-gluon vertex for scalar loop particle.

where as before we fixed 74 = 0, and the polynomial P, is a function of G Bij s and G Bij S as:

P4(GBij7 GBij) = + é312€1 t €2 GB3453 cE4 + GB13€1 1 €3 GB2452 cE4 + GBl451 T €4 GB2352 €3
- GBli51 - k; G32j€2 : kj G33453 cE€4 — GBli51 - k; G33j€3 : kj G’BQ4€2 * €4
- GBuEl - k; GB4j€4 : kj é323€2 c€3 — GB2i52 - k; G33j€3 : kj é31451 t €4
- GBQiEQ -k GB4j54 -k é313€1 t€3 — GB3i53 -k GB4j54 -k C.;131251 =)
+ Gpuier - ki Gpajer - kj Gares - ki Gues - Ky -
(5.3)

Here for N = 4 as the previous Chapter to apply the “Bern-Kosower replacement rules” one
needs to remove all the G Bi; s by adding some total derivatives. Here the situation is more
complicated than N = 3 and N = 2 because IBP is not straight forward and it is ambiguous as
we have discussed in Chapter 3.

In the following we explain a partial integration algorithm which allows one to remove all the
G'pi;’s contained in the original Py photon or gluon amplitudes [17].

Such an “impartial” partial integration algorithm was defined in Section 3.4. Since we are

working on the case of N = 4 let us look at one term in Pj in (5.3) for instance the first term
G p12G R34 and try to remove these second derivatives step by step:

. 1 ) )
Gp12Gp3sel) — 1(31 — 02)(03 — Oa) {GB1zGB34€(')} ; (5.4)
where again e() = eXi<i=1 Omiskiki and 0; = %

By trivial algebra one can see that G 312@ 3346(') transforms to

Gp12Gp3sel)  — 4GBI2GB34{ [GBlikl ki — Gpaiks - kz:| {Gstkg -kj — Gpajka - kj:|

- GBlBkl k3 + é323k2 ks + GBMkl ks — é324k2 : k4} e

(5.5)

103



New techniques for off-shell calculations in gauge theory and gravity

The terms in the second line have to be further processed. Considering just the first one of them,
since both variables appearing in G 13 were active in the first step, both must also be used in
the second one. We need to add the following total derivative to the first term (and similar to
the others):

1. ) . 1 ) ) )
ZGB12G334GB136(') + §(51 — 33)G12G3aGrisk - kze) . (5.6)
This yields:
1. ) . 0 1. ) ) ) ) 0
ZGBHGB?AGBB@ — §G312GBB4G313 [GBukl ki — Gpsiks - kz} e

+§G313 [GB12G334 - G334G312} el
(5.7)
Considering again the first term in the second line, only 7; was active in the previous step.

Therefore only 75 must be used now, and the third step is the final one, so by adding another
total derivative:

1. . ) 1 ) ) )
gGB13GBl2GB34€(') + §82 [GBl2GBS4GB136(')} , (5.8)
this term transforms to
1. . ) G 1 ) ) ) g
gGBL‘}GBlQGB?Ae — gGBl2GBS4G813GBZik2 ket (5.9)

This prescription treats all variables on the same footing, and therefore must lead to a permuta-
tion symmetric result. The nontrivial fact is that the process terminates after a finite number of
steps, and does not become cyclic (as would be the case if, for example, one would always treat
the indices in a G Bij symmetrically). This is not difficult to derive from the fact that, for any
term in Py , the indices appearing in the C;'Bij’s and the first indices of the GBij’s are associated
to the polarization vectors, and thus must all take different values.

This algorithm transforms Py into @4 which has four different polynomials [17] as was also
discussed in Chapter 3:

Qi1 = Qi+Qi+Qi—QF,

Q1 = G(1234) + G(1243) + G(1324),
Q3 = G(123)T(4) + G(234)T(1) + G(341)T(2) + G(412)T(3),
QF = G2)T(34) + G(13)T(24) + G(14)T(23),
+G(23)T(14) + G(24)T(13) + G(34)T(12),
2 = G12)G(34) + G(13)G(24) + G(14)G(23),

(5.10)

where we have now employed a more condensed notation:
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.o ) . . R 1\ On.2
G(iriz - +in) = GBii,GBisis " GBiniy (5) tr(fi, fiz - fin)
T(i) := Z Gpirei - kr
) ) 1. . )
T(ij) = Z {GBiTEi ki Gisej - ks + §GBij5i “ € [GBirki k. — Ggjrk; - k‘r} } .
(5.11)
By replacing Py by Q4 in (5.2) one gets
D429 [k g5 s hyea] = (—ig)4tr(T‘“T“2T“3T“4)/ dT(4xT)~P/2e=mT
0
T 4
X / dridradrs (—i)4Q4 62i<j:1 Grijhi-k; .
0

(5.12)

At this level before continuing with our calculations for the amplitude, in the following we
discuss the boundary terms which these total derivatives create by going from P, to Q4. For
the three-point case we had just one type of boundary term, those which create the two-point
functions, but here for this object we have more boundary terms which will be discussed in the
next Section. Before starting on the detailed calculation let us clarify that everything will be
done for the standard ordering (71 > 72 > 73 > 74). Since we have six inequivalent orderings for
the external gluons in the case of N = 4, other orderings will be considered only at the moment
when we need “the other half of a commutator”. And it is understood that the boundary terms
will be taken in the circular sense, i.e. the 7;’s do not run from 0 to 1 since we have path ordered
integrals, which means their upper and lower limits are different, for example for the standard
orderings, see (5.14).

5.2.1 Boundary terms

As we already mentioned, in non-abelian theory in contrast to abelian one, total derivatives creat
boundary terms which correspond to lower point functions. Let us go back to the three steps
that we have mentioned in the previous Section to remove the G Blgé B34 and find all boundary
terms that each step creates. We have two types of 7T-variables, those which are adjacent and
those which are not, for example in the case of 71 > 7 > 73 > 74 orderings, variables 7y and 7
are adjacent but 71 with 73 are non-adjacent, see Fig. 5.1. Eq. (5.4) can be written as

1 . . 1 . .
—1(51 — 02)(03 — 04) GB12G334€(')} = —1(3133 — 0104 — 0203 + 0204) GB12G3346(')} .
(5.13)

Here the first and the last terms contain derivatives respect to non-adjacen variables (9103 and
0204), second and third terms contain derivatives respect to adjacent variables (0104 and 0203),
so these two different terms must be distinguished since they make different boundary terms.
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Let us first look at the adjacent variables. For this ordering, the 7 parameters run as

() = ()
Bu(-) — (...)Z,

() = (o)

() = ()

T3

T1

(5.14)
After imposing these limits to the total derivatives, J3 gives
o1 (33 {GB12G'334€(')}> = 0 ((.;312(?3346(‘) . 2)
T3=T4
= 0 (GBl2GB24 6(?’%2)) )
(5.15)
where we used the fact that Gpgi; = 0, now if we consider the 9; we get
0103 C'7'13126.7'13346(')} = 0 {GBI2GB24 6(3%2)}
= G312G324 e(gﬁz) e
T1=T2
= GB42GBQ4@(3H271H4) )
(5.16)

where we used the compact notation 7 = ™7 for convenience and they represent the

pinched gluons where two external gluon interact with the loop particle at the same point.

Kz, 03, M5 R, 24, pa

Rz, 02, 2 Ey.ar,

Figure 5.2: Two-gluon vertex for scalar loop particle from the double boundary terms corresponds
to (1 > 4,2 —3),
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Non-adjacent variables create the following double boundary terms

3133{G312GB34€(')} —  GpuaGpageB2174)

3234{61312@3346(')} - Gp13Gpzet=1t223)

(5.17)
By adding them one gets
Ni = Gp1aGp2ae®7 217 4 Gp13Gps 71273 (5.18)
where
6(3—>2) _ eGBIZkl'(k?2+k3)+GBz4k4'(k?2+k3)+GBl4k1'k?4’
e(3221-4))  _ Gpaa(katks) (kitka) ,
(5.19)
and e(3a2,1%4)) = e(4a1,2a3).

These kind of boundary terms represent the collapse of four-point diagram in Fig. 5.1 to the two
point one (vacuum polarization diagram) which is shown in Fig. 5.2.

For adjacent variables like 010, and 0205 the situation is different from the non-adjacent ones.
Here after imposing the limit for one of the variables the other one is not a total derivative
anymore since it shares its index with the boundary of the first one. In this case, one has to work
more to make it a total derivative. In the following we show how one can treat this situation,
let us look at 0104 term.

First of all, since one is a total derivative but the other not, one has to symmetrised them to
preserve the permutation symmetry, i.e.

0104 [GBIZGBSALB(')} - %(3154 + 3481) [GB12GB34€(')} ; (5.20)

where the first derivative from left is a total derivative.

We start with the first one

Lo 0, [Canac 1 L o
58184 [GB12GB346('):| = 561 |: — G312GB346(.) + GBlQGB34GB4i]€4 . kle()}
TP e
= 5 [ — GBl2GB34€ + G312G334G34ik4 . kie ]
TI=To
= 5 [ — GB42G3346(1_’4) -+ GB42GBS4(GB42]€4 ko + GB43]€4 . k3)€(1_>4)

(5.21)

We remove the Gpss by adding one more total derivative but now respect to 73 since 74 was

107



New techniques for off-shell calculations in gauge theory and gravity

active in the last step,

1 ) B 1 ) )
31~ GpaaGpze ™| = —553 [GB42GB346(1_)4)]
1. . ) )
+§G42G334 [G334/€3 - (k1 + k4) + Gpsoks - kz} e=4
1. )
= —§GB42GBQ4€(1_>4’3_>2)
1. . ) )
+§G42GB34 [GBS4/€3 (k1 4+ k4) + Gpsaks - k2} U=
(5.22)
Then, by substituting (5.22) in (5.21) we get
1 . : ) 1. * (1—4,3—2)
53184 {GBHEl -e9G p34Es - €4€ } = —5G342G324€ ' )
1. ) ) ) ) (14)
+§GB42GBB4 [G334/€3 k1 + Gagks - k2 + Gp3aks - kz} e ,
(5.23)
in a similar way the other half can be written as
1 . : ) 1. : (4—1,2—3)
55431 [G31251 -e9GB34cs - €46 ] = —§G1313G331€ ’ ,
1. ) ) ) )
_§G312GBSI [GBmkz - ka + Gpasks - ks + Gpisky - kz|e™D).
(5.24)

For adjacent variables after performing the integrals and imposing the limits we get single bound-
ary terms which represent the three-point function, Fig. 5.3, and double boundary terms as
before.

ks, g, ps kg g, gy

LN P ko

Figure 5.3: Three-gluon vertex for scalar loop particle from single boundary term corresponds
to (4 — 1).

Here we have more boundary terms, at each step whenever we add a total derivative we should
find the corresponding boundary terms. The remaining steps to remove the Gpg12Gp3q will
produce just single and double boundaries. There are two more non-trivial boundaries which
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ks, g, ps

Figure 5.4: Non-trivial boundary terms which corresponds to (11 — 72,74 — 71).

will be discussed in the following. By continuing these steps to remove all the G Bij's in Py two
new structures arise. For example, if we add the following total derivative to remove Gp13GB24

010, [GBBGBW(') , (5.25)
it creates
9102 |G p1zer .53(?32452.54@(-)} _ {G313G321e(1—>4,4—>1) 4 CposClpase1 72479
_GBQ3G3216(1H274H1) - GB42G3246(1H473H2)}

+G 3G paa {6324]?4 k1 4 Gpaaks - ky + G pasks - k‘4} =2
(5.26)

In (5.26) as before we have single and double pinches, but we have two new structures which
we have not seen before, e(! 7441 which belongs to three-point function and e(*~24=1) which
can be classified as two-point function. This structure corresponds to Fig. 5.4. These kind of
diagrams appear just in the process of removing G 513G B2 part of Py, but they vanish since they
contain Gp;; which is the coincidence limit of the first derivative of the bosonic Green’s function
and it is zero. For example, in (5.26) this diagram appears as G323G’321€(1_>2’4_)1) which contains
G B22 and vanishes. So it seems our IBP procedure does not capture this structure. Let us clarify
an interesting point here. In our IBP method all the boundary terms which are produced by this
method come from the commutator of two gauge fields, i.e [AZ1 , AS'] which are in the definition
of the non-abelian field strength tensor F},,. But if we compare our final structures with the low
energy effective action as we did for the three-gluon case in Chapter 4, one can see this kind of
boundary terms which are produced by IBP. But since gluon is in the adjoint representation we
know that the gauge field in the definition of covariant derivative acts on whatever comes after,
ie. Dyfux = 0ufux+ig[Au, fua], and it makes some commutator like [A,, f, ] which is not seen
in the IBP, it means that the above boundary term Fig. 5.4 actually exists and it can be seen
as a commutator like [A,, f,x] not [Af},Af}] . This point and also the comparison of the final
structures for four-gluon vertex with the low energy effective action will be explained in details
in the upcoming publication [207].
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What remains here to be discussed before going to final classification of the boundary terms are
the single boundary terms like e' 2441 in (5.26). During the whole process of IBP we get
eight similar terms for different pinches, which they cancel out by using cyclic permutation of
the variables, i.e

1 T1 To T3 . . i .
2/ dTl/ dTQ/ d7'3/ dry {G1313GB14€(1_>2’2_>1) —G313G13216(1_>4’4_>1)
0 0 0 0

_GBHGB246(2—>3,3—>2) + G313G3236(3_’4’4_’3) —0,

(5.27)

5.2.2 Classifying boundary terms

In the preceding Section we have discussed the way one gets the boundary terms from all those
total derivatives that we have used to remove all the Gg’s. If one goes through all these calcu-
lations, one may see a large number of boundary terms, but the nice fact about these terms are
the way they group together where one can organize them as structures of two and three-point
functions.

As we have mentioned before, the single boundary terms correspond to the three-point function
which its bulk term is given by Q3 polynomials. By adding all those terms which have three-cycle,
one gets the following modified Q3

Q3(412]3) = GBl3GBS4GB416(1H2)131‘(4[12]3)
Q3(1[2314) = Gp1oGpaslGpae®? tr(1[23]4> :
Q3(1(34]2) = Gp13Gp32Gpae® Y tr<1[34]2) ,
Q3(3[41)2) = G’B42GBQ3GB346(4H1)131'(3[41]2)
(5.28)
where
( [23]4) v [5253 - 6362} o (5.29)
and also for two-cycle the following modified Q%
Q3(1—2) = G313GB31tr<€2f3€1)GB4i€4 ke + GpruGpntr <€2f451)GBSi53 ket
Q31 —4) = GB12G321tf<€1f284)G33153 ke =Y + Gp1sGpartr <€1f3€4) Gpaiea - ke ™Y
Q32 —3) = G313G1331tr(€ 152)GB4154 kie®7® + G p2aGpastr (53f452>GBli51 ke
Q33 —4) = GB13GB31tr<€4f153)GB2132 kieBY 4 G pouGpastr <€4f253>GBli51 ke

(5.30)

Now, if we look at the double boundary terms which contain two different permutations, e(1—~2:3-4)
and e(>23421) they combine to give a simple structure which corresponds to Q% of two point
function:

Q%(lQ, 34) = G313G-'3316(1H2’3ﬁ4) (61 €39 &4 —E1 " EYEQ 83) s (531)
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and
Q2(23,14) = Gp13Gpse? 73174 (51 “€3E9 - €4 — €1 - E2€3 -54) : (5.32)
Eq. (5.31) and (5.32) can be written as
Q3(12,34) = %GBBGBMtr(flfg)e(l_ﬂ’?’_”l),
Q3(23,14) = %GBBGBSItr(f1f2)€(2_>371_>4) )
(5.33)
where for Q3(12,34) the definition of the field strength tensor f; and f, are
fi = ki®e -1k 21 ®e2—e2®e1,
fo = ka®ex—e2@ky 2 e3®eq—e4Qe3.
(5.34)
and for Q3(23,14)
fi = k®e -1k 5e1Qeq—e4Q¢67,
fo = ko®ey—e0Qky 2 e2Re3—e3R¢63.
(5.35)

We have some left over terms from single boundary terms which can be combined in a nice way
to be some bulk terms of the three point function (Q%). They combine to be written as

Qext = (GBl3GB31tr(flf3)GBQ452 -6+ GpruGpatr(fifs)Gpases - 3
—GpasGpaatr(fofs)Gpract - €4 — GpouGpantr(fof1)Gpiser - 53) =2
+(GB12GBz1tT(f1f2)GBB4€3 -e4+ GpazGpaatr(f3f1)G a1 - €2
+Cp13Gpatr(fifs)Gpaies - 21 + CpaaGpiatr(f2f)Cprger -5 ) e
+(G312G321tr(f1f2)G33453 -4 + Gp3aGpastr(f3f1)Gpioer - €2
—Gp13Gps1tr(f1f3)G pasez - €4 — GpouGpantr(fo f2)Gpiser - €3>€(2_)3)
+<GB14GB41tF(f1f4)GB23€2 -3 + GpouGpastr(fofs)Gpiser - €3

—~Gp13Gpatr(fif3)G p2aca - €4 — GpasGpaatr(fofs)Gpiaen '54) et
(5.36)

In the following Sections we discus the structure of the off-shell four gluon amplitude for scalar,
spinor and gluon loop cases.

5.3 The scalar loop case

The scalar loop case for four gluon can be written as
4

g = —F—
T um®

<F3+F8+F3+F32+th,33+rgt,32+rgt,3ext+F18t,2) , (5.37)
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where
4 aq rpagasqa dT —sz T Tl " 4 )
Iy = to(T“T%2T%T%) dry [ drp [ dmsQy| e
0 T2 0 0 0 4=
2p T T1 T2
0 T2 0 0 0 7s=0
T T1 T3
+tr(T“1Ta3T“2T“4)/ mQT/ dT1/ de/ dr Q4 el
0 0 0 0 T4:0
R T T1 T3
0 0 0 0 T2=0
T T1 T4
Htr(T TR ) / —m?T / dry / dry / drQf| eV
0 0 0 0 7'3:0
T 1 T4
Hr(TU T T TO) / o / dr / dry / drsQi| e,
0 0 0 0 T2=0
e = Lo —Qi),
Ly = To(Q:—Qi),
g’ = Lo — @),
T
Iht33 = gp (T e T ) / T / dm dTQQg(iUk]l)a
0 0
T
th,32 _ tr(TalTagTagTazl)/ sz/ dT1/ dT2Q3 7,—)])
0 0 0

T
tht,sext — tr (TalTa2Ta3Ta4)/ % -m T/o dT1/0 dra Qext

0

T
th’2 _ tr(TalTazTa3Ta4)/ sz/ dr (Q ]_2 34 +Q2(23 ].4))
0

0
(5.38)
For four external gluon we have six inequivalent orderings which are
T T T3 % T R e a1 as ez as
T e ez T pea e pepaaaspez (5.39)

which should be considered, here for simplicity we present one ordering (T**T*2T*3T%) and it
is understood now that all the boundary terms should include the commutator of color factors.
One pinched leg represent three-point function then it contains one commutator for instance
TorT%2 [T T%] which is obtained after including all orderings. And also double pinchs must
contain two commutators like [T%1, T%2][T*3,T%] which indicate two point functions and it is
obtained after including all other orderings.

5.4 The spinor loop case

For the spinor loop case as we have already discussed in Chapter 4, it is convenient to use the
super worldline formalism, we recall the “Bern-Kosower master formula” for the spinor case
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which is written in super formalism:

*dT _D
DU (ky,e;... kn,en] = *2(*ig)Ntr(Ta1~~TaN)/ ?(47TT) 7T
2 0

N T ™ N-1
X H/ di/deé( T H(T1iN) H I(Ti141))
k=170 1=1

N
1. A 1 A
X exp{ Z [2G2Jkl . kj + ZDZGZJa?Z . kj + §D1D]G”61 '€j] }

i,7=1 lin(eg...ex)
(5.40)
where
0 0
D = —
a0 987’
Tij = Ti— T+ 0:0;. (5.41)
are super derivative and super proper-time accordingly and
G(Ti,ﬂi;Tj,Hj) = GB(TZ',TJ‘)-I-GZ'GJ‘GF(TZ',T]') s
19(7A'Zj) = 19(7'2 — Tj) + 01‘9]‘5(7'1' - Tj) 5 (542)

are super Green function and super Heaviside step function. Note that if one starts expanding
the (5.40) to perform the spinor loop case directly, one needs to consider that all €%, 0 and db,
anticummute with each other. In this case we use the “Bern-Kosower master formula” to obtain
the corresponding result for the spinor loop case. According to this replacement rule:

GBirisGBisis * " GBinis = GBitisGBisiy " GBinis — GFinisGFisis ** GFiniy - (5.43)

As we have discussed in Chapter 3 we should use the @’ representation of four-point case eq.
(3.38), that is suitable for the application of the Bern-Kosower rules, see Section 3.4. The Q)
polynomial will change to a new one (', which is

Qi = Qi+QutQi+Qy
05 = G(1234)+G(1243)+G(1324)
Q08 = GA)T ()+G(234) T(1) + G(341)T(2) + G(412)T(3) ,
0% = GaT (34)+G(13) T(24) + G(14)T(23) |
+G(23) (14) + G(24)T(13) +GBYT(12)

G12)G(34) + G(13)G(24) + G(14)G(23)

~ 22

Q4

(5.44)

(Note that as was discussed in Chapter 3, for Q' representation we have used Q% = Q:f +2Q2?
where Q2 is obtained from Q2% by eliminating the term with r = j and s = 4 from the sum

over dummy indices, for the remaining component Qfl') = QZ(L')), where we need to change the
definition of G(i1i2---i,) in (5.11) to a new one as
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o , ) ) . 1
Girig - -iy) := (GBiligGBizig - GBiniy — Griris GFisis - "GFinil) (5)6"L’2tr(fi1fi2 e fin)
(5.45)
So for spinor loop contribution to the four-gluon amplitude we find
4
F% — _9 g - (in Jrri +F2; +F2ﬁ+Flit,33+rlit,32+rlit,2)’
(27-‘-)2 2 2 2 2 2 2 2
(5.46)
where
4T T T1 T2 N
1 = tr(T“lTazTagTa“)/ —Qefsz dﬁ/ dTg/ dTngj et
2 o Tz 0 0 0 Ta=
o AT T T1 T2 R
+tr(T* T2 T T) / - / dry / dr / draQi| eV
o T2 0 0 0 73=0
o aT T T1 T3 .
+tr(T“1T“3T“2T“4)/ 7efm2T/ dﬁ/ dTg/ dm Q' et)
o Tz 0 0 0 T4=0
T T T
(T T T T) S e [ [ [ ano 0
D 1 T3 T4Qy €
o Tz 0 0 0 72=0
o aT T T1 T4 .
+tr(T“1Ta4T“2Ta3)/ iemeT/ dﬁ/ d7'4/ d7'2Qj11 et
0 T= 0 0 0 T3=0
AT T T1 T4 R
+tr (T T T T) / e T / dry / dry / drsQi| el
o T2 0 0 0 T2=0
A4 A3
F?% = Fé(Ql4_>Q,4)v
A4 A2
FQ% = Fé(Ql4—>Q/4)7
.4 A 22
FQ; = 5@, — Q).
o3~ e (rogearore) [ et (U g [ (GGG — oy ConGan — GraGrnG
1 = r( ) o Tige ) T1 o T2 BijGBjkGBEi — GBijGBjkGBK — GFijGFikGFEi ),
phes2 gy parpeeqasgasy [ 9L omir Td " Gpi;iG Gpi;G GrijG
1 = tr( ) . nge ) T1 ) T2\ GBijGBji — GBijGBji — GFrijGFji ),
poset _ oy (papegesgey [ 9L i [Ty [T g GpijGpji — Gri;G
1 = r( ) o T?e ; T1 ; T2\ GBijGBji — GBijGBji — GFijGFji ),
f2 = ggepeperey [ 9L ew [ (G GpijGrji — GrijG
1 = tr( ) . nge ) T1\GBijGBji = GBijGBji — GFrijGFji ) .

(5.47)

Fig.5.5 shows all the possible bulk and boundary terms for the spinor loop-case diagrammatically.
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%
¥ %

Figure 5.5: Four, three and two gluon diagrams for spinor loop case.

5.5 The gluon loop case

We continue our calculations in this Section for the gluon loop case, as we was shown for the
three-point case in Chapter (4), the gluon loop case is more subtle and one is faced with the
issue of gauge (in)dependent not only for the background field but also for the loop particle. The
path integral representation for gluon loop is discussed in the Chapter 1, see also [50]. As we
have mentioned the only known generalization of the worldline path integral representation of
the effective action for the gluon loop is based on the BFM with quantum Feynman gauge. We
recall the master formula for the gluon-loop case as

(—ig)™ =dT —cT

[kl,El;...;kN,EN] = 7Ttr(Tal'”TaN)chj,noo . T (4TI'T)

N-1
x H/ drk/deé TN ) [T 2Gasy) Y 002,
=1 p=P,A
N
X exp{ Z

raet-

gluon

Lao k- ki +iD;GS e - Ky + DDGM ejl}

9] 7
=1 lin(eq...en)
(5.48)
where T are the group generators in the adjoint representation and
Za = (2cosh[CT/2])* , oa=-1
Zp = (2sinh[CT/2))* , op=1
(5.49)
G5 a(1,01372,02) = Gp(r1,72) + 0102G% 4(71,72), (5-50)
where
) sinh[C(L — |7 — 7))
GICD(ThTz) = 2sign(m — ) SiHQh[CT/Q] ’
. ) cosh[C(£ — |1 — 72|)]
= 2 -
GG (r1,m2) sten(my = 72) —— T
(5.51)
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A and P are stand for anti-periodic and periodic boundary condition respectively in the original
path integral. For this case again we have the bulk diagrams and the three and two point
diagrams which come from the boundary terms, see, Fig. 5.6.

Figure 5.6: Four, three and two gluon diagrams for the gluon loop case.

As was discussed in Chapters 1 and 4, the gluon loop case is isomorphic to the spinor loop one
before taking the limit C' — oo and the projector sum 3 _p 4 in eq. (5.48). So similarly in the
four-point case because of this isomorphism we can generalize the decomposition as

1 gt .
Fgluon = _1 (477')% CILI;I;O E : ( gluon(c p) + Fgluon(c p) + I—‘gluon(cv p) + 1—‘gluon(cz p)
p=P,A

Ptg)ltuf)i (C7 p) Fgltuifl (C7 p) F]goltuin (07 p)> ?
(5.52)

where 1"( )

gluon

m? by C, Gr;;j by G¢

(C,p) is different from the corresponding I‘ in eq. (5.46) only by replacement of

».i; and the insertion of Z, under the T integral.

What remains to be analyzed is the C' — oo limit and sum over boundary condition, for four-
gluon vertex, one finds the following limits

: -CT
C}l_r}rcl)oe E opZy = -8,
p=P,A
: -CT c
C};Irioe g UpZGp” = 16,
p=P,A
Jim e TN T 0, 2,6l = 16,
p=P,A
: -CT ~C _
Jim e > 02y Goraz = 32,
p=P,A
: —-CT ~C —
Clglclxae E UprGp,1243 = 0,
p=P,A
: -CT ~C _
Ch_rgoe § 0pZpGpazas = 0,
p=P,A
: -CT _
C}gr(l)oe g opZp Gpqukl = 0,
p=P,A

(5.53)
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where

Grivizin = GpivisGpuizis ™ G - (5.54)
Note that the only nonzero integral for four-cycle is the one that follows the ordering of the
external gluons. Now, by having these limits one can write down the gluon loop decomposition
from the spinor loop one,

4

Tatwon = 205575 (Thtuon + Totuon *+ Tinon *+ Tihon *+ Tiion + Cation * iin)
(5.55)
where

Félmm = F% (Gr12GF23Gr3aGra1 — —4) ,

Fgluon = F?% (GrijGrjxGrri — —2) ,

Féluon = FQ% (GrijGrji = —2) ,

Tohon = Fz; (GrijGrjiGrrGric — 0,GrijGrji — —2) ,

Do = F?g?’ (GrijGrikGrri = —2) ,

Tohen = F?’gz (GrijGrixGrr — —2) ,

ng;iit = F?’em (GrijGrjkGrri — —2) ,

Toion = F?’Q (GrijGrji =~ —2) .
(5.56)

For the ghost loop contribution of this amplitude which is needed to subtract the unphysical
degrees of freedom of the gluon loop, it is not contained in (5.48), as has been discussed before
it is equal to the scalar loop case with opposite sign.

5.6 Ward identity
5.6.1 Off-shell four-gluon Ward-identity

Off-shell, the Ward identities for the gluon amplitudes are inhomogeneous and map the N-vertex
to N — 1 point amplitudes, e.g. for the four point case one finds [216]

T = —ig fane D505 (k1 + ka2, ks, k) + perm (5.57)

where fupe is the structure constant of the gauge group. These identities as they stand hold
for the scalar and spinor loop unambiguously, but for the gluon loop only if one uses the pinch
techniques, or equivalently the BFM with quantum Feynman gauge. Other gauge fixing of the
gluon will generally lead to more complicated right-hand side involving ghosts. We recall four
gluon amplitude in the level of vertex operators

*dT .
I‘gcal[kl’gl;... ;k4,54} _ (—ig)4/ ?e_mQT/Dxe_fonTixz
0

) (Vi alkr, 1)V lh, 2]V K, 5]V s ea] )
(5.58)
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where

Vg

scal

T
[k,e] = T / dre - (7)) e (™) (5.59)
0

is the gluon vertex operator for scalar loop case. Now we analyze the equation (5.57) for four-
gluon vertex, let us replace a polarization vector with its momentum, i.e. ¢; — k; and see what
happens to the vertex operator

Ti+1 Tit1

. o
dri k; - &(1;) ethia(mi) = —iT“/ dr; 3 ethi-a(m)

Ti

VI alki €] sizhs T“/

1—1 1—1

(5.60)

which under this change, the vertex operator turns to a total derivative respect to 7;. Now let us
specify one of the vertex operators in (5.58) to make this change, for example V7 [k4,e4], and
we consider the normal ordering which is 7, > 70 > 73 > 74,

T3 8
g E4:>k74 a4 ik4~:c(7'4) _ e ale ¥ ik‘4~(l)(7‘4) T4=T3
‘/;cal[k47€4] - —iT 0 dry 0T, e = —iT (e >|T4:Tl

— _Z'Ta4 (eik)zy:ﬂ(Tg) _ 6il€4'$(7‘1)) .
(5.61)

If we plug this vertex operator into (5.58), we get:

€ . . > dr — — 14
Ticarlkr €1+ ik 4] a2he —z(—zg)4tr(T“1T‘12T“3T“4)/ T e mQT/Dxe Jo dr3#?
0

T T1 T2
X{ / dT1€1 . 56(7'1) elklm(ﬁ) / dTQEQ . i‘(Tg) ele'r(TQ) / dT3E3 . i‘(Tg) 61(k3+k4)'z(7—3)
0 0 0

T T1 T2
—/ drey - z(m) ik tka)-z(m) / droes - &(T2) etk2-o(r2) / drses - @(73) e’kS'”(“")} )
0 0 0

(5.62)

If we look at the other orderings (note that we have six inequivalent orderings) for example
Ty > To > T4 > 73 for the same change we get:

< gp )
Tocalki,ens - sk, ea] sazhe —i(—i9)4tr(T“1T’12T“4T“3)/ 76_7”%/1):5 e~ Jo dTd’
0

T . T1 . T2 .
x{ / drier - @(71) e'hre(n) / draes - (7o) gilkatha)z(rs) / drses - £(T3) ethax(7s)
0 0 0

T ) T1 . T2 .
_/ driey - &(m) eZkl.x(Tl)/ droes - &(T2) €zk24x(m)/ drses - ©(73) 6l(k3+k4).m(m)} .
0 0 0

(5.63)
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For these two different orderings if we look at the terms that contain es - i(73)e?(F3 k) =(7s) in
(5.62) and (5.63) and add them up, we get

£ . . e dr _ _ 14
T alkyer; - sk eq “2% —z(—zg)“tr(T‘“T“z[T“,T‘“])/ e m2T/Dxe Jo dr3d?
0

T . Tl . T2 .
X / dT1€1 . i(Tl) elklix(ﬁ) / dT2€2 'l"(TQ) 6“62'35(7—2) / dT3E3 'i‘(Tg) 6Z(k3+k4)'$(7—3) .
0 0 0
(5.64)

Now, if we use [T%, T®] = i fo*°T¢, then (5.64) can be written as

< dT 2
F;Lcal[kla €153 k4, 54] 642k4 (*ig)éltr(TalTaQTc)faBaélc/O ? 67m2T/'D:L‘ e fOT dT%xz

T T1 T2
X / drey - z(m) etkr-a(m) / droes - &(72) etka-o(72) / drses - ©(73) etkatka)a(rs)
0 0 0

(5.65)

The right hand side of (5.65) is proportional to the three-gluon vertex in the following way

Ttk ens - shayea] 25 —ig FOPT35 ky ko, ks + k) - (5.66)

scal cal

Above calculations was for two inequivalent orderings, but if we continue with other orderings
we will get the other permutations in eq. (5.57), which indicates that the four-gluon amplitude
satisfies the Ward identity

RET by = —ig fapeD5ecs (K + ko, ks, ka) + perm. (5.67)

Eq. (5.57) was determined for the off-shell four-gluon vertex after considerable calculations from
the pinched techniques in [216] and since then there is no generalization for the Ward identity
for N-gluon off-shell. In the next Section we will present the generalization of the Ward identity
for N-gluon vertex in our formalism.

5.6.2 Off-shell N-gluon Ward-identity

In this Section we generalize the above Ward identity which was obtained for four-gluon vertex
to NN-gluon vertex, which according to our knowledge is not in the literature. To do so we first
recall N-gluon amplitude in the vertex operator level

*®dT .
Lol Nk, e1s- - sk, en] = (ig)N/ *e_sz/Dx e~ Jo 4% <ngcal[k1,€1] ' "‘/sial[kN?EN]>'
0

T
(5.68)

Now if we replace a polarization of one of the external gluons with its momenta, namely ; — k;
which makes the vertex operator a total derivative as we have discussed above,

Vsial[ki’ei] ik —iT% | etkia(Tit1) _ giki-a(rio1) | (5.69)
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By plug it into eq. (5.68) one gets (for 71 > 75 > -+ > Tn)
e dr
? e—sz
. Ti—2 .
‘/Ime %‘”‘{/‘dﬁsl O L
0

TN -1
/ driy1€i41 - Z(Tiv1) e ikip1@(Tiv1) || / drnen - i‘(TN)e’kN‘x(TN)
0 0

T Ti—2
. ik -x(T . ik; _1-x(Ti_
- d7'1€1 'SC(Tl)B 1 1)/ dTi—lgi—l '17(7'7;_1)6 v 1)
0 0

Lot “Niki,ers- - skn,en] = —i(ig)N tr(T* - - T*- T T+ ... TON) /
0

Ti—1 . TN -1 i
X / ATiv1€iv1 - E(Tit1) eilkithipa) (i) / dTNEN - x'(TN)e”“N'””(TN)} .
0 0
(5.70)

Now if we do the same for other inequivalent orderings which in the case of general N is (N —1)!,
for example for let us do the same change to 71 > 7 > --- 7,41 > 7; > -+ 7n ordering, which
leads to:

dT
T e—sz

o )
/Dxe fo 4x {/ dTlgl i 7_1 ’Lkl x(T) | / dTi—lsi—l .j;(Ti_l)elki—y:t(Tq:—l)

TN—1

/ ATig18i41 - B(Tigr) e Fithir) e (ien). / dryen - @(ry)et v =)
0 0
T . Tioa ,
—/ driey - (71 )e zer(n)._./ dri_1gi_y - &(Ti_q)eFi-re(Tizy)
0 0
Ti—1 ) Tit1 )
% / dTi+15i+1 'i(’l’i+1) elki+1'I(Ti+1)/ dTi+25i+2 'i’(Ti+2) el(ki+l€ri+2)-x(7’i+l)
0 0

TN -1 )
X/ dTN€N'j3(TN)€1kNAI(TN)}.
0

rove

scal

%h&r~Mw&Mazh—WQNUUW“4W”WWT”““TW)/
0

(5.71)

Again by adding the second term of (5.70) and the first term of (5.71) inside the curly brackets
in their lhs, one gets

dT 1
z‘(z'g)Ntr(TalT“2--~[T‘“,T“”1]---T“”)/ T ¢ ""2T/Dxe Jo 54
0
T . Ti—2 .
/ d7'151 . .i?(Tl)elkllm(Tl) e / dTi_p’:‘i_l . i‘(Ti_l)elki_liz(T’:_l)
0 0

Ti—1 TN -1
X / drifigits - #(Tip) /PR ). / dryey - @ (T )N )
0 0
(5.72)

Eq. (5.72) presents N — 1- Vertex operator with a change of the momentum of (i + 1) vertex
operator which modifies to V2 [k; + ki+1,€i4+1]. Again by using [T¢,T%] = iT¢f¢, eq. (5.72)
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can be written as

< dT )
—ig (ig)N—lfaiai+1c tr(Tmsz LT TaN) / ? e_sz/Dq; - foT 142
0

X<Vs'((]:a1[k1»51] VI R+ ki, giga] - Vs'zal[kN75N]> .
(5.73)

If we consider all inequivalent orderings of the external gluons, and considering the same change
for all of them (g; — k;), we obtain the change of the other vertex operators. In general one can
write down the Ward identity for IV off-shell gluon as

k?lrzllllltzz.'.‘.flltNN = 7igfa1azcrca3a4maN [kl + k2; kBa T 7kN] + perm, (574)

H2pts N
As one can see in (5.73) beside of the structure constant f?*° we have the trace over N — 1 color-

matrices which can be written in term of totally symmetric and antisymmetric trace structures,
see [217], for example

1
tr(TTPT) = d*%° + 3 fabe, (5.75)

where d®¢ is the case of n = 3 of the more general totally symmetric trace structure, summed
over all n! permutations P(a; - - ay),

1
dal"'an — g Z tr(Ta(Ul) e Tu‘(lfn)) . (576)

" oeP(ar---an)
As another example one can decompose the trace of four color-matrix as

1
tr(TaTchTd) _ dabcd + (fbcedead o fadedebc) o 8(fu,defebc o fabefecd) ) (577)

N

5.7 Form factors of the off-shell four-gluon vertex

In this Section we present the final structure of the off-shell four-gluon vertex for the scalar case
in the Q-representation. As we know the boundary terms reprint the two- and three- gluon vertex
and from Chapter 4 they have just five form factors which are known from our calculations in
Chapter 4. So the non-trivial part of the form factors of the off-shell four- gluon at one-loop
come from the bulk term, what we called @4 in the @Q-representation. A nice way to see the
real different structures from @4 is drawing some diagrams and show them in a diagrammatic
way. Since we are in the non-abelian theory and since we have ordered integrals and also color
ordering for the external gluons the number of different integrals in (5.37) for scalar loop are
more than abelian case. In the abelian case all the integral-variables u; run from 0 to 1 and they
are not ordered since we deal with photons. But here we have different story and we should take
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care of these orderings. We recall the Q)4 polynomials as

Q1 = Qi+Qi+Qi—QF,

Q1 = G(1234) + G(1243) + G(1324),
Q3 = G(123)T(4) + G(234)T(1) + G(341)T(2) + G(412)T(3),
QF = G2)T(34) + G(13)T(24) + G(14)T(23),
+G(23)T(14) + G(24)T(13) 4+ G(34)T(12),
2 = G12)G(34) + G(13)G(24) + G(14)G(23) .

(5.78)

To start and to find the number of different integrals we begin with Q%, we have three diagrams
for this polynomial which are shown in Fig. 5.7, Fig. 5.8 and Fig. 5.9. They represent the
following parameter integrals (after rescaling 7, = Tu;)

1 ul uz us . . . .
/ du1/ duz/ du3/ dusGB12G B23GB34GBat
0 0 0 0
1 Ul u2 us3 . . . .
/ dul/ dUQ/ du3/ dusGp12Gp24GRa3sGpsl
0 0 0 0

1 w1 U2 us . . . .
/ dul/ dUQ/ du3/ dusGp13Gp32GB24GBat -
0 0 0 0

Now if we do the following changes of u; variables uq — ug — us — uq — uq (cyclic symmetry)
the last two integrals are the same and they just represent one structure as it is obvious from
Fig. 5.8 and Fig. 5.9, so for Q} we have only two inequivalent structures, we call them planar
and non-planar.

(5.79)

These two diagrams in the scalar loop case can be represented as

g4

(4m) %

1 u u2 usz
X/ dul/ du2/ du3/ dusG p12G 3G p3aGpare’ 2ici Grishiks
0 0 0 0

Qlptan tr(T T2 T T )tr( f1 faf3fa) / ATT3~ % e~m’T
0

(5.80)
g4 o0 D 2
Qlonpian (TN (fufofufs) [ dTTS Ee T
(4m)=z 0
1 Uy u2 u3 . . . .
></ dul/ dUQ/ du3/ dusG p12G p2sG pazG gl 2i<i Griskiks
0 0 0 0
(5.81)
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Figure 5.7: This diagram
correspond to four-cycle

G(1234), we call it Pla-
nar.

-

4 3

Figure 5.8: This diagram
correspond to four-cycle

(G(1243), we call it Non-
planar.

Chapter 5. Form factor decomposition of the off-shell four-gluon vertex

Figure 5.9: This diagram
correspond to four-cycle

G(1324), we call it Non-
planar.

After the performance of the T-integral, they can be written as

4 4 D
= a1 a2 asaq i
Qiplan = amZ tr(T T T*T )tr(f1f2f3f4)F(4 2)
1 U1 u2 us . . . .
></ dul/ duz/ du3/ duy G 12G23G 341G pa _
0 0 0 0 [m2 — Zl<] GBijz . kj]élfi
(5.82)
4
4 = 9 ayrpazasaq . 2
Q4n0n—plan - (471_)% tI‘(T rer*eT )tr(f1f2f4f3)r<4 9 )
1 U1 u2 us . . . .
></ dm/ dUQ/ dU3/ duy Gp12Gp24G13G 31 _
0 0 0 0 (m? =325 Gpighi - ki)™=
(5.83)

In the following we transform our integrals to the Schwinger /Feynman parameter integrals «;,
so we fixe ug = 0 and define

up = axtaxtaz=1-ag,
uy = aztag=1-a; —a,
us = 044:1—041—042—043,

(5.84)

where a1 + as + a3 + ay = 1.
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According to these changes the Green functions and its derivatives can be written as

Gp12 = a2(l—a9) . Gpla=1-2a,,
Gpiz = (aq+oa)(l—a1 —aq) , Gps1=1-— 2(a1 + ay),
Gpia = a1(1—a1) . Gpu=1-2a,
Gpas = oa3(l—a3) . Gpos=1-2a3,
Gpu = (a14a)l—og—a) , Gpou=1-2as+ay),
Gpzs = oyl —oy) . Gpa=1-2ay,
(5.85)
and also the e() can be transformed to
4
Z Gpijki - kj = —aiagki — asasks — azauk; — ajauki — asay(ky + ka)? — arag(ky + ko)?
i<j=1
= —alagk% - a2a3k:§ — 0430441@% - a1a4ki — QiU — i3S,
(5.86)

where s and u are the Mandelstam variables.

Eq. (5.80) and (5.81) in term of a; parameters can be written as

g4

D
Qiplan = (47T)% tf(TalTazTasTa4)F(4 — E)tr(f1f2f3f4)
X /1 ﬁ doy o(1 — Z?:1 ;) (1 —2a1)(1 — 2a)(1 — 2a3) (1 — 2014)

0

)
[m? + araok? + asaskd + asauk? + araaki + asouu + ajazs]i==2

b

i=1
(5.87)
4 g* D
Qhuonpion =~ ? (@ T T (4= 3 ) e(faffafs)
/ 5(1 =30 ) (1 = 200)(1 — 2a3)(1 — 204) (1 — 23 — 204)
m2 + agank? + asaskd + asask? + agauk? + asagu + a1a3s]4’% '
(5.88)

which are two structures from the Q% part of the bulk term.

For Q3 we have two different integers which represent two different form factors as are shown in
Fig. 5.10 and Fig. 5.11 which can be written as

4 g* D
QBplan = (47’()2 tr(Ta1Ta2TasTa4)I‘(4 - i)tr(f1f2f3)(€4 : kl)
/ §(1 =30 i) (1 = 201)(1 — 2a9) (1 — 203)(1 — 20 — 20y)
m2 + a1a2k1 + agang + a3a4k3 + a1a4k4 + agaqu + alags]‘l_% ’
(5.89)
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1 2

4 3
Figure 5.10: This diagram correspond Figure 5.11: This diagram correspond
to G(123)Gpa41e4 - k1, under cyclic per- to G(123)G pa2ey - k2, under cyclic per-
mutation of indices it appears eight mutation of indices it appears four
times, we call it Planar. times, we call it Non-planar.

4 g* D
QBnon—plan = 7( ) tr(TalTazTa%Taz;)F(Zl - E)tr(f1f2f3)(54 : kQ)
/ — S0 a)(1 = 200)(1 — 2a3)(1 — 2a3 — 2a4)(1 — 201 — 2014)
m2 + araok? + asask? + azagk3 + anouk? + asaqu 4+ arags]t— 7

(5.90)

For Q3 we have two different integers which represent two different form factors as are shown in
Fig. 5.10 and Fig. 5.11

For % we have eight different structures which are shown in Fig. 5.12 - Fig. 5.19 those can be
written as
4
2 g D a1 agpas rag
Qaopr = ——L5T (4= 5 )tr(fafa) s - ha) (e - k)T T T
(4m)=z 2

9

/ f[ §(1 =1 i) (1 — 205 — 20)%(1 — 201 (1 — 204)

D
m2 + ajank? + asaskd + azagk’ + arask? + asauu + arazs]iTe

(5.91)
2 g4 D a1 as as ag
QiNrPopp = 7(4%)% F(4 5 )tf(f2f4)(53 ka)(e1 - k)T T T T
4
H 51— ) (1 = 2a3 — 204)2(1 — 2a9) (1 — 20) ’
- m2 + aragk? + asask? + azauk? + araak? + asoqu + oqags]‘l’%
(5.92)
4
D
QZZOPP = (gﬁf‘( )tf(f2f4)( e3)(kg - k)T T2T T
/ 5(1 =30 ) (1 — 203 — 204)2(1 — 201 — 204) (1 — 204)
[m2 + ajank? + asazkd + azagk? + ajask? + asogu + oasgs]t—T
(5.93)
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‘ D
Qiqadj = — (49)2 F(4 — E)tr(flfé)(g?) . kl)(54 . kl)TalTQZTasTa‘l
) 2
X /1 f[ dovs o(1— Z?:1 ;) (1 — 2a2)?(1 — 2a1 — 2a4)(1 — 20r7)
0 =1 z [Mm2 + ayaok? + asaskl + azagk? + arask? + asagu + a1a3s]4*% )
(5.94)
2 g D
Qinpagj = Wr(‘l - E)tr(ﬁfz)(% k1)(eq - k)T T 2T T
X /1 ﬁd 51— o) (1 = 209)2(1 — 20 — 24)(1 — 203 — 2a4)
Q; 7
0 =1 [m? 4+ a1a2/€% + azagkg + a3a4k§ + Ozla4ki + agaqu + a1a38]4_%
(5.95)
: D
Q?LZadj = #F(Zl — E)tr(flfQ)(g4 - k3)(e3 - ky )T T2 o204
) 2
x /1 ﬁda- (1 =2y o) (1 — 2a2)%(1 — 201 — 20u4) (1 — 2014)
o LT [m? + agaok? + asaskd + asauk? + aragk? + asouu + 0410435]4—% )
(5.96)
§ D
QiEadJ = 7#1—‘(4 — 5)1]1‘(]“1]3)(53 . 54)(k4 . kl)TalTaQTa3Ta4
) 2
. /1 ﬁda 6(1 =307 ai)(1 — 209)°(1 — 201) (1 — 204)
0 ;4 C [m? 4+ ajask? + asask? + agaaki + araaki + asogu + 0410433]4*% ;
(5.97)
* D
QiAadj = (49)2 F(4 — 5)tr(flf2)(€3 . 62)(k4 . kl)TalTa2Ta3Ta4
) 2
x/lﬁd 51— a)(1 = 202)2(1 — 201)(1 — 2a3)
Qi
0 i [m2+ onaok? + asaskd + azaukd + arask? + asagu + aragstc 2
(5.98)
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Figure 5.12: This dia-
grams  corresponds  to
G(24)G34Gpaies - kaea -
k1, under cyclic permuta-
tion of indices it appears
four times, we call it

qopp.
1 2
4 3

Figure 5.15: This di-
agram  corresponds  to
G(12)Gp31Gpaies - kiey -
k1, under cyclic permuta-
tion of indices it appears
eight times, we call it
qadj.

Figure 5.18: This di-
agram  corresponds  to
G(12)Gp34Gpaies - €4ka -
k1, under cyclic permuta-
tion of indices it appears
sixteen times, we call it
Eadj.

Figure 5.13: This di-
agram  corresponds  to
G(24)G p34Gpi2es - kaer -
ko, under cyclic permuta-
tion of indices it appears
four times, we call it

NPopp.
1 2
4 3

Figure 5.16: This di-
agram  corresponds  to
G(12)Gp31Gpases - kiey -
ko, under cyclic permuta-
tion of indices it appears

four times, we call it
NPadj.
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4 3

Figure 5.14: This di-
agram  corresponds  to
G(24)Gp13Gpaacr - €3ks -
k4, under cyclic permuta-
tion of indices it appears
sixteen times, we call it

Zopp.
1 2
4 3

Figure 5.17: This di-
agram  corresponds  to
G(12)GpasGpaica - kaes -
k1, under cyclic permuta-
tion of indices it appears

sixteen times, we call it
Zadj.

Figure 5.19: This di-
agram  corresponds  to
G(12)G32Gpai€es - kaey -
k1, under cyclic permuta-
tion of indices it appears

four times, we call it
Aadj.
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4

4

. ) . Figure 5.21: This corresponds to
Figure 5.20: = This corresponds to G(12)G(34), under cyclic permutation

1 4), i 11 i L / . .
g(or?l)-) Gl(azn;’rlt appears once, we call 1t of indices it appears twice, we call it
p ' Planar.

And finally the last part of the bulk term Q%> has two inequivalent integrals that are shown in
Fig. 5.20 and Fig. 5.21 which can be written as

D
tpan = . D F(4 - 5)tr(flf2)tr(f3f4)Ta1T“2T“3T“4

b

14 (1= i) (1 = 2a9)%(1 — 204)?
X/OHdO‘i (1 =375 i) )*( )

_D
[m? + aaok? + asask? + asauk’ + araaki + asauu + ajazs]i==2

i=1
(5.99)

22 g* D
4Non—plan = ) F(4 - *)tr(f1J”fs)‘cr(fzf4)T‘“T“"‘T“?’T“4

(4m)= 2

x/lﬁd 5(1*2?:1 a;)(1 =201 — 204)?(1 — 203 — 204)?

Q; .
0 i1 [m2+ onaok? + asaskd + azaukd + a1k} + asagu + arags]tsE

(5.100)

As a summary, we have shown that the bulk term for the off-shell four-gluon vertex has only
fourteen form-factors which have been shown diagrammatically and also their parameter integral
representations. Note that the bulk term of four gluon vertex is totally finite in D = 4 dimension.

As we have discussed before the boundary terms contribute to the covariantization of the two-and
three-point amplitudes should give five inequivalent parameter integral representations or form
factors since the bulk terms of two- and three-point amplitudes have just five form factors.

For Q3(i[4, k]I) we have just one independent diagram which is shown in Fig. 5.22. The parameter
integral representation for this form factor is written as
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)

(5.101)

4
(Ta1 TaQTaaTa4)F (3 _ g) (f452f3€1 f4<":‘1 f3€2)

D1 i) (1 =201 — 204) (1 — 201) (1 — 2014)

T un)?®
T

X/IHda,
0 ;3

7

4
[m?2 + ay(o + ag)k? + az(ag + ag)s + azaa k2?2

24 and 5.25,

Figure 5.22: This diagram corresponds to Gp13Gp34Gpa1

)

In total for Q3(i — j) and Qext we have three form factors or diagrams, Fig. 5.23
(5.102)

where their parameter integral representations can be written correspondingly as
(TalTazTaSTM)F(?’ - 5)(52f4€1)(53 k1)
V(1 — 201 — 2a4)(1 — 2a1)

4

4
Zz 104Z
a1 + ag)k? + az(ag + az)s + a3a4k2]

T Tang’
14
/1:[ m2+oz4(

tr(T‘“ TazTasTa4)1"(3 — 5) (53f452)( kg)
2

Q3(1—2)
Zz 1 a;)(1 = 2a3 — 2a4)°(1 — 201 — 2a4)

)

(5.103)

g4

T (%

Q3(2—3)
4 .
./ m2 +a4(a2 + az)u+ ai(ag + az)k? + arau ki)~

)

tr(T“lT“2T“3T“4)F(3 - g)tr(fzfg)(é‘l £4)
)1 —2a3)%(1 — 20)
(5.104)

4
4
S(1=20
m?2 + ag(ag + a2)k? + az(ag + az)s + azaqk?]

_ 9
(4m) 7

cht(1_>2)
1 4

doy
X/O 1:1 o
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Figure 5.23: This di- Figure 5.24: This di- Figure 5.25: This di-
agram  corresponds  to agram  corresponds  to agram  corresponds  to
GpB14GBa1GpB3- GB24GBa2G B13- G 23Gp32GB14-

where in the above we used the following exponentials in term of «; parameters for one-pinch
boundary terms

6(1—>2) — eGBZSkS'(kl+k2)+GB24k4'(k1+k2)+GBS4k3'k4 N e—oca(oé1+oc2)s—a4(o¢1+a2)ki—a3a4k§ :
e(2723)  —  Gpiski-(k2+ks)+Gpaaka-(k2t+ks)+Gpraki-ka _y 6*044(0¢2+043)U*011(Oéz+a3)kffa4a1kz :
6(3*>4) — 6G514k1'(k3+k4)+GB24k2'(k3+k4)+G512k1'kz — 6*061(013+oc4)87a2(a3+a4)k§7a1a2kf ,
6(4—>1) _ 6G321k2~(k1+k4)+G331k3~(k1+k4)+G323k2~k3 N e—ag(oq+a4)u—a3(a1+a4)k§—a2a3k§ i

(5.105)

And finally for the double pinched Q3 we have just one form factor, which it is shown in Fig.
5.26 and its parameter integral representation can be written as

4 D
Q%(l — 2,3 — 4) = — g Qtr(TalTQQTaST(M)F(Q — 5) (61 c€3E9 " €4 — €1 " €4E9 -63)

(4m)%
1 4

y / J 5(1 =0 o) (1 — 201 — 20u4)?
a;
0 i [m? + as(ag + ag + a4)s]2—%

)

(5.106)

Figure 5.26: This diagram corresponds to G'B42G'Bg4.
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e(l—>2,3—>4) — 6G323(k1+k2)~(k3+k4) N eag(l—ag)s _ e—(a1a3+a2a3+a3a4)s

b

e(1=42=3)  _ Gpaa(kitka)(ka+ka) _y pou(l—aa)u _ —(cnaatazastagos)u

(5.107)

In this Section we presented the final form factors of the off-shell four-gluon vertex and also the
lower point cases (two and three) diagrammatically as well as their parameter integral repre-
sentations in D-dimension. In the next Section we will discuss off-shell four-gluon vertex in the
N = 4 super Yang-Mills theory.

5.8 Four gluon in N/ = 4 Super Yang-Mills

In this Section we continue our discussionin the off-shell four-gluon vertex but in the N' = 4
super Yang-Mills (here after simply ' =4 SYM). In the following first we make a brief review
on N =4 SYM theory and later we will discuss the four gluon vertex in this theory.

In recent years, tremendous progress has been made towards a more complete understanding
of the scattering amplitude in A/ = 4 SYM [218]. N' =4 SYM is special in that it has more
symmetry than any other gauge theory [219,220]. More than three decades the S-matrix of this
theory has been under study [221]. Numerous discoveries have been made like the application
of the AdS/CFT correspondence [218] to gluon scattering at strong coupling [222], a hidden
dual superconformal symmetry of the planar theory [223], and a dual description of the leading
singularities of the S-matrix as integrals over periods in a Grassmann manifold [224].

The ' = 4 SYM model consists of a gauge field A4,,, four Majorana fermions 1;, three real scalars
X, and three real pseudo-scalars Y,. These fields are in the adjoint representation of a compact
gauge group, G. The Lagrange density of A’ =4 SYM is given by [225]

1 _
L = tr{ — 5EwF" + 6i)%; + D' X, D, X, + D"Y,D,Y,
—igiad; [ Xy, 5] + givs B (Y, )]

+g*22([leXkHXla Xi] + [V, Ya][Y2, Y] + 2[X0, Ya][ X0, Yk])} (5.108)

131



New techniques for off-shell calculations in gauge theory and gravity

where o and 39 are are 4 x 4 matrices given as 2

oo 0 0 —o 0 o3
T ,a? = ,ad = ,
0 o9 o1 0 —o3 0
—’iO'Q 0 0 —iO’g 0 ago
ﬂl = 752 = 763 =
0 102 —iO'Q 0 —00 0
(5.109)
The remarkable fact about the classical Lagrangian of N' = 4 SYM (5.108) is that it is scale
invariance which remains a symmetry of the quantized theory [226], which implies the vanishing
of the B functions to all order in perturbation theory *.
It is understood that the theory is UV finite in perturbation theory [227,228]. As we already

mentioned ' = 4 SYM scattering amplitudes are free of UV divergences, so one may think that,
the one-loop four-gluon amplitudes in A/ = 4 SYM is built out of triangle and box diagrams but
not the bubbles, since they are the source of UV divergences at one-loop level in dimensional
regularization, i.e. D = 4 —2¢. But it turns out that in one-loop N’ = 4 SYM theory the triangle
and bubbles vanish and the above statement is not true. Interestingly if one drops the contri-
butions of O(e) and higher orders, this conclusion even holds for N-gluon scattering amplitude

[229] .

To continue our discussion for the case in hand, the four-gluon off-shell amplitude according to
the above statement where in A/ = 4 SYM the one-loop two- and three- gluon amplitudes vanish
makes our calculation extremely simple. To apply this statement in our case our boundary terms
vanish (since they contribute to the covariantization of the two-and three-point amplitudes), so
what remains is the bulk term. We recall the integral form of @Q'-representation (5.2) which is
(just for Te1T*2T*3T% ordering)

L4129 [ky g5 sky,eq] = (—ig)4tr(Ta1T“2T“3Ta4)/ dT (47T)~P/2e=mT
0
T 4
></ dridrydrs (—i)* Q) eXei<i=1 Gmigkiki
0
(5.110)
where as before the 7-integrals are ordered, and we use Q’-representation in (3.38) where in its

form all cycle factors are explicit and we removed the cycles from the tails, and moreover all the
coefficients in the decomposition turn out to be unity to apply the “Bern-Kosower replacement

200 is the 2 x 2 identity matrix.

3In theoretical physics, specifically quantum field theory, a beta function, 3(g), encodes the dependence of a
coupling parameter, g, on the energy scale, p, of a given physical process described by quantum field theory. It
is defined as B(g) = ng(u)'

41t is now known that this conclusion holds for one-loop N = 4 scattering amplitude with arbitrary external
states.
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rule”. After rescaling and performance of T-integral, it can be written as

1 D
F81a2a3a4[k1751;”';k47€4} — 94717 (TalTazTasTazx)F(Zl_i)
(4m) % ?
/
/dul/ du2/ du?’ m2 o -3
m? — 3 Grijki - kj)* ™2

(5.111)

The bulk term Q’* contains four different structures and we need to consider all of them sepa-
rately. We start with one- and two-tail polynomials, i.e. Qf’ and Qf. For N = 4 in 4-dimension
we have the relation between scalar (I'g), spinor (I'y ) and gluon plus ghost (I'1) satisfy the (4.8)
which we recall again

300+ 20, + T =0. (5.112)
We firs show that the contribution of Q,? and Q2 for N = 4 SYM are zero. To do so we need to

look at these polynomials for all scalar, spinor and gluon (after subtraction of the ghost loop).
For spinor loop

1 D
a1a2a304 . — _ a1 as as ag _
ry hy,ens - s ka,2d] 2g* = —tr(T T2 T T )r<4 2)
o
/dul/ dug/ du3 @4 D
m? =3, ; Gpiki - k)™=
(5.113)
and for gluon loop we have
1 1 D
e _ aj a2 asag _
Tufer, ks s ea, kol 19" = te(T T T T )r(4 2)
o)
/ dul/ dUQ/ du?, 2 Q4 1D -
= 2ic; GBijki - ki)'
(5.114)
Now we look at Qf’ and Q2 for all these three cases, for scalar one
= Q3 = G(123)T(4) + G(234)T(1) + G(341)T(2) + G(412)T(3) . (5.115)
Now, its counterpart for the spinor case Qi would be:
0% = G(123)T(4) + G(230)T (1) + GBANT(2) + G(412)T(3) (5.116)
where
G(Z]kﬁ) = (GBijGBjkGBki — GFijGijGF;Ci)Zg(’L'jk') . (5.117)
For 7y > 17 > 73 > 74 orderings we have
Q3 = (Gp12Gp2sGrar +1)Z5(123)T(4) + (Gp23Gr3aGraz + 1) Z3(234)T(1)
+(Gp3aGpa1Gpis + 1) Z3(341)T(2) + (Gpa1Gp12G paa + 1) Z3(412)T(3) .
(5.118)
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For gluon loop, Q' , is obtained after taking the limit C' — oo, namely

dim =TS 0y 2, Gl = 16,
p=P,A
Jim =T > 0pZ, = -8. (5.119)
p=P,A
Then for Q% we have,
QF = -8 [(GBmGBngBm +2)Z5(123)T(4) + (Gp23Gp3aGpaz + 2) Z5(234)T(1)

+(G334GB41C1'313 + 2)Z3(341)T(2) + (GB41G312G324 + 2)23(412)T(3)] ,
(5.120)
Now if we consider the degrees of freedom in D = 4 for N' =4 SYM, one observes that

3Q% +2(-209) + [ (6] = @4 (5121)

where we substituted (5.115), (5.118) and (5.120), but we should not forget about the ghost
contribution, which as we already mentioned is equal to scalar contribution but with different
sign (—Q%). It means that Q3-contribution of all loop particles vanishes and they satisfy

UG +20 +17 =0. (5.122)
The same argument holds for Qf, which it means scalar, spinor, gluon and ghost contributions
cancel each other because they satisfy
303+ 213 +17 =0. (5.123)
2

Now we look at the other two parts of the bulk term which do not vanish for ' =4 SYM. QZ‘
gives

L= Q1 = G(1234) + G(1243) + G(1324) . (5.124)
The spinor counterpart gives

Qi = (G312GBZ3GB34GB41 + 1)Z4(1234) + (G312G324GB43G331 — 1)Z4(1243)
+(GB13GBB2GB24GB41 - 1)Z4(1324) .

(5.125)
And for gluon case, since
Ch_{nw e T Z Uprég,uM = 32, (5.126)
p=P,A
that leads to
Qi = _8[(GBI2GB23GB34GB41 + 4) Z4(1234) + (GB]QGBQ4GB43G331)Z4(1243)
“"(GB13GBSZGBZ4GB41)Z4(1324)} :
(5.127)
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Note that those indices in four-cycle which do not follow the external orderings do not contribute
to the C' — oo limit. By adding these terms one gets

3Q1 +2(—2Q1) + [ - %(éj{)] = Q4 +42,(1234) + 424(1243) + 42,(1324) , (5.128)

which again by considering the ghost part we get

80+ 204 + 11 = d|tr(Afafafs) + t(fifaffs) + tr(fifafofs)| (5.129)
where we used the fact that Z4(ijkl) = tr(fifj fufi)-
For sz scalar case,
Q2 = Q% = G12)G(34) + G(13)G(24) + G(14)G(23) . (5.130)
Spinor counterpart can be written as

)2 = G12)G(34) + G(12)Z2(34) + G(34) Z5(12) + Z5(12) Z,(34)
+  G(13)G(24) + G(13)Z2(24) + G(24) Z2(13) + Z2(13) Z2(24)
+  G(14)G(23) + G(14)Z2(23) + G(23) Z2(14) + Z2(14) Z2(23) . (5.131)

Since

lim " > 0,2,G7;; =16,

C—o0 Pyij

p=P,A
Jim e TN 0,2,G5,; G5 =0, (5.132)
p=P,A

which means that only the mixed terms contribute, and it leads to

32 = —8{6‘(12)(}’(34) + 2G(12) Z5(34) + 2G(34) Z(12)
+G(13)G(24) + 2G(13) Z5(24) + 2G(24) Z5(13)
+G(14)G(23) + 2G(14) Z5(23) + 2G(23)ZQ(14)} .
(5.133)
Again by adding them, one gets
3Q4 +2(—20Q%) + (—%Qi) = G(12)G(34) + G(13)G(24) + G(14)G(23)

—475(12)Z5(34) — 425(13) Zo(24) — 475(14) Z5(23) .
(5.134)

Note that Zs(ij) = %tr(fl-fj). By taking into account the ghost contribution, (5.134) leads to

ST5% + 20 % + T = — |te(fifo)te(fafa) + tr(fufa)tr(fofa) +tr(fifa)te(fafs)| . (5.135)
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By putting together (5.129) and (5.135) one gets

3(I0 + 6% + 205 +1%) + (M1 + 1) = 4|te(fifofsfa) + tr(fifafafs) + te(fifsfafa)

—itr(f1f2)tf(f3f4) - %tr(flfs)tr(fzﬂ) - itr(f1f4)tr(f2f3) :

As a summary of this Section, we showed that in N' = 4 SYM the one-loop two- and three-gluon
amplitudes vanish (this relates to the conformal invariance and finiteness of the theory). The
one-loop four-gluon vertex is the first non-vanishing one, and it is extremely simple:

all boundary terms cancel out (since they would covariantize the nonexisting lower point ampli-
tudes) and the bulk terms factors [207,208] as

D2t = 4gttr (T T* T3 T4) F., B(1234) 4 non — cyclic permutations, (5.137)
where the whole Lorentz structure is contained in the invariant

Fos = tr(fifafsfa) +tr(fifafafs) +tr(fifsfafs)
—itr(f1f2)tr(f3f4) - %tr(flfii)tr(f2f4) - itr(f1f4)tf(f2f3)7 (5.138)

and B(1234) is the off-shell box integral with momenta ky,- - , k4

1
B(1234) = 7[)/ dT'e™™ TT?’**/ dul/ d’U,Q/ dug €T 2i<i Grishik;

(4m)=
) 1
= T (4—5>/ dul/ dU2/ dus 4—D -
(47)% 0 0 0 (m? =32, Grijki- k) 2
(5.139)

Although this explicit form of the massive off-shell one-loop four-gluon amplitude in N = 4
appears to be totally new, the Lorentz tensor Fy, is well-known to string theorists, since it
appears in the low energy expansion of the effective action of the open superstring; see [217] and
refs therein.

5.9 Conclusion

Among all of the elementary vertices that appear in the QCD Lagrangian, the four-gluon vertex
is the most poorly understood. From the point of view of continuum studies, this fact may be
regarded as a consequence of the rich tensorial structure of this object generated by the presence
of four color and four Lorentz indices. The analytic studies dedicated of this vertex are very
scarce especially at loop orders. From the point of view of lattice simulations, the situation is
simpler, in the sense that, to the best of our knowledge, no simulations of four-gluon vertex have
been performed. Because of these complications and its rich tensorial structure, the number of
form factors is enormous, it is claimed to be around 138 [230], which is out of interests especially
from lattice point of view. In this Chapter as we have shown the bulk term for four-gluon vertex
produces only (in Feynman gauge) fourteen form factors which have been presented in its final
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parameter-integrals. This number is quite surprising and we believe that the other form factors
which have been studies from other authors are not all independent and as we have shown it is
not more than fourteen form factors. In this study we also showed that our four-gluon satisfies
the Ward identity, and we also extract the Ward-identity for any N external gluons which is
very simple and easy to be seen from our method. At the last Section of this Chapter, we have
shown the structure of the off-shell four-gluon vertex in the A/ = 4 SYM, which turns out to be
incredibly simple. The S representation and also complete discussion of the off-shell four-gluon
vertex will be published soon [207].
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Chapter 6

Photon-Graviton amplitude in
worldine formalism

6.1 Introduction

! Newton’s law of gravity is long ranged, and this suggests the existence of a gravity force
mediated by a massless particle called a graviton. In view of the fact that even-spin particle
exchanges are fundamentally attractive, observed universal gravitational attraction selects the
graviton spin to be an even integer. Until now, all observations have supported a spin-2 graviton
picture [231-233]. At present, there does not exist a complete theory of quantum gravity. The
main problem is that Einstein gravity is nonrenormalizable [234,235] because the gravitational
constant G has dimension of inverse mass square. In this respect the theory of gravitation is
more like other nonrenormalizable effective theories such as the Fermi theory of weak interac-
tion. However, Weinberg [236] showed that it is quite impossible to construct a Lorentz- invariant
quantum theory of particles of mass zero and helicity 42 without introducing some sort of gauge
invariance into the theory. It is well known that the classical theory of gravitational radiation in
the linearized version of general relativity has gauge invariance, which is related to the general
covariance of the full theory. To gain further insight concerning the massless spin-2 graviton, we
consider here physical processes at tree-level and one-loop in the context of the linearized gravity
coupled to QED using worldline formulation of QFT.

Among the four fundamental interactions in nature, the gravitational interaction has not yet
been successfully quantized. But the challenge of combining the quantum principle with the ele-
gant theory of general relativity, based on general covariance, has been made ceaselessly. While
the very small gravitational coupling constant might reduce the importance of theoretical and
experimental investigation of quantum gravity, gravity becomes as strong as the other forces
near the Planck scale, and it is believed to be crucial in a consistent description of the birth
of the Universe according to the Big Bang scenario. Furthermore, the successful unification of
electromagnetic and weak interactions in the standard model makes unavoidable the thought
that further unifications might be realized for all other fundamental interactions. During past
decades, developments of supergravity [237] and superstring theories [153] were inspired by the
hope of constructing a consistent unified quantum theory including gravity. In all cases, any
common aspect of gravity and other interactions is very much worth exploring.

IThis Chapter is based on [238-240].
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In recent years, much effort has been devoted to the study of the structure of graviton am-
plitudes. This was largely due to developments in string theory, which led to the prediction
that such amplitudes should be much more closely related to gauge theory amplitudes than one
would suspect by comparing the Lagrangians or Feynman rules of gravitational and gauge the-
ories. Specifically, the KLT relations in string theory imply that graviton amplitudes should
“squares” of gauge theory amplitudes [241,242]. At tree-level there are some classical results
on amplitudes involving gravity [243,244]. The tree-level Compton-type amplitudes involving
gravitons and spin zero, half and one particles were computed [245,2406] to verify another remark-
able factorization property [247] of the graviton-graviton scattering amplitudes in terms of the
photonic Compton amplitudes which will be discussed in the following Sections from worldline
viewpoint. At the level of one (matter) loop, mixed graviton-gauge boson amplitudes that have
been computed are the graviton-photon- photon vertex [248-252], its nonabelian generalization
[253], and the related amplitude for photon-graviton conversion in an external field [254-258].
We believe that new insight into the structural relations between photon and graviton ampli-
tudes might be obtained by studying the N graviton amplitudes involving a massive loop, and
more generally the mixed one-loop graviton-photon amplitudes. This series of studies have been
started by Schubert et.al and the first study on one-loop photon-photon-graviton was obtained
in [75].

In this Chapter we discus the worldline formalism in the presence of external gravitational field.
In the worldline formalism a path integral is used to quantize the worldline coordinates of the
particle. Contrary to the simpler cases of scalar and vector background, external gravity requires
a precise definition of the UV regularization of the path integral [51] as was discussed in the
introduction. In the following we discus this issue and we will present some calculations in tree-
level Compton scattering for photon-graviton in scalar case, we also represent results for the
vacuum polarization diagram (one-loop two graviton). Actually here we report and on-going
study of the one-loop photon-graviton amplitudes, using both effective action and worldline
techniques. The emphasis is on Kawai-Lewellen-Tye-like relations [241]. In 1986 Kawai, Lewellen
and Tye [241] found a relation between tree-level amplitudes in open and closed string theory
which in the field theory limit implies relations between amplitudes in gauge theory and in gravity.
This way at tree-level e.g. graviton scattering amplitudes are expressed by gluon amplitudes.
More precisely, a graviton amplitude can be expressed as a sum of squares of partial color ordered
gluon amplitudes. Schematically, such relations are of the form

(gravity amplitude) ~ (gauge amplitude)?

Their existence is related to the factorization of vertex operators for open and closed strings

yelosed — yopenopen (6.1)

right

In the low-energy effective action this duality leads to drastic simplifications of gravitational
interactions. In more technical terms the absence of interactions of left- and right-moving world-
sheet fields of the closed string allows to factorize any closed string tree-level amplitude into
products of disk amplitudes of left-moving fields and right-moving fields.

For example, at the four and five point level one has [242]
My(1,2,3,4) = —is10A4(1,2,3,4)A4(1,2,4,3),
M5(172,3,4, 5) = i512$34A5(1,2,374,5)145(2,1,4,3,5) +i813324A5(173,2,4, 5)145(3,17472,5),
(6.2)
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where
M, = tree— level graviton amplitudes
A, = tree— level gauge theory amplitudes
sij = (ki+kj)®.

(6.3)

Usually such relations are studied contrasting purely gravitational amplitudes with pure gauge
theory amplitudes (see, however, [259]). In the line of work presented here we more generally
study mixed amplitudes involving both gravitons and photons.

This Chapter is organized as follow: in Section 6.2 for completeness our discussion we present
tadpole and self-energy calculation of graviton which was already studied in [51]. In Section
6.3, we present the results of Graviton-photon-photon amplitude to begin our discussion in the
mixed background which is base on [75]. In the rest of this Chapter we discuss our main work
in photon-graviton amplitudes which concerned the one-graviton- four-photon amplitude in one
loop and also tree-level Compton scattering involving graviton in worldline formalism, and later
we compare our results with the previous studies.

6.2 Omne- and two-point functions at one-loop

We begin with the rather simple one-point function which gives the scalar particle contribution
to the cosmological constant in Fig 6.1.

Figure 6.1: Graviton tadpole

This diagram is just graviton vertex operator (coupling to scalar loop) self contraction, which
produces

> dT —m? Z1 (T g
[lko, c0ltadpotle = / T T/Dfe i Jo drod*(yh | [ko, 20])
0
e dT o (T .
= —anw/ —e_m2T/Dx e il d”f2/ dro((EHd" 4 ata” + b)) ethoTy |
4 o T 0
(6.4)
and after separating out the constant zero mode y*(7) = z# (1) — x), we get
I'[ko, €oltadpole = *550 /°° dfTefszil /deo /T dro((§"9" + a*a” + b’ etko-(Feo))
bl a ole - v .
? 47y T (47T) = 0
(6.5)
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The integration over d”x( gives the momentum delta function (27)” 5% (k), which for simplicity
we factorize together with the polarization tensor £q,,. We use the following Wick contractions

(y"(m) y"(12)) = —C.fB12(71,T2)5W,
(@*(m1) 9" (12)) = Gpi2(71,72)6""

(6.6)
where we recall
2
Ty — T
Gp(ri,m) = [mi—7l - ( T i)
GB(Tl',Tj) = sign(r, —15) — 2@ ,
N 9
GB(Ti,Tj) = 25(7}77}')*?,
(6.7)
which dots are derivatives respect to the first variable. After Wick contraction
) adpole — T e _ T T0,7T0) — T0, T .
0, €0 tadpol i), T (47rT)% ; 0|GB(T0,70 gh(70, 7o
(6.8)
But note that
N 2
G (70, 70) — Ggn(70,70) = —7 (6.9)
By substituting (6.9) in (6.10) and rescale the 7y variable as 79 = T'ug we get
K *dT . 1 !
THY [k adpole = Zom =27 —m T d
[ O»EO]t dpol 5 /0 T e (47TT)% /o UQ
ko, (m2)2 D
= = I'——=). 6.10

As one can see, this tadpole diagram diverges at even dimensions D and must be renormalized.

We now discuss the more interesting two-point function. This is special (for £ = 0) since only
vertices with one graviton are present, see Fig. 6.2. This diagrams contains a Wick contraction

- =N

/
\
k1,61 ’W"\-!\ RAR ky,eo
/

N~

Figure 6.2: Graviton self energy.
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of two graviton vertex operators, which produces

e dr 1
Fself—energy[klagl;k2352] = / 7eim2T D /de0<Vvscal[k1751]Vvs}clal[k2752]>
0 2

T (4nT)

K2 dT 2 1 T T
— V20 —em dr d d
1671 B/ T° (@)% / xo/o Tl/o "

(57" (r)" (72) + @ (r)a” (72) + B (72)e” (m) ) Fr (00D

X (§7(r2)i (72) + a®(m2)a® (72) + b (ra)e () ) et (oot

(6.11)

As before the zero mode integration gives a delta function for momentum conservation, which
we factorize again for notational simplicity. Then the straightforward application of the Wick
contraction theorem, we get the following terms

To)e

72)a? (1) e ¥(T1) gikzy(r2 >

ik:l-y(‘l'l) 6ik}2-y(7’2)>

T~
<
hS
—~
il
~—
<.
N
—~
il
~—
Q
Q
—~

(72)65(7'2) eF1y(m) gikzy(r2 >
(¥ (r)a" (7)™ (ra)i (72) 1 V() et

TQ)&B (7_2) eikl-y(‘rl iko-y(T2

7~
)
=
—~
!
~—
)
—~
il
~—
Q
Q
—~

)Cﬁ(Tz) eikl-y(rl iko-y(T2

~
(=a
=
—~
;j
~—
o)
N
—~
;j
~—
S
Q
—

")

( )
<b”(7'1)0”(7'1):1)&(7'2):1)’8(7-2) ik1-y(T1) etkz y(72)>
TQ)GB (7_2) eikl-y(‘rl iko-y(T2 >

)

<b”(Tl)c”<7.2)ba(7_2)cﬁ(7.2) iky-y(T1) 1k2 y(ra

= (A+B+C+D+E+F+G+H)eV,

= Ggn226’ [GBM(WV + k'EY (2Gp11Gpiz — Ghyy — G2312)] el

= —2Ggn220*" {63115W + k'K (2G511Gp12 — Goyy — GZBI2)] e,
= Ggn110"” [é3225aﬁ + k°k?(2G Ba2Gpi2 — Gy — G2321)} e,

= G116 G g226®? + GE1p(6726"% + W(s”a)} e

- >2Ggh115WGgh225aﬁ]€(‘) ;

= —2Ggn116" [C;’ngé‘w + kKA (2G p2aGpia — Ghon — GBZI)} o,

= |- 2Ggh115ngh225aﬂ] el

= 4 [Ggn11Ggn2ad" 6P — G3,150"75"] V)
(6.12)

(2GB12Gp2s — Gho1 — G2B22)} )

= (12" |Gp126"? + 'k (Gp11Gpas + Gp21GR12 — GpaaGpia — GBHGBZl)] )

= Gp120"? |Gp120"* + K"k (Gp11Gpaz + Gp21Gp12 — Gp2Gpia — GBHGBQI)} ,

+ Gp2nGpia — GpaaGpia — GB11GB21)] )

+ Gp21Gpi2 — GpaaGpia — GBHGBZl)] )

where
A = Ggnd™ _53225% + kKP
B
c =
D = Gp1ad*® :k”kﬂ(GB11GB22
E = Gppd”? :k“ka(GBnGBQQ
F = (Gpod®? :k"k‘”(ZGBllGBm — G311 — Ghio)|
G

= krEVECKP G2311G2322 + Gp11Gp21Gp12Gp22 + GszbaszirnGQBu] :

(6.13)
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And for notational simplicity we have abbreviated e() = e=¢512¥* and Gp;; = Gp(r;,7;) and so
on, and we have used k = k1 = —ko.
By following [51], we define r; = Ell“/Rl{“/aBEQQB where
O
I e S L L
1
Ry = 7 (FRVER? 4 OV URMET - SRR + 5Pk,
ro 1 [z e (o3 v
Ry = (0" KKT 4 6°P k),
rvro 1 v
RE™P = kKRR
(6.14)

while the integrals coming from the quantum mechanical correlation functions are given by (after
rescaling)

1 1
L = / dul/ dus GB (w1, u1) — Ggh(ulaul)) (GB(U%UQ)*Ggh(uz,U2)>67TGB(7“’“2)]C27
0 0
1 1 ,
I, = /dul/ du GB (ug,ug) — Ggh(ul,uQ))e_TGB("l’W)k ,
0 0
1 1 )
I; = / du1/ dusGp(ug, u1)Gp(ur, u2) G p(uy, ug)e”TGB (M uk™
0 0
1 1 . 2 2
I, = / du1/ dus GB (w1, u1) — Ggh(u1,u1)) (GB(UMUQ)) e~ TG (uLua)k”
0 0
1 1 4 R
I5 = / dul/ dUQ GB ul,ug)) €_TGB(u1’u2)k .
0 0

(6.15)

Note that we have used the fact that Gp(u;, u;) = 0.

By the above definitions and integral representations, this diagram can be written as

I<C2 1 > dT 2
Lself—energy (k1,613 k2, €2] = 6 i3 /0 T e T [7‘1]1 +roly — Th?(r3l3 + rals) + T2k47"5]5} .

(6.16)

Translational invariant can be used (as we have used before) to fixe ug = 0 and also u; = w.
Then one obtains the following results by using dimensional regularization when necessary (the
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details of these integrals are presented in Appendix G),

L, = 4/1(13uez_Tkz(“_“2)7
L, = —2(;<:2T—11+4,
o= -,
Is = %4—%([1—4),

(6.17)

At this stage the proper time (T') integral can be carried out at D-dimensional which leads to

> 4T D, . b
/(; m’l"l[l = 4T1F(—E)(P )2,
X dT _ 2 D 2\ 2 -1 2\ 2 D D 2\ 2
/O el = [ < 20(1 - D)) - a(PET(- ) + a0(- 5)(m) B
< dT 2y (1.2 D 5 D1 2\ 2 D Dy 5 D
>~ 4T i D D
| i) = i Dmn —ar- 518,
0 2 -
* dT I D D_ D D
/O mr515(T2k4) = s _214:21“(17 5)(m2)2 ! +12F(75)(P2)2 712F(7—)(m2)2]

From these results, the contribution of Fig. 6.2 for graviton self-energy can be written as

k2 1 D
Pactt—energy b1, €13 2, €2] - = MW{4F(_2) (P2 (1 — s+ 75— ra o 8)
)2
2% 2 D L1
+(m?) % (r2 + 75 + 74 = 3r5)| + K201 = Z)(m) F (g — 21 +2T5)} 7

(6.19)

where we used the expression
1
(P2)* = / du(m? + K (u — )" (6.20)
0

There is one additional diagram to this amplitude which comes from the case & # 0, correspond
to Fig. (6.3) but since this diagram represent a coupling of two graviton with scalar field in the
loop, we do not have a vertex operator for this coupling so what we should do is going back to
the main action which was written in term of the curvature tensor R(x)

o0 T "
I'[g] :_/ %/ Dy e 5" (6.21)
0 P
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kg,£2

k1,61

Figure 6.3: Additional diagram for graviton self-energy.

where the action is defined as

T
1
S[zH] = / dT[ZdE“a’c” +m® +ER(2)], (6.22)
0
where we use the following conventions for the curvature tensors [51]
[V, VIV = R, VP,
RHV = R)\;f\u ’
R = R",>0 onsphere. (6.23)
In a short hand notation the scalar curvature is given by the sum of the following seven terms
1% v 3 1 ro 1 v
R = 00 uv — gt aQQ;W + 1(8a9uu)2 - 5(8#9 )(8119#&) - 1(9# aaguu)Q
(9" 0% 9) (0 gga) — (" 9,w)”, (6.24)

and for this diagram we need the linear and quadratic terms in the expansion around flat space
that read as

R = RW4+R®,
rO = H[@“@"hw o Dh} ,

R® — g2 {h”’/E\hW — 2h79, (aahau _ %&/h) — (80%,1# — %(%h)Q,

3 2 1 12 N1}
+ﬂ%m»_§@@MWh ﬂ,
(6.25)

where we recall that xhy, = gu — 0, and h = §*”hy,,. Since in this Chapter we consider
amplitudes in tree-level and one-loop which contains an emission or absorption of only one
graviton £ = 0, we do not go further in the detail of this calculation. The strategy would be the
following: without talking about vertex operators, by inserting for the metric a sums of N planes
waves directly into the worldline action (6.22), expanding the worldline action that contains R
as well, and then expanding the exponential of the worldline action, keeping at the end only
the term proportional to the N plane waves of interest. This produces all the terms for the
calculation of the N-graviton correlation function which here would be just N = 2. For more
detail see [51].
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6.3 Graviton-photon-photon amplitude

As was discussed in the Introduction 6.1, the photon-graviton amplitudes have been investigated
in recent years recently, the main objective are KLT-type relations between amplitudes involving
one-graviton on one side, and N photons on the other.

We believe that new insight into the structural relations between photon and graviton amplitudes
might be obtained by studying the N graviton amplitudes involving a massive loop, and more
generally the mixed one-loop graviton-photon amplitudes. This series of studies have been started
by Schubert et.al and the first study on one-loop photon-photon-graviton was obtained in [75].
In this Section we present their final result for completeness. This amplitude is shown in Fig.
6.4 where the single wavy lines represent the external photons and double wavy line the external
graviton.

L
kﬂ:Eq.

&
fﬁg,Ez

Figure 6.4: Photon-photon-graviton.

Here we just represent the result which was obtained in [75] for both scalar and spinor loop
cases for this amplitude. In this case it is actually simplest to use the corresponding low-energy
effective Lagrangian [248,260)].

62 1 {07 1% 1% (03 o
Lilga:ly = 180(47r)2m2 |:15(§ - E)RFiy - QR,“,F# F a R;wa,BF'u F A + 3(v Fau)2:| )
2
hyy € 2 o ni% v paf « 2
‘Cspin = 7180(47r)2m2 {5RFW —26R,,, F*“F"\ + 2R, ,apF* F" 4+ 24(VF,,,) } ,

(6.26)

Using, as is usual, gravitons that are helicity eigenstates and factorize into vector polarizations,

o (ko) = €4, (ko)eg, (ko), €0 (ko) = eq, (Ko)eg, (ko) ,
(6.27)

one finds that the only non-vanishing components of the on-shell amplitude are the ones where
all helicities are equal,

2 2
AGEHD R 09121092 A=) B 0120092
sSpin 90(471')27712[ ] [ ] ? spin 90(47T)2m2< > < > )
Ranathn i+t - it A
gpin ) = _2A§ca1 ) ) Agpin ) = -2 Agcal ) : (628)
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Here we have used the standard spinor helicity notation [139,173]. Comparison with the low-
energy limits of the four-photon amplitudes [140] one indeed finds a KLT-like relation, that is,
effectively the graviton has factored into two photons.

6.4 One-graviton four-photon amplitude

We are now working on the one-graviton four-photon amplitude (the one-graviton three-photon
one vanishes for parity reasons). Although the corresponding effective Lagrangians are also avail-
able [261], the expressions are already quite cumbersome, and we prefer here a direct calculation
starting from the worldline expression,

(k)V!

scal

(ko) V!

scal

(k3)V)

<dr _,. _1 [T
Fh,4'y _ /(; e 2T/D£L’€ 411.[0 2<V:éal(k0)vry scal(k4)>7

scal T scal

k(ie)? dT _ 2y 1 /T
= Y e el —— & | dndndnd
1 Eou €1 52,@837/0 T e (471—T)% . ToaT1AT2AT3

([t () (r0) + @™ (r0)a (7o) + ¥ (e ()] ko 20(m)[(i5 a1 () (3 eiberaa(ra)) (3 eiks-astra)) )

(6.29)

where we have used the following photon and graviton vertex operators for scalar case

T
VsZal[k,é} = iegu/ dT.,i.lL eika’r’
0
T
Veulbo ol = 7260#”/ dT[W(T)iu(T)Jra”(T)aV(T)+b”(T)cV(7) ethorzo - (6.30)
0

However, (6.29) comes from the effective action and thus represents only the the one-particle
irreducible part of the amplitude. Contrary to the above three-point case, the five point amplitude
has already reducible contribution Fig 6.5

LR

\‘vw

A

Figure 6.5: One-graviton four-photon amplitude.

——
-

Thus, it will be important to find out how to combine the irreducible and reducible diagrams in

an algebraically nice way; for a short report see [238]. This problem has been studied at tree-level
by various authors [243-245], and remarkable results were found for the sum of diagrams in the
case of gravitational Compton scattering [246,247]. However, we are not aware of similar studies

at the one-loop level. To address this issue in the worldline formalism we first should learn more
about how to compare Feynman diagram and worldline calculations in quantum gravity. We are
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in the process of doing this. In the following Section we use worldline formalism to find a nice
factorization for tree-level Compton scattering which contains irreducible and reducible diagrams
but at tree-level as Fig. 6.5 and to combine them in an efficient way which has been done before
in a different way in [246,247]. This work is an ingoing project [239].

6.5 Worldline representation of the Compton scattering
for scalar case

In Section 1.3, we studied worldline formalism in curved space-time at one-loop, and we con-
structed the graviton vertex operator and its Green function for one-loop calculations.

In this Section we will calculate the gravitational Compton scattering for scalar particle, so for
this calculation we will discuses worldline representation of open-line and its propagator in the
gravitational background.

We want to describe the propagation of a scalar particle in gravity, which is given by (1.95). The
propagator is represented by

1 T z(T)=x . . e s =
0 0)) = =——= dT D -Jo dT[ZgW(x)x ¥ +m +§R]
0u@0al0) = grmarer= ), [ e
T z(T)=x X )
- / ar / DaDaDbDee™ Jo ar[oun () (83 +ara" 40 c") +m?+€R]
0 z(0)=y
(6.31)

which describes a propagation of a scalar particle from y to z in the presence of gravity, Fig. 6.6.
We compute the path integral by splitting z#(7) into a background part xﬁg(r), which encodes

————-p——-0
Yy x
Figure 6.6: Propagating a scalar particle from y to z

the boundary condition, and a quantum part which ¢#(7), which has zero Dirichelet boundary
conditions at 7 = 0,T

#(r) = mg(r) +alr),
nalr) = YD
i(r) = T (),
a(0) = ¢(1)=0.

(6.32)
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For future use we record the propagator for ¢ (7) [52]:

(@(m)q"(r2)) = —26""A(r1,72),
(ekr-alm)gikra(ra)y = Zi k(7 =T+ i 2hiki AlmiTy)
Alrm) = T2 —mb(m —m) —mf(n — ) = 2 + I ;T?' _n ;72 ,
2
A, ) = %_T_

(6.33)

In order of x (one-graviton where £ = 0), we set h,, = £,,e**(") in (6.31) and pick the linear
terms in €,,.
In the rest of this Chapter we need the following derivatives of the propagator A,

. T 1 1
A(leTQ) = ?2 5 1gn(7’1 — 7-2) 2 s
o T 1 1
A7) = ?1 55 sign(my — 72) — 3
1
.A.(TI>T2) = T 6(7’1—7’2
(6.34)
and also after rescaling 7; = T'u; we have
— _ |’LL1 - u2‘ U1 + Usg
A(r,12) = TA(ui,ug) = T(ujug + 5 - ),
.A(Tl,7'2> = .A(’U,l,’LLQ)’
A.(T1’7—2) = A.(ulaU/?)a
ope *A*(u , U
A (r1,m) = %
(6.35)

Now, we have the following vertex operator for graviton coupled to a scalar particle (its form is
equivalent to its vertex operator at one-loop in (1.113)),

T
Vialk,e] = —Ze / dr [#(7)i" (7) + a(7)a” (7) + V()" (7) ] 2. (6.36)
0
but with different Green’s function (6.33).

Now, let us show here only the simplest example, namely how to reproduce in the worldline
formalism the basic graviton-scalar-scalar vertex, which is shown in Fig. 6.7.
From (6.31)by setting & = 0,

z(T)=y

(e’ T
(G(@)o(y)) = / dTe T / Dr(r) e~ i aré? / dn(VPolkocol) . (6.37)

z(0)=z 0
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Figure 6.7: Gravity vertex from standard QFT Feynman rules.

by inserting the vertex operator and decompose the z-filed to a classical and quantum parts, one
gets

@0 = e [ dremTede [ ooy DI
T —x ury —x . v
x/o dToeik"'%g(T")<{[yT+q'(7'o)] [yT + 4(70)]
' (my)a (o) + b (ro)e” (7o) fehoa(m) )
(6.38)
where
() = ({2l WDy 4 WD () 4 ()i (o)

+a (1o)a” (7o) + b (7o) (7o) ek i)

= [Tty )+ Ky 2)) D0, 70) — KRS g, o)

0 [ = 2% (o, 70) + 26(70 — 7o) — 48(7o — 7o)] JeA 0TS

(6.39)
Since *A®*(70,70) = 7 — 6(70 — 7o), then
2
—2°A% (70, 70) + 20(70 — 70) = 40(70 — T0) = — % , (6.40)
which is nice since an ill-defined §(0) cancels out by ghost fields. Eq. (6.38) leads to
@@)oW) = —Feom / dre " emar ) / Dy(r) e~} I it
0 q(0)=¢(T)=0
T _ oV — ) 24
[ et (= V=2 Ty )+ kg = ) Ao
0

2
—Akf kg *A* (ug, ug) — T(S‘“’}eA(TO»TO)kg _
(6.41)
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Fourier transforming to momentum space and doing the following changes

(y—z) = o,
Wtz _ (6.42)
2
and also
.y a .1
iz’ -a _ s Y ix'-a
T = Zaaﬂ e ,
a = p2+koug,
(6.43)
then, one gets
K DD D 1 o —m2T _z’? _D
(p(p1)o(p2)) = —Zaow(zw) §P(p1 +pa + ko) | dPx dTe e~ (47T) "2
0

! 1 02 0 0
d ——— —2(kf — + k¥ =—)°A
></0 uo{ T da,0a, ( 0 da, + o 8au) (0, o)
—ATEPEE A (ug, ug) — 25“"}6““07“0”3 el

(6.44)

Note that, the z'-integral is Gaussian and gives

2

/de’eiI/'“_% = (4nT)7e T (6.45)

Eq. (6.44) can be written as

R

[e'S) 2 1
(@(p)e(p2)) = €0 (2) P07 (p1 + pa + ko)/o dTe ™ T/O duyg

4
1 8 o 9 ..
A = Fa e~ 20k g+ K ) "Bluo, wo)
pday v "
—4Tk6‘k5'A2 (up, up) — 25“”}6TA(”0’“0)1€8 e~ Ta*

[ee) 1
= —260;“/(277)1)51)(171 +p2+/€0)/ dTe_sz/ dug
0 0

X {25“” — 4Ta*a” + 8Tkl a” *A(ug, ug) — 4Tkl ks *A* (19, 70) — 26“”}6TA(””’“°)kg_Ta2 )

where
A(ug,ug) = u% —ug ,
. 1
A(UQ,U()) = Ug — 5 .

(6.47)
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Then one can easily get

4Ta"a” + 8Tkl a" *A(ug, up) — 4Tkl k *A* (19, 10) =
—ATphps — Tk kg + 8Tuo (kg ps — kgpy) — ATkgps (6.48)

for transverse and traceless €g,,,, only the first term contributes which finally gives

1 ')
K _ m?2 2 2 . "
(6(p1)d(p2)) = 0 (2m)P6P (p1 + p2 + ko) / dug / AT (AT phply) e~ T [ +03 (05 2k0pa)uo
0 0

4
(4P ph)
m? + p3 + (k3 + 2ko - p2)uo] 2

1
K
= ZeOW(QW)D(SD(m +p2 + ko)/ dug [
0

1
= (QW)D‘SD(pl + p2 + ko)W(HEOWPSPS) (6.49)

pi+m?

This is indeed the correct expression for the vertex [238].

6.5.1 Some cross sections involve graviton

The evaluation of the Compton scattering cross section is a standard exercise in relativistic
quantum mechanics, because gauge invariance together with the zero mass of the photon allows
the results to be presented in terms of simple analytic forms, see for example [262]. Superficially
the same analysis should be applicable to the interaction of graviton. Like photons, such particles
are massless and subject to a gauge invariance, so that similar analytic results for graviton cross
sections can be expected. Also, just as virtual photon exchange leads to a detailed understanding
of electromagnetic interactions between charged systems, a careful treatment of virtual graviton
exchange allows an understanding not just of Newtonian gravity, but also of spin-dependent
phenomena associated with general relativity. However despite this obvious parallel, quantum
mechanic texts do not discuss gravitational interactions in any details. There are at least three
reasons for this situation [240]:

e The graviton is a spin two particle in contrast to the spin one photon, so that the interac-
tion forms are more complex, involving symmetric second rank tensors rather than simple
Lorentz four-vectors.

e There exist few experimental results with which to compare the theoretical calculations.

e To guarantee gauge invariance in some processes we must include, in addition to the usual
Born and seagull diagrams, the contribution from a graviton pole term, which involves a
triple-graviton coupling. This vertex is a sixth rank tensor and contains a multitude of
kinematic forms.

Recently, using powerful string-based techniques, which simplify conventional quantum field
theory calculations, it has been demonstrated that the elastic scattering of gravitons from an
elementary target of arbitrary spin must factorize [242], a feature that had been noted earlier
based on gauge theory arguments [247]. This factorization permits a relatively painless evaluation
of the various graviton amplitudes. In the following we show how this factorization comes about
and evaluate some relevant cross sections.
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a) Electromagnetic Compton scattering

Before treating the case of gravitons it is useful to review photon interactions, because this
familiar formalism can be used as a bridge to our understanding of the gravitational case. For
spin zero, the Compton scattering contains three diagrams, see Fig. 6.8, from left to right, two
Born and a seagull diagrams,

S f v
AEN AT .

\ s Y

¥ Y T Y
Figure 6.8: Diagrams relevant to Compton scattering, s +v — s+ .

These three diagrams are represented by following worldline amplitude,

S z(T)=z i ) T

Dloyiezo) = = [ are ™ [ poe ka8 [ dndr v, eVl 2]
0 z(0)=y 0

(6.50)

where
T .
Vialhe = e [ drivets, (6.51)
is the photon vertex operator coupled to scalar particle.

I the following, we will use the on-shell conditions for the photons from the beginning, but the
scalar legs will be kept off-shell for technical reasons. By inserting the vertex operators and doing
all possible Wick contractions, one gets

T[k1,e1; k2,82] = —62/ dTe~™’Te=7r(y=2)° / DQ(T)e_% Jo drd®
0 q(0)=¢q(T)=0

T ' _ _ u _ v
/ dﬁdee’kl'mbg(Tl)ezkz'xbg(m)%:luszy< {L T i + 4(7’1)} ethra(m) {L T x + 4(7’2)] elk""q(”)>
0

[eS) T
=—¢’ / dTe " T e 7 @) (4 T)~P/2 / drydraehrmos(T)gike moe(72)
0 0

— 2y — ) 2i(y — ) 2y — )’
vy [ WL 2D e 1y ) g ) — 2 (o (11, m)
FRE A (T, 72)) = 2000 (71, 72) — 4% (71, 72) A° (71, Ta)RY Rl [ 22Tk

(6.52)

Here we do on-shell calculation for this conventional Compton scattering, which means k? =
g; - k; = 0, which makes third and fourth terms vanish. What remains is the following from
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(6.52):

e’} T
Tlk1,e1; k2, 62]) = —62/ dTe ™ T e~ 7r(@=y) (471'T)7D/2/ drydryeF1 wos(T1) gikz Tog(72)
0 0

— )y —x)  2i(y —x)* 2i1(y — x)¥
ey [ WL =0 200 oy ) + kA () — 2 on ey )
+EY A (T1,72)) — 20" A% (11, 72) — 4°A(T1, T2) A° (11, T2) kY Kb e2A(rum2)kuks

(6.53)
Now, we first rescale 7, = T'u;, then Fourier transform to momentum space

Llp1, ki;pa, ko] = /dDﬂU/dDyeipl‘x P>V T2, ks y, ko)

[e%e] —m2T —7(!’7'”)2
_ 2 D D, ip1-x ipay i(ki+ks) @ € e 4T
— _ d d P P2y dT
e / 33/ ye e e /O (47TT)D/2

1
/ dulduzTQeiky(y—w)ul eik2~(y—7;)uz |:51 i (y - .’IJ) €2 - (y - SL’)
T2
0

21 . 2i .
—peL (y — ) eg - k1A% (ug,ug) — T (y —x) ey - ko®Alug, ug)
. AN

—2(81 62) T (UL U2) - 4(61 . ]{ZQ)(E-IQ . k1)°A(u1,u2)A'(u1, 'LLQ) CQTA(ul’uz)klvlw .

(6.54)
To do these integrals we do the following change of variables
/ 2 / 2 !
PR N s A (6.55)

2 2 2 ’

which gives unit Jacobian. Our amplitude (6.54) after performing the y’-integral modifies to

—m?2 _a?
mTe T Tiax

(4xT)D/2

e

1 o]
Dlp1, kiipa, ko] = —e2(2n)etd* (p1 +p2 + Ky +k2)/dDz’/ duldug/ dT
0 0
€1 l’/ g9 .’,E/ — 2iT€1 . SC, Eg klA.(Ul, UQ) — 2iT€2 . l‘/ €1 ]CQ'A(’LLl,’LLg)

—QT(El . EQ)'A.(Ul, UQ) — 4T2(€1 . ]CQ)(EQ . k‘l).A(’U,l,UQ)A.(Ul,UQ)} €2TA(u1’u2)k1'k2 5
(6.56)

where

_ p2—p1— ki — ko
a =

5 + kiuy + koug = p2 + kiui + kous (657)

for all external momentum to be incoming . Now let’s do the z’-integral which is Gaussian, for
Gaussian we use

+oo 2 2
2 ™ b b
dPpe— X +2bx (*)%671 e
oo a

(6.58)
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So the z’-integral gives

112 . ’
/de/e—ﬁ-‘rla‘z _ (47TT)%€_T(12 ,
0 —Ta? 2 —Ta?
Sardar = (—2T6,, +4T a,a,)e .

(6.59)

Now, we decompose our amplitude in (6.56) to some sub-amplitudes which I" = Z?:l I';, where
I'; after T-integral give:

1
r, — 262/0 duld’U,Q{ a2 7;2(;?”2);{;1 ka2 + [m? + a2 %;.AU(LZ"ZQ)M < ko)? } ;
= o [ S
= o [ R
1 - £9°A°
ry = 262/0 dulduZ{ m? + 2; —EZQA(&L};AZ;L “ka]? } 7
{

. kgEIg . kl'A(ul, UQ)A.(Ul, UQ) }

s = 8¢ [ duydusi —
5 e Uiauz [m2+a2—2A(u17UQ)k1'k2]3

(6.60)
Now at this step we do the u-integrals and to do so we should consider two different orderings
which are u; > ug and uy > uy. We first look at the denominators for these orderings:
a® = p5 +2ps - (kiur + kaug) + 2k - kauqus,
a? +m?® — 2A(u1,uz)ky - ky = m® + p3 + 2(p2 - ko + k1 - k2)up + 2pa - kruy , ug > up
a2+m2 —2A(U1,U2>k‘1 - ko :m2+p%+2(p2~k‘1 + k1 'kg)ul + 2psg - kous , Uz > uq

€1-a=¢€1 P2+ €1 koug,

€9-a =€z P2 +e-kiuy,

(6.61)
To simplify our calculations in the next Section we consider different orderings.
6.5.2 Two orderings
We define the following scalars as
b1 = 2po-ka+ 2k k2,
a1 = 2ps-ka,
@ = m’+pl, (6.62)
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for uy > us ordering and a half of the delta function contributes here only, i.e.

1
.A.(ul,UQ) =1- ié(ul - UQ) . (663)
The sub-amplitudes can be written as
1 Uy 1
Fl = —26251 '52/ dU1/ dUQ
0 0 (g3 + bruz + crup)?

)

2 ! w €1 'k‘2€2 ']{32+€1 -k;2€2~k1u1 + &1 'k‘g&‘g 'k‘2U2+€1 -]{12€2~k1U1UQ
+8e duq dus 5 3
0 0 (g5 + bruz + crur)

! u1 kier - k -1 koeo - k -1
Iy = —862/ du1/ du2€2 11 Q(U12 )+El 2623 1U2(U1 )7
0 0 (g3 + bruz + crur)
! U kogo - k kogo - K
ry — —862/ dU1/ dufl 22 22U2+€1 2623 1U2U1’
0 0 (5 + bruz + crun)
1 w1 1 ! w S(uy — ug)
r :2625o5/du/du —625~5/du/du ! 2 ,
! B (& + bruz + c1up)? T (43 + bruz + crup)?
1 U1
u2(u1 — 1)
s = +8c% koey-ki | d d .
5 +3€e“eq1 - kogg 1/0 ul/o U2 (q%+b1u2+01u1)3
(6.64)
One can already see some cancelations at this stage, the remaining terms are
) 1 w1 1
ry = 8 - koego - k d d
1 +3e%e1 - Koo 2/0 U1/0 U2 (q§+blu2+61’u1)37
9 1 U 1
Iy = 8 ~kie1 - k d d
2 +3e“eg - k1€ 2/0 u1/0 uz(q§+b1uz+clu1)3
1 Ul
UQ('U;] — 1)
—8625-k5-k/du/ du ,
2 K1€1 - K2 ; 1 ; 2(q§+b1uQ+clul)3
! b 0(uy — u2)
F:—eQE-s/du/du ! )
! e 0 ! 0 2(Q%+b1u2+01u1)2
1 U1
’U,Q(’Uq — 1)
s = +8e%; koo -k d d :
5 +3€e°€1 - koo 1/0 U1/0 u2(q§+b1u2—|—clu1)3
(6.65)
and after u-integrals we find a nice results as
1
Iy = 4eey-koeo-k ,
' P g (et ad) (b e+ d)
1
Iy = 4eeq-kier-k ,
’ CN Gt ) (bt e+ ad)
E1 €2
Iy = —e2———= .
4 q%(b1 + +q§)
(6.66)
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Since we have amputated the external propagators at the beginning of our calculation, we should
recover them by multiply the final results with scalar propagators (p? + m?), so we get

2 2
21 2 2 419> 2 1
q;T1q5 = 4de®ey-koeo -k =de“eq1 - koeg - ko ——+
s PPt @) o+ i) P et a)
(6.67)
where we have used ¢7 = by + ¢ + ¢3.
Now if we go on-shell for scalar external legs (¢? = p? + m? = —m? + m? = 0) we end up with
2
2 2 eser - k‘gfg . k‘g
¢l = 2———,
1 p2 - k1
2
2 ) €7Eg - k‘151 . k‘g
¢il2gy = 2———,
1 p2 - k1
GiTags = —€’e1-e9,
(6.68)
which is for u; > us ordering.
Other ordering us > u; in the same way produces
e2eq - kies - k
G(T1+Ts)gy = —2————2
p2 - ko
(I%Fzﬂ]% = —6251 “€2.
(6.69)
Now to get the final result for Compton scattering Fig. 6.8 we add (6.68) and (6.69),
51'k2€2'1€1 61-k1€2~k2
A ompton,worldline — =-2 2( : ) . 6.70
Compton,worldline (7S — 7S) e“ler-ea+ o ey + b2 2 ( )
To compare with the result from [247], we need to switch the signs of two external legs (p2 and

k1) to make them outgoing to see a perfect match between (6.70) and the one from [247].

b) Graviton photonproduction

As we have mentioned in the introduction, several graviton interaction processes have been
studied previously. The gravitational Compton scattering (ge — ge) and the graviton photon-
production (ye — ~g) were considered in the lowest order Born approximation in Refs. [263,264].
The cross sections of two annihilation processes ee — gv and eé — gg were calculated in [265].
Also, first-order cross sections for the processes such as ge — e, bremsstrahlung, and eé-pair
production by graviton in the Coulomb field were calculated [266]. But all these calculations
do not agree with the results of Voronov [267]. According to the statement of Weinberg that
was mentioned in the introduction 6.1, it is crucial to maintain general covariance in the theory
that one should introduce gravitational gauge invariance on determining the interaction La-
grangian. Following that point of view, Choi et al. in [247] utilize the same Lagrangian as in
[267]. In their work it is found that the gravitational gauge invariance forces a graviton inter-
action with a charged fermion and photon to have its transition amplitude factorized into an
energy-momentum-dependent part and a spin- or polarization-dependent part. On the other
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hand, similar factorization exist in the transition amplitudes of photon because of the U(1)gm
gauge invariance of the theory. In the following, we use the worldline formalism to calculate the
vs — gs (s stands for scalar) process, and we show this factorization for this amplitude which
has been obtained before [246,247]. The Feynman diagrams for the processes under investigation
can be represented as Fig. 6.9.

kp k E ko
k o
P et EN

k! k' £
.-/ \\ .r/ \\ ,"‘pi p2\\

Figure 6.9: Irreducible and reducible diagrams for s + v — s + ¢ scattering, left to right: (a),
(b), (c) and (d).

There is a contact interaction term 6.9(c) and a photon-graviton coupling term 6.9(d) in which
the graviton can couple with a photon without mass but with its energy. Even without 6.9(d)
which we call it v-pole, the transition amplitude is U(1)gy gauge invariant (as we have seen
in electromagnetic Compton scattering Fig. 6.8, but this diagram should be included in order
to ensure gravitational gauge invariance). Note that in the electromagnetic Compton scattering
for QED process Fig. 6.8 (s — f) there is no contact term, due to the Abelian property of
the gauge group U(1)gm, but in the photonproduction case with fermion (vf — gf) we need
the contact or seagull diagram. The existence of a seagull is required by the feature that the
energy-momentum tensor is momentum-dependent and therefore yields contact interactions. In
the following we analyze the scalar case of photonproduction process Fig. 6.9 by using worldline
formalism. First we consider the irreducible part of these diagrams which corresponds to the
first three diagrams (a), (b) and (c). From the worldline formalism for different ordering we can
calculate these diagrams in one go, the amplitude can be written as

o z(T)=y ] T
[z, y; e, &0 = z'/fe/ dTe_m2T/ Dx(T)e_ifoT dm2/ dridra (V] [k, ]V ko, o))
0 z(0)=z 0
(6.71)
where V) [k, €] and V2, [ko, 0] are photon and graviton vertex operators accordingly, coupled

to scalar particles. By inserting these vertex operators we get

Tz, yie el = —ie | dTe ™ Temar(e=u’ / Dy(r)e 4 I ard®
4 Jo q(0)=q(T)=0

T ) . «
/ d,rd,roezk»wbg(‘r)ezko-xbg(m)gago#u< |:y - x 4 q(T):|
0

{[LE i) LS +dlm)] + @ (ro)a” (r0) + V(o) (o) petatrikavatm ),
(6.72)

Note that on-shell, the ghost fields give no contributions to this amplitude so we can eliminate
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them from the beginning. The < e > part, after all Wick contractions gives

<> - [(y*x)a(yff/)”(y*ﬁ)u (y — o) (y — )

- + L= (20 A, 7))
U x);gy =" (i (7)) + M(—zxkﬂk%(m, 7)?)
P iyt (7)) + U (2500 (. 7)
AR KA (0, 1) (0, 7)) + LI (Cagnannn iz, 7)

T
— 4k kG A0, T) A (10, 7)) + 4ik” 0*A® (10, 7)*A(10, T) + 4ikH 6V A® (10, 7)*A(70, T)

+8ikH kY ki *A (1o, 7)% A* (70, 7)} e?A(r0.T)kko
(6.73)

After rescaling (7; = Tw;) and Fourier transform (6.72), it modifies to

_ke(p? +m?)(p3 + m?
Clp1,p2i k€5 ko, colie = —i 1 4)(p2 )(27T)D5D(p1+p2+k+ko)

s e 1
/de'e” 'pZ/ dTe*sze*ﬁ(éhrT)*%/ dudug
0 0

{ (2" - e)(2'go2’)
T3
—AT (e - 2") (keok) A% (ug, u) — 2i(e - ko) (x'e0x") A® (ug, u) — 4(ceoz”) *A® (ug, u)
—8T (g - ko) (keox')*A(ug, u)A® (ug, u) + 8iT (kege) *A® (ug, u)*A(ug, u)
+8iT%(keok) (ko - €) *A(ug, u)? A® (ug, u)}e2Tk°'kA(“°’")"'i(k“"’k‘)“”)‘x/ )

(6.74)

— 4i(e - ') (keoz") *A(uo, u)

By doing the 2’-integral which again is Gaussian, (6.74) can be written as

2 2 2 2 [e’s] 1
Tlpr,pos ko eshiosole = —iie@LEM )Py +m )/ dT/ dudug
0 0

4
{8@' [T(Eeoa) T2z - a) (agoa)] + 4 [4T2 (¢ - a) (keoa) — 2T(eaok)} *A(ug, )

—8iT?(e - a) (keok)*A%(ug, u) + 8T (e - ko) (acoa)A® (ug, u)
—8iT (e20a)®A® (ug, u) — 166172 (s - ko) (keoa)®A(ug, u) A® (ug, u)

+8iT (ss0k) *A® (ug, u)*A(ug, u) + 8iT% (e - ko) (keok)*A(ug, u)? A®(u, u)}
Xe—T(m2+a2—2k0~kA(uo,u)) ,

(6.75)
where a = ps + ku + kouog.

After some cancelation which happens by using the fact that *A®(ug,u) = 1 —6(up — u), the final
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results before T and w integrals simplifies as

[e%s) 1
Tlp1,p2; k,&; ko, €0lir = /ie(pf+m2)(p§+m2)/ dT/ dudug
0 0
x (—2T?) [(g -a) — (& - koA (uo, u))]

X { — 2(kega)*A(ug, u) + (asoa) + (keok)*A? (uo, u)} e T(m*+a’~2ko kA (uo,u))

2
—re(pi +m?)(p3 + m*)ego(py — p2) / dTe™°TT
0

1
. / due_T[szrp%+2p2'(k+ko)u+2ko'ku] .
0
(6.76)
At this stage as electromagnetic Compton scattering we consider two different orderings, first

ug > u which simplifies (6.76) considerably as

Up1,po; ki ko, colir =" —2ke(p? + m?)(p2 +m?)(e - pa) (preop1)

o) 1 u
/ dTT? / du/ dqu—T(WZ-‘rpg-‘r?pQ'ku—?m'kouo)
0 0 0

2 24,2 2y poo 1
_ re(pi +m7)(p5 +m?) / dTemeTT/ du [660@1 —pa)ko -k
0 0

ko -k
Xe—T[m2+p§+2p2~(k+k0)u+2ko~ku]

(6.77)

Now one can perform the integrals, and finally the results would be

wo>u 2ke
Llp1,p2;ik,e5kos €olir = Topy k(E -p2) (p1€op1) — Keseo(p1 — p2)

(6.78)

and for u > wug ordering,

w>uo 2ke
Llp1,p2; k, €5 kos eolie = (¢ - p1) (P2€0p2) -
2p2 - ko

(6.79)

And finally for first three diagrams of Fig. 6.9 (irreducible part), by adding (6.78) and (6.79) we
get

2Ke ( ) ( ) 2Ke
T (e e _
2 - ko D1) (P2€op2 2y - k

(e - p2) (p10p1) — Keeeo(p1 — p2) -
(6.80)

Lp1,p2; k, €5 ko, €0lier

As we mentioned above we need the reducible or v-pole diagram (Fig. 6.9(d)) to get gauge
invariant result. If we decompose the reducible diagram to two parts as Fig. 6.10, we get two
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vertex, one is the coupling of two scalars with photon (ssy) and the other part is the coupling
of one-graviton with two photons (gyv). We know the Feynman rule for the first part and also
according to the worldline formalism it is just a self contraction of a photon vertex operator but
for the second part we should use energy-momentum tensor.

\ ko

Figure 6.10: The reducible diagram can be decomposed to two parts, ssy and gv7.

The first part can be written as
1 o T 2 k/ 2 k‘/QA
Ty = ee, / du / dT[—2T(k’”u+ p§)+2Tk’“'A(u,u)]e* (M7 (K usdp2) =k Auu)
0 0

1 o0
— —26/ du/ dTT |:€/ . (p2 + lk/)i| e_T[m2+p§+(2p2-k’+k/2)u]
2
0 0

1 &S]
N e/ du/ dTT |:€/ : (pl _pg)] eiT[m2+p§+(2p2.k/+k/2)u] .
0 0
(6.81)

Note that k2 # 0 because it is an off-shell photon.

And for the other part of this diagram, we use the following definition of energy-momentum
tensor [250]

1
THY = FrOE, Y — ZFagFaﬁn“” : (6.82)

By coupling energy-momentum tensor (T*¥) to graviton h,, and using the fact that ht =0
(on-shell), we get
Ty = hyy TH = —2 [(kgok') (e-€) — (keoe') (e - K) — (seok’)(e' - k) + (ceoe’) (k - k')} .
(6.83)
apB

Now we have everything to calculate the v-pole, by using the Feynman gauge (¢'“¢’® — =1,
we can put these two parts together again to get

),

1
Fred — eﬁ;(p% + m2)(p% + m2> / du /00 dTTe—T[YrLQ+p§+2p2~(k+k0)u+2ko~ku]
2ko - k 0 0
x| (keok) 2 - (pr = p2) = keo(p1 — pa)(e - ko) — (ecok) i (p1 = p2) + eo(pr = p2) (k - ko)

(6.84)
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Now after performing the T and u-integrals, (6.84) can be written as

er
%o - k

Irea (keok) e - (p1 — p2) — keo(p1 — p2)(e - ko) — (egok) k- (p1 — p2) + eco(p1 — p2)(k - ko)} :

(6.85)

Summary and comparison with previous studies

As a summary for this Section, we put the irreducible and reducible diagrams together to be
able to compare with previous studies,

F[p17p2; ka &; kO) 60]75—>gs = 1_‘irr + 1_‘red
= (e p1) (p2cop2) — ——— (e - p2) (preops) — Keceo(p1 — p2)
= ok P1) (P2€op2 ko Pp2) \P1€opP1 olP1 — P2
er
+ (keok) e - (p1 — p2) — keo(p1 — p2)(€ - ko)
%o - k

—(eeok)(p1 — p2) - k + eeo(p1 — p2) (ko - k‘)} :
(6.86)

We are missing a factor of two, but presently are still looking for an explanation. Our result
from the worldline formalism beside of this factor of two, and by considering the outgoing or
ingoing particles (since in our calculation all particles are ingoing) we have a perfect match with
previous studies [240].

Another nice property of this amplitude is the factorization property. By adding these four
diagrams Fig. 6.9 we find (after considerable but simple algebra) a remarkably simple result

F[plap% k7 5;k07 50]75—)5]5 =2H ACompton,worldline(’ys — 75) ) (687)

where Acompton,worldline 1S What we have calculated in Section 6.5.1 which was

-k2€2 . kl ISy k1€2 . kg
A ompton,worldline =-2 2( . £l 6.88
Compton,worldline(7S —* YS) e“le1-e2+ o + P ) (6.88)
and
_ K (0 p2)(ko - p1) — (€0 - p1)(ko - p2) (6.89)

746 kko ’

which is compatible with previous studies related to the factorization property of this scattering
amplitude [246,247]. This worldline representation of Compton scattering is in progress, the
final results will be presented elsewhere [240)].

6.6 Conclusions
In this Chapter we have discussed the worldline formalism for a scalar particle coupled to a

gravitational background. Using an UV regularization one can see how the results expected from
QFT follow unambiguously. Our main goal was the KLT type relation for one-loop calculation
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in a mixed electromagnetic and gravitational background. In this way, we first presented the
gravitational tadpole and self energy diagrams which have been obtained in [51]. Then we
presented the photon-photon-graviton amplitude (on-shell) which has been calculated in [75],
and after that we discussed our main object which is one-graviton four-photon amplitude at one-
loop. This amplitude contains two diagrams, (Fig. 6.29), which from the worldline formalism and
spinor helicity we know how deal with the irreducible one, but the reducible one needs more effort,
and also we need to combine these two contributions in nice way through the worldline formalism,
this part of our goal is in progress. After discussing the one-loop amplitude we discussed some
tree-level calculations including graviton. At first to compare our method with conventional
QFT calculations we have derived the electromagnetic Compton scattering (y + s — v + s) for
the scalar case. Our result is in agreement with the previous studies. And finally we calculated
the photonproduction amplitude (y + s — g + s) which graviton is in final state, and again
we have an agreement with previous results by other authors. The win reason to study the
tree-level diagrams especially the photonproduction was to extract the factorization property
of this diagrams from the worldline formalism because we are faced with the same situation
but in one-loop order for our five-point calculation. As we have seen in the last part, by this
factorization one can arrange the diagrams in a way to just forget about the reducible diagram
which is very interesting property and might help us in our main project. The gravitational
Compton scattering is also in progress, the irreducible part of this case contains two Born and
one seagull diagrams which contains a vertex with two-graviton and its reducible part has a
diagram with a coupling of three-gravitons (gravitonproduction). This case needs more work.

164



Appendix A

Conventions

We work with the (— + ++) metric. The non-abelian covariant derivative is D, = 0, +igA}T?,
with [T¢,T°] = ifeb°Tc. The adjoint representation is given by (7%)* = —if*¢. The normal-
ization of the generators is tr(T°T%) = C(r)§°®, where for SU(N) one has C(N) = 1 for the
fundamental and C(G) = N for the adjoint representation. We also work with the natural units
h=c=1.
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Appendix B

Quantum mechanical path
integral

In this appendix which is closely following the [268], we briefly discuss quantum mechanical path
integral.

B.1 Path integral representation of quantum mechanical
transition amplitude for non-relativistic bosonic par-
ticle

The quantum-mechanical transition amplitude for a time-dependent Hamiltonian operator is
given by (in natural units where h =c = 1) !

K(z,2';t) = (z]e"|2’) = (x,t|2’,0),

(B.1)
K(z,2';0) = 6(z—1'), (B.2)

and describes the evaluation of the wave function from time 0 to time t
Pz, t) = /dx’K(x,x';t)i/)(x’,O), (B.3)

and satisfies the Schrodinger equation

i K (z,2';t) = HK (z,2';t) , (B.4)
with H being the Hamiltonian operator in coordinate representation; for a non-relativistic par-
ticle on a line where we have H = —Qh—mj? + V(). In particular, for a free particle V' = 0, it is

easy to solve the Schrodinger equation (B.4) with boundary condition (B.2). One obtains

Kp(w, 2% 1) = Np(1)eiSa@as) (B.5)

LA generalization to time-dependent Hamiltonian H(t) can be obtained with the replacement e~ *H —

’Te_ifot dTH(T) and Te being a time-ordered exponential.
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with
m
Ng(t) = —
) it
m(x —a')?
Sq = B.6
! 5 (B.6)
Now we are ready to derive the path integral representation of evolution kernel
K(@',23t) = (@f]e"t/2) (B7)

In order to introduce the path integral we “slice” the evaluation operator in (B.7) by defining
e = t/N and insert N — 1 decomposition of unity in terms of position eigenstates 1 = [ |z)(x|;
namely

K(:L',l’/; t) — <x|67ieHH67ieH L. 677;6H|:1:,/>
N—-1 N—-1
= [ (T o) tavle o) [T Gasle™ s
i=1 j=1

(B.8)

with 2y = z and 29 = 2’. We now insert N spectral decomposition of unity in term of momentum
eigenstates 1 = [ 2Z|p)(p| to get

N-1 N dp '
Kait) = [ (T dos) (TL 52 tanle™ on) o lon-)
™
i=1 k=1
N-1
x H (@jle™ M |p;) (pjlzj-1) -
Jj=1
(B.9)
For large N, assuming H =T +V = % + V(q), we can use the “Trotter formula” [269]
) N . ) N . ) N
(6—16H> — (e—zeve—leT + O(l/NQ)) ~ (e—zeve—zeT) ,
(B.10)

that allows to replace e~/ with e~*Ve =T in (B.9), so that one gets (z|e ~*“H |p;) a elizapi—icH (@)
with (z|p) = e"”P. Hence

N-1 N dp N S
K(z,2z';t) = /( dxi)( T;)exp{iZe(pj%]_l —H(xj,pj))}
i=1 k=1 J=1
, (B.11)
where
2
pA
H(z;,p;) = ﬁ +V(zj), (B.12)

168



Appendiz B. Quantum mechanical path integral

is the Hamiltonian function. In large N limit we can formally write the latter as

z(t)=z t
K(z,2';t) = / DJ:DpeXp[i/ dT(pa'c—H(x,p))],
z(0)=xz' 0
Dx = H dx(7),
o<r<t
pp = [ o).
o<r<t

(B.13)
that is referred to as Feynman-Kac formula or “phase-space path integral”. Alternatively, mo-

menta can be integrated out in (B.9) as they are (analytic continuation of) gaussian integrals.
Completing the square one get

K(z,2';t) = / (Ihldaci>(2:;€

N
¥ exp [i;e(w —EE V()

(B.14)

which can be written as
z(t)=x ]
K(z,2';t) = / DS (B.15)
z(0)=xz’

with

Sla(r)] = /Ot dT(%sc? - V(x(T))) . (B.16)

Expression (B.15) is referred to as “configuration pace integral” and is interpreted as a functional
integral over trajectories with boundary condition z(0) = 2’ and z(7) = x.

B.1.1 Wick rotation to Euclidean time

As we already mentioned path integrals were born in statistical physics. In fact we can easily
obtain the particle partition function from (B.15) by, (a) “Wick rotating” time to imaginary
time, namely it = 8 = # (where 6 is the temperature) and (b) taking the trace

Z(B) = tre M= /dx(x\e*mﬂm) = /de(x,x;—iB) = Dy e el
PBC
(B.17)
where the Euclidean action
B m
Sp(a(r)) = / ar(5d* + V(a(r)). (B.18)
0

has been obtained by Wick rotating the worldline time i7 — 7, and PBC stands for periodic
boundary conditions and means that the path integral is taken over all closed paths.
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B.2 The free particle path integral and its partition func-
tion

We consider the path integral (B.15) for a special case of a free particle, i.e V=0 . For simplicity
we consider a particle confined on a line and rescale the worldline time 7 — T'u in such a way
the free action and boundary conditions turn into [268]

sf[x(r)]:%/o dui? | 2(0) =2 , 2(1) =z, (B.19)

where 2/ and x are two points on the line and subscript f stands for free. We decompose (1)
to the classical (x.(7)) and quantum part (¢(7)) with the following boundary condition

z(r) = wa(r)+q(7)
za(r) = 4+ @-a)r=z+@" —2)(1-7) , ¢0)=q(1)=0,
(B.20)
and the above action reads as
m ! .2 9 o m n2 M ! )
S¢lra+4q] = 5T ; du( + ¢° + 2&aq) = ﬁ(x—x) + 5T ; dug”,
= Sylzal + Syld],
(B.21)

where the mixed term identically vanishes due to equation of motion and boundary conditions.
The path integral can thus be written as

q(1)=0 q(1)=0
DqeiSslaw] _ gigh(o=a')? / Dy ei# Iy dud? |

&mﬁﬂzﬁwv
q(0)=0

q(0)=0
(B.22)

By comparison to (B.5) and (B.6), for free particle one obtains

q(1)=0 L
/ Dge'st o dug® _ n (B.23)
q(0)=0 2miT

Now one can expand ¢(u) on a basis of a function which satisfies Dirichlet boundary condition,

q(u) = Z @n sin(nmu) , (B.24)
n=1

where g, are arbitrary real coefficients. We can now define the measure as

mn2m

T (B.25)

Dg=A ﬁ dgn
n=1
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with A an unknown coefficient

2()=0 ; 1 g2 o mn?m 2
D igx [o dug® _ A/ dqp P45 3, (mngn) —A B.2
/q@_o qei# [y " , (B.26)

which by comparison with (B.23), A reads

m
A=\|50m. (B.27)

This result can easily be generalized to D space dimensions where

S}

q(1)=0 . )
A:/ Dqei#r Jo dud® — (7 (B.28)
q

(0)=0 2T

Equation (B.25) allows to use the so-called mode regularization to commute more generic par-
ticle path integrals where interaction terms may introduce computational ambiguity. Namely:
whenever an ambiguity appears one can always rely on the mode expansion truncated at a finite
mode M and then take the large limit at the very end. Other regularization schemes that have
been adopted to such purpose are: time slicing that rely on the well-defined expression for the
path integral as multiple slices (what we have done in equation B.14), and dimensional regu-
larization that regulates ambiguities by dimensionally extending the worldline, for a review on
three methods one can see [52]. However dimensional regularization is a regularization that only
works in the perturbative approach to the path integral, by regulating single Feynman diagrams

[268].

Let us compute the propagator of a free particle in D-dimensional space

m

200) = [ sk n,i-ip) = () [ aPn = V()

D
2

(B.29)

with V being the spatial volume. One can check if this gives a correct result by considering the
partition function for a free particle which reads as

_gr> 1% 22
Zy(B) = Ze Pim = (2m)D /deeBm” :V(%>
I3

(B.30)

where (27\:) 5 is the “density of state”.

B.2.1 Perturbation theory about free particle solution: Feynman dia-
grams

We now turn our attention to the interacting quantum systems. In the presence of an interaction
or an arbitrary potential the path integral for the transition amplitude is not exactly solvable
but if the potential is small compared to the kinetic term one can us perturbation theory about
the free particle solution that seen above.

In the following we obtain a perturbative expansion for the transition amplitude (B.15) with
action (B.16). As before, we split the arbitrary path in terms of the classical path (with respect to
the free action) and deviation ¢(7), after rescaling the proper time, we can rewrite the amplitude
as
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0 gt v

S Daetd Jo dud®

K(z,2;T) = Np(T)e'#r ==+ (B.31)

We then Taylor expand the potential in the exponent about the classical free solution: this gives
rise to a infinite set of interaction terms

Figure B.1: Feynman diagrams which represent (B.32).

! 1 1
Sint = —T/ du (V(xcl) + VD (za)g + 5‘/(2)(:501%]2 + §V(3)(xcl)q3 + - ) ;
() . .

(B.32)

which term by term it corresponds to the Fig. B.1. Next if we expand the exponential e®int,
what we get are only polynomials in ¢ to be integrated with the path integral weight, in other
words we need to compute expressions like

qu((ol))::o0 Dge'st fo dquQ(ul)q(UQ) - q(un)

D=1 PR
EEE

= (am)ag(uz) -~ (). (B.33)

and the full perturbative path integral can be written as

K@,y T) = Ny(D)ei# om0 (=it [ vzt (B.34)

where the expression < f (q)> are referred to as “correlation function”. In order to compute the

above correlations functions we define and compute the so-called “generating functional”.
The N-point function of a scalar field theory (where T' denotes the time-ordering operator)

0T (1) - ¢(2n)[0) (B.35)
can be computed by the generating functional
Z[j] = (0|Te  4723@)9() ) (B.36)
that is given by the path integral
2[j] = / D ¢S+ [ dPaj(z)o) (B.37)
where the action S[¢] is the action for a relativistic scalar field. So the N-point function (B.35)
is obtained by functional differentiation,i.e.

1 5Y 2[j]

bl = ()N j
OIT¢(x1) - - p(an)|0) = (i) Z[j]5j(x1)(5j($2)"'5j(xN)‘j:0

(B.38)
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Thus, all we need to find is to compute Z[j]. So we have the following generating functional

q(1)=0 1 2 .l . . rl .
Z[j] = /(0) 0 Dgeir Jo dug®+i [y dugj _ Nf(T)<6lf0 dqu>7 (B.39)
q(0)=

in term of this generating functional the correlation function reads

1 5 2]j]

U wg) - -q(uy) ) = ()" - - - . B.40
(atwatea) - alun)) = O 35 53500 3500 o (340
By partially integrating the kinetic term and completing the square we get
i cy—1 . q(1)=0 s 1 12
Z[j]=e2 /P ]/ Dge'#r Jo i (B.41)
q(0)=0

where D! (u,u’), the “propagator ”, is the inverse kinetic operator, with D = 292, such that
D(u, v )D ™ u,u') = §(u — '), (B.42)

in the basis of functions with Dirichlet boundary condition, and

4(u) = qlu) - / J) D (). (B.43)

Now, by defining D! (u,u') = ZA(u,v’), from (B.42) we get
“Au,u’) = d(u—1u), (B.44)

where “dots” on the left (right) means derivatives with respect to u (u’) and the propagator is
defined as

Au,u’) = 0(u —u")(u—1)u" +0(u —u)(u —1)u, (B.45)

which satisfies the following properties

A(u,0) = A(u,1)=0. (B.46)

from which ¢(0) = (1) = 0. Therefore we can shift the integration variable in (B.41) from ¢ to
¢ and get

Z[j] = Np(T)e'zm I T 187, (B.47)
and finally obtain
5” . T A s
e = (1)" i J ST
<q(u1)q(m) q(un)> (4) a5 a5 . (B.48)

In particular:

e correlation functions of an odd number of “fields” vanish.
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- uy 2 »

+
-’
~

...... uy u ¥

Figure B.2: Diagrammatic representation of four fields Wick contraction: (g1¢2¢3q4).

e the two-point function is nothing but the propagator (g(u1)q(us2)) = —L A(uy, us).

e correlation functions of an even number of fields are obtained by all possible contractions
of pairs of fields. For example, for n = 4 we have <Q1QQQ3Q4> = (—i%)Q(AlgAgA +A13A24 +
A14As3) where an obvious shortcut notation has been used. The latter statement is known
as the “Wick theorem”, Fig. B.2.

Noting that each vertex and each propagator carry a power of T'/m we can write the perturbative
expansion as a short-time expansion (or inverse-mass expansion). It is thus not difficult to
convince oneself that the expansion reorganizes as

K(z,2';T) = Ny (T)ei%(f”*wlfexp (Connected diagrams) , (B.49)

where the diagrammatic expansion in the exponent (that is ordered by increasing powers of
T/m) only involves connected diagrams, i.e. diagrams whose vertices are connected by at least
m

one propagator. We recall that Ny(T') = /57 and we can also give yet another representation

for the transition amplitude, the so-called “heat-kernel expansion”
. _ moimo(p—g')? = N
K(x,2";T) = 4/ 57 ¢ T;)an(x,x ), (B.50)

where the terms a,(z,z’) are known as Seeley-DeWitt coefficients. We can thus express such
coefficients in terms of Feynman diagrams and get

ag(z,z’) = 1
a(z,2') = —i/o duV (za(u)),
as(z,2') = %( - i/ol duV(xCl(u)))2 - ﬁ /01 duV'® (zg(u))u(u —1).

(B.51)

Let us now comment on the validity of the expansion: each propagator inserts a power T/m,
therefore for a fixed potential V', the larger the mass, the larger the time for which the expansion
is accurate. In other words for a very massive particle it results quite costy to move away from
the classical path [268].
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Mathematica program for Wick
contractions

Here we present our alternative program for the Wick contractions.
Gli-,j1/5 > §:=Glj,i]

Gpli-, j1/5i > j:= — Gplj, ]

Gppli-,j-1/;i > j:=Gpplj, ]

kron(pi], ulj]l/5i > j:=kron[u[j], u[i]]

perml = Permutations[{1, 2, 3,4, 5,6, 7, 8}];

permm = Sum[z[perm1{[n]][[1]].s{perm1n]][[2]]l elperm{fnl] [3]]lzlperm1{fn]] [4]].
alperm1[n]]{[5]])-alperm1{[n])[/6]l]-e[perm1(nl][[7]]l.clperm1{fml] /8]l {n, 1,8};

contt = z[i].z[j.]] = —GI[i, j]

afiJali] = —Gli, ]

permm] = permm/.contt;

permm?2 = permm//.contt;

remdot = a__b__ — a*xb;

permm3 = permm?2//.remdot;

putkron = G[i_, j-] — gl[i, j] * kron[v[], v[5]]

Gli-j-] = gli, lkron[v[i], v[]]
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GtoGpp = Gli,jJkron[v[i], v[j]]/;i > 4 Aj > 4 — —Gpp[i, j]kron(p[i], u[5]]
GtoGp = {G[i_,jJkron[v[i], v[j]l/5i > 4 A j < 5 — —Gpli, jlkron[v[i], u[4]],
Gli-, jJkron[v[i], v[j]l/5i <5 Aj > 4 — Gp[i, jlkron[v[d], u[5]]}

G, jJkron[v[i], v[j]]/;i > 4&&j > 4 — —Gppli, jlkron(pud], u[4]]

{Gli-,j-Jkron[v[i],v[j.]] /i > 4&&j < 5 — —Gpli, jlkron[v[i], u[j]], G[i-, j-Jkron[v[i-], v[j-]]/5i < 5&&j >
4 — Gplz, jlkron[v[i], u[5]]}

permm6 = permm5//.GtoGpp//.GtoGp;

Gli,i]=0
Gpli_,i] =0
Gppli-,i] =0

0
0

0

permm?7 = permm6/.5 — 1/.6 — 2/.7 — 3/.8 — 4/ .kron[u[i], u[j-]]->KroneckerDelta[u[s], u[5]]/-
kron[v[i], p[j-]]->KroneckerDelta[v[i], u[j]]/ kron[v[i], v[j-]]->KroneckerDelta[v[i], v[j]];

Length[permm?7]

60

AS = permm?7 * F[u1], v[1]] * F[u[2], v[2]] * F[u(3], v[3]] * F[u[4], v[4]]//Expand;
T=1

1

Gli,j] = TAbs[uli] — u[j]] — T(uli] - u[4])"2

Abs[uli] — uls]] — (uli] — u[j])*

Gpli-,j-] = Sign[u[i] — u[j]] — 2(u[i] — u[j])
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Sign[uli] — ul5]] — 2(uli] — u[4])

Gppli-,j-] = (2/T)DiracDelta[u[i] — u[j]] — 2/T

—2 + 2DiracDelta[u[i] — u[4]]

Integrate[AS, {u[1],0, 1}, {u[2],0, 1}, {u[3],0, 1}, {u[4],0, 1}];

AAA = 3B Fu1], v[]|Flu(2], v[2]) Fu(3], v[3]]| Flu(4], v[4]
(KroneckerDelta[u[1], v[2]]KroneckerDelta[[2], v[3]]KroneckerDelta[u[3], v[4]]
KroneckerDelta[u[4], v[1]] -+ KroneckerDelta[u[1], v[2]]KroneckerDelta[u[2], v[4]]
KroneckerDelta[[3], v[1]]KroneckerDelta[u[4], v[3]]+

5KroneckerDelta[u[1], v[2]]KroneckerDelta[u[2], v[1]]KroneckerDelta[u[3], v[4]]
KroneckerDelta[u[4], v[3]] — KroneckerDelta[y[1], ss[4]]KroneckerDelta[u[2], v[3]]
KroneckerDelta[u[3], v[4]]KroneckerDelta[v[1], v[2]| -

KroneckerDelta[u[1], 12[3]]KroneckerDelta[u[2], v[4]]KroneckerDelta[u[4], v[3]]
KroneckerDelta[v[1], v[2]] — 5KroneckerDelta[u[1], u[2]]KroneckerDelta[u[3], (4]
KroneckerDelta[u[4], v[3]]KroneckerDelta[u[1], v[2]] —

KroneckerDelta[u[1], v[2]]KroneckerDelta[u[2], v[4] KroneckerDelta[u[3], u[4]]
KroneckerDelta[[1], v[3]] — KroneckerDelta[u[1], 12[4]]KroneckerDelta[u[2], v[4]]
KroneckerDelta[u[3], v[2]]KroneckerDelta[v[1], v[3]]+

KroneckerDelta[u[1], v[2]]KroneckerDelta[u[2], u[4]| KroneckerDelta[u[3], v[4]]
KroneckerDelta[v[1], #[3]] — 5KroneckerDelta[u[1], u[3]|KroneckerDelta[u[2], [4]]
KroneckerDelta[u[4], v[2]]KroneckerDelta[v[1], v[3]| -

KroneckerDelta[u[1], z2[2]] KroneckerDelta[u[3], v[4]]KroneckerDelta[u[4], v[2]]
KroneckerDelta[v[1], v[3]] — KroneckerDelta[u[1], v[2]]KroneckerDelta[u[2], v[3]]
KroneckerDelta[u[3], [4]KroneckerDelta[v[1], v[4]

5KroneckerDelta[u[1], s[4]]KroneckerDelta[u[2], v[3]|KroneckerDelta[u([3], [2]]
KroneckerDelta[v[1], v[4]] — KroneckerDelta[u[1], 12[3]]KroneckerDelta[u[2], v[3]]
KroneckerDelta[u[4], v[2]]KroneckerDelta[v[1], v[4]]+

KroneckerDelta[[1], v[2]]KroneckerDelta[u[2], ss[3]]KroneckerDeltafu[4], v[3]]
KroneckerDelta[v[1], v[4]] — KroneckerDelta[u([1], u[2]]KroneckerDelta[u[3], v[2]]
KroneckerDelta[u[4], v[3]]KroneckerDelta[v[1], v[4]]+

KroneckerDelta[u[1], [4]]KroneckerDelta[u[2], v[4]| KroneckerDelta[u[3], v[1]]
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KroneckerDelta[v[2], v[3]] + KroneckerDelta[u[1], u[4]]KroneckerDelta[u[2], v[1]]
KroneckerDelta[u[3], v[4]]KroneckerDelta[v[2], v[3]]—

KroneckerDelta[p[1], u[3]]KroneckerDelta[p[2], v[4]]KroneckerDelta[u[4], v[1]]
KroneckerDelta[v[2], v[3]] — KroneckerDelta[p[1], u[2]]KroneckerDelta[p[3], v[4]]
KroneckerDelta[u[4], v[1]]KroneckerDelta[v[2], v[3]]+

5KroneckerDelta[u[1], u[4]]KroneckerDelta[u[2], p[3]]KroneckerDelta[v(1], v[4]]
KroneckerDelta[v[2], v[3]] + KroneckerDelta[p[1], [3]]KroneckerDelta[p[2], [4]]
KroneckerDelta[v[1], v[4]|KroneckerDelta[v[2], v[3]]+

KroneckerDelta[p[1], u[2]]KroneckerDelta[p[3], u[4]]KroneckerDelta[v[1], v[4]]
KroneckerDelta[v[2], v[3]]+

KroneckerDelta[u[1], v[4]]

(—KroneckerDelta[p[2], p[3]]KroneckerDelta[u[4], v[3]]KroneckerDelta[v[1], v[2]]+
KroneckerDelta[u[2], v[3]]

(5KroneckerDelta[u[3], v[2]]KroneckerDelta[u[4], v[1]]+

KroneckerDelta[u[3], v[1]]KroneckerDelta[u[4], v[2]]+

KroneckerDelta[u[3], u[4]]KroneckerDelta[v[1], v[2]])+

KroneckerDelta[p[2], u[4]]KroneckerDelta[y[3], v[2]]KroneckerDelta[v[1], v[3]]—
KroneckerDelta[p[2], u[3]]KroneckerDelta[p[4], v[2]]KroneckerDelta[v[1], v[3]]—
KroneckerDelta[p[2], u[4]]KroneckerDelta[y[3], v[1]]KroneckerDelta[v[2], v[3]]—
5KroneckerDelta[p[2], u[3]]KroneckerDelta[u[4], v[1]]KroneckerDelta[v[2], v[3]]+
KroneckerDelta[p[2], v[1]]

(KroneckerDelta[u[3], v[2]]KroneckerDelta[u[4], v[3]]—

KroneckerDelta[u[3], 1[4]]KroneckerDelta[v[2], v[3]]))—

KroneckerDelta[p[1], u[4]]KroneckerDelta[p[2], v[3]]KroneckerDelta[u[3], v[1]]
KroneckerDelta[v[2], v[4]] + KroneckerDelta[u[1], u[3]]KroneckerDelta[u[2], v[3]]
KroneckerDelta[u[4], v[1]]KroneckerDelta[v[2], v[4]]+

KroneckerDelta[p[1], u[3]]KroneckerDelta[y[2], v[1]]KroneckerDelta[u[4], v[3]]
KroneckerDelta[v[2], v[4]] — KroneckerDelta[u[1], u[2]]KroneckerDelta[u([3], v[1]]
KroneckerDelta[u[4], v[3]]KroneckerDelta[v[2], v[4]]+

KroneckerDelta[u[1], u[4]]KroneckerDelta[p[2], u[3]]KroneckerDelta[v[1], v[3]]
KroneckerDelta[v[2], v[4]] + 5KroneckerDelta[u[1], u[3]]KroneckerDelta[p[2], p2[4]]
KroneckerDelta[v[1], v[3]|KroneckerDelta[v[2], v[4]]+
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KroneckerDelta[u[1], 12[2]] KroneckerDelta[u[3], u[4] KroneckerDelta[u[1], v[3]]
KroneckerDelta[v[2], v[4]]+

KroneckerDelta[u[1], #[3]]

(—KroneckerDelta[u[2], u[4]]KroneckerDelta[u[3], v[4]]KroneckerDelta[v[1], v[2]]+
KroneckerDelta[u[2], v[4]]

(KroneckerDelta[u([3], v[2]| KroneckerDelta[u[4], v[1]]+

5KroneckerDelta[u([3], v[1]]KroneckerDelta[u[4], v[2]]+

KroneckerDelta[u[3], 12[4]]KroneckerDelta[u[1], »[2]])

KroneckerDelta[u[2], 12[4]] KroneckerDelta[u[3], v[2]]KroneckerDelta[u[1], v[4]]+
KroneckerDelta[u[2], 12[3]]KroneckerDelta[u[4], v[2]]KroneckerDelta[u[1], v[4]|—
5KroneckerDelta[u[2], u[4]]KroneckerDelta[u[3], v[1]]KroneckerDelta[v[2], (4] —
KroneckerDelta[u[2], u[3]]KroneckerDelta[u[4], v[1]]KroneckerDelta[v[2], v[4]]+
KroneckerDelta[u[2], v[1]]

(KroneckerDelta[u[3], v[4] KroneckerDelta[u[4], v[2]] -

KroneckerDelta[u[3], u[4] KroneckerDelta[v[2], v[4]]))—

5KroneckerDelta[u[1], v[2]]KroneckerDelta[u[2], v[1]]KroneckerDelta[u[3], u[4]]
KroneckerDelta[v[3], v[4]] — KroneckerDelta[u([1], [2]]KroneckerDelta[u[2], u[4]]
KroneckerDelta[u[3], v[1]]KroneckerDelta[v[3], v[4]| -

KroneckerDelta[u[1], 12[4]] KroneckerDelta[u[2], v[1]]KroneckerDelta[u[3], v[2]]
KroneckerDelta[v[3], v[4]] — KroneckerDelta[u[1], v[2]]KroneckerDelta[u[2], u[3]]
KroneckerDelta[u[4], v[1]]KroneckerDelta[v[3], v[4]]+

KroneckerDelta[u[1], [2]]KroneckerDelta[u([3], v[2]| KroneckerDelta[u[4], v[1]]
KroneckerDelta[v[3], v[4]] — KroneckerDelta[u[1], 12[3]]KroneckerDelta[u[2], v[1]]
KroneckerDelta[u[4], v[2]]KroneckerDelta[v[3], v[4]]+

KroneckerDeltay[1], 12[2]] KroneckerDelta[u[3], v[1]]KroneckerDeltafu[4], v[2]]
KroneckerDelta[v[3], v[4]] + KroneckerDelta[u[1], u[4]]KroneckerDelta[u[2], u[3]]
KroneckerDelta[v|1], v[2]]KroneckerDelta[[3], v[4]]+

KroneckerDelta[u[1], (3] KroneckerDelta[u[2], u[4]]KroneckerDelta[v[1], v[2]]
KroneckerDelta[v[3], v[4]] + 5KroneckerDelta[u[1], z2[2]]KroneckerDelta[u[3], u[4]]
KroneckerDelta[v(1], v[2]]KroneckerDelta[v[3], v[4]));

AAA1 = AAA//Expand;
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dott =

{F{ufid, vi)F (i, i Flafcd, v Flulld, vL)]KroneckerDeltafufi, v[L]
KroneckerDelta[u[j.], v[k-]]KroneckerDelta[u[k.], v[j-]]KroneckerDelta[u[l ], v[i]] — (tr F?)?
Flpfi, v Flefi, v[]Flulk], vk Flp]l], v[l]]KroneckerDeltalu[i], v[k ]|
KroneckerDelta[u[j_], v[l.]]KroneckerDelta[u[k_], v[j-]]KroneckerDelta[u[l], v[i]] — (tr F*)
Flufi, v[iIF[pfi-], v Flulk], v[k]]F[p[l], v[I]]KroneckerDelta[u[i-], #[1]]
KroneckerDelta[u[j_], v[k.]]KroneckerDelta[u[k.], u[l.]]JKroneckerDelta[v[i], v[j.]] = (tr F*)
Flufi, v[i])F[pfi], v Flulk], vk ] F[w[l], v[L]]KroneckerDelta[pu[i], [k ]|
KroneckerDelta[u[j_], u[l.]]KroneckerDelta[u[k_], v[l]]KroneckerDelta[v[i], v[j]] = —(tr F*)
Flpfi, v Flef, v Flplk], vk ]| Flp[l], v[l]]KroneckerDeltalu[i], u[j-]]
KroneckerDelta[u[k_], v[l]]KroneckerDelta[u[l], v[k_]|KroneckerDelta[v[i], v[j.]] — —(tr F?)?
Flpfi, v Flef, v[]Flulk], vk Flel], v[l]]KroneckerDeltafp[i-], u{l]]
KroneckerDelta[u[j_], u[k_]|KroneckerDelta[v[i], v[l.]|KroneckerDelta[v[j.], v[k]] — (tr F?)?
Flufi, viIF[ufi-], v Flulk-], vk} F[u[l], v[l]]KroneckerDelta[p[i], u[k-]]
KroneckerDelta[u[j_], u[l.]]JKroneckerDelta[v[i-], v[l]]KroneckerDelta[v[j], v[k.]] = (tr F*)

AAA2 = AAA1//.dott
512 (tr F2)2 + 2048(? F4)

(512 (tr F?)2 4+ %‘"F‘l))/ (384"2)/ /Expand

(tr F2)2 (tr F4)
288 360

This expression is what one needs to get the right coefficients, one of 384’s comes from (384 = 4! x 16)
in (2.67) and the other one is the symmetry factor coming from our permutations.
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Mathematica program for
calculating the leading terms c
and ¢4 in section 2.4

(calculation of the coefficients c_{scal, spin} )
(definitions)

M = {{o,0,0,1}, {0,0,-1,0}, {0,1,0,0},{-1,0,0,0}}
{{0,0,0,1},{0,0,-1,0},{0,1,0,0},{-1,0,0,0}}

M.M / /MatrixForm

0 0 0 —1

X = Array[z, 4]

{z[1], z[2], 2[3], z[4]}

A =Exp[-ax X.X]/(X.X +1) * M.X;

F = Table[D[A[[j]], z[s]] — D[A[[ill, =[51], {s, 4}, {4, 4}]/ /FullSimplify;

dF = Table[D[F[[i, 5]}, z[l]], {i, 1,4}, {j, 1,4}, {, 1, 4}]//FullSimplify;
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ddF = Table[D[dF{[[i, j, k]], z[1]], {i, 1,4}, {4, 1,4}, {k, 1,4}, {1, 1, 4}] / /Simplify;

rulel = z[1)* + 2[2]*> + z[3]* + z[4]* - Dn— 1
rule2 = z[4]"2 — Dn — 1 — z[2]"2 — z[3]"2 — z[1]"2

z[1)? + z[2]* + z[3]* + z[4]> - —1+Dn
z[4)? - —1+Dn — z[1)> — 2[2]® — z[3)?

F = F/.rulel/.rule2//FullSimplify;
dF = dF/.rulel/.rule2//FullSimplify;
ddF = ddF/.rulel/.rule2//Simplify;

( calculating the four invariants )

Invl = Sum[dF[[i, j, k]2, {1, 1,4}, {j, 1,4}, {k, 1,4}]//Expand;

Invl = %/.z[4] — Sqrt[Dn — 1 — 2[1]2 — z[2]"2 — z[3]*2]//Expand;
Invl = %/ /Simplify;

Invl = %/ /FullSimplify;

Invl = Invl//Expand;

rule3 = Dn — 1 + 72

Dn — 1+ 72

Invl = Invl/.rule3//Expand;

resl = 2Pi"2Integrate[r"3 * Inv1, {r, 0, Infinity }, Assumptions — a > 0];

Inv2 = Sum[ddF[[i, j, k, ]2, {i, 1,4}, {j, 1, 4}, {k, 1,4}, {1, 1, 4}]//Expand;
Inv2 = %/.z[4] = Sqrt[Dn — 1 — z[1]*2 — z[2]"2 — z[3]"2]//Expand;

Inv2 = %/ /Simplify;

Inv2 = %/ /FullSimplify;

Inv2 = Inv2/.rule3//Expand;

res2 = 2Pi*2Integrate[r"3 * Inv2, {r, 0, Infinity}, Assumptions — a > 0];

Inv3 = Tr[F.F.F.F)//Expand;
Inv3 = %/.z[4] — Sqrt[Dn — 1 — z[1]*2 — [2]"2 — z[3]"2]//Expand;
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Inv3 = %//Simplify;
Inv3 = Inv3/.rule3//Expand;
res3 = 2Pi"2Integrate[r"3 * Inv3, {r, 0, Infinity }, Assumptions — a > 0];

Inv4 = Tr[F.F]"2//Expand;
Inv4 = %/.z[4] — Sqrt[Dn — 1 — z[1]*2 — 2[2]"2 — [3]"2]//Expand;
Inv4 = %/ /Simplify

64(17211(71+Dn)Dn+Dn2+a2(71+Dn)2Dn2)28_4a(_1+D“)
Dn8

Inv4 = Inv4/.rule3//Expand;
resd = 2Pi"2Integrate[r"3 * Inv4, {r, 0, Infinity}, Assumptions — a > 0);
( plugging into the equations from section 2.4 )

scal2 = —1/1920/Pi"2 * Normal[Series[resl, {a, 0, 3}]]//Expand//FullSimplify / /Expand

1 23a 31a> 1943 2a®EulerGamma 1 3 2 3
—75 T 1200 ~ 00 — 600 15 — 150 Log[4] — 354’ Logla]

spin2 = 8scal2

1 23a 31a? 194> 2a°BulerGamma 1.3 2 3
8 (_ﬁ + 1200 ~ 600 ~ 600 15 — 150" Log[4] — j5a°Log[d]

scald = Normal[Series[1/26880/Pi*2 x res2 — 1/16/Pi"2(res3/360 + res4/288), {a, 0, 3}]]//Expand

107 2941a 32663a° 60601a° 11a?EulerGamma 203a°EulerGamma 11 2 203 3
~ 05840 T 66150 T 4233600 ~ 79380 T 60 + 270 + 0@ Log[4] + 575a"Log[4] +

a’Logla] + 22a°Log|a]

spind = Normal[Series[1/2240/Pi"2 * res2 — 1/16/Pi"2(7res3/90 — res4/36), {a, 0, 3}]]//Expand

683 3149a | 8819a> | 7946a® | 2a’EulerGamma |, 232¢3EulerGamma ;| 2 2 232 3 2 2
13230 T 33075 T 264600 T 19845 T 15 + 135 + 150" Log[4]+ 155 a”Log[4]+ 5 a"Log[a] +

%cﬁLog[a]

(calculating the coefficients for o = 1/120and o = 1/100)
c2sc =scal2/.a — 1/120//N
cdsc =scald/.a — 1/120//N

¢2sp = spin2/.a — 1/100//N
c4sp = spin4/.a — 1/100//N
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—0.0131769
—0.000677552
—0.105171
0.0525411

Plot[c2sc/m"2 + cdsc/m"4, {m, 0.66,4}]

Ll L
1.0 1.5 2.0 25 3.0 -0

-0.005 -
-0.010 -
-0.015 -

-0.020

Plot[c2sp/m”2 + c4sp/m”"4, {m, 0.66,4}]

0.00
-0.02 -

-0.04 -

( verifying that the expansion to cubic order works fine for such small a )
scal2exact = —1/1920/Pi*2 x resl/.a — 1/120//N

—0.0131769

calculating the values for m = 4 (the end point of our graphs )

—0.01317694601628 /"2 — 0.000677551799286 /" 4/.x — 4
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—0.000826206
—0.1051713628721701/2"2 + 0.0525411445726166 /2" 4/.x — 4

—0.00636797
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Appendix E

Two point function for O(2) x O(3)

background

E.1 Two point amplitude for scalar loop case

Here we will find the two-point function,

1'\(2)

Fourier transform of A%(x;) gives

0o 2 T .2
_ 2 dl _2r [T . o T
scal = € A T€ /0 dndrs | Dz J:ll @i A (xi)exp[ -, dTZ] .

450 = [ e 250

where

A% (k) = —iM K b(K?),

where b(k?) will be found in the following.
By substituting (E.2) in (E.1) one gets

2 D
d-k; -
02 =TT [ st @m o + k)L k. 21ika, 2],
=1

(2m)

where

1'\(2)

scal

[k1,€1; k2, €2]

v
€ip = Muk;

2
oodT o, T T 42
2 m*T . ik dr <
- = dridry | Dy[Jei-gie™ Ve Jo 4%
(& /O e /0 T1 7'2/ yi_lé‘ Yi e e 5

i=1,2.

By performing all possible Wick contractions, one gets

°dr —m?T
—€

2 2
Fgcil[klvel; k27€2} =€ /() T

T D
/ dridry(AnT) ™ 2 PpeCB12k1 k2
0
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where P, is a polynomial in Gp and Gp,
Py = Gpiser - ko Gpoies - k1 — Gpiser - 2. (E.7)
After doing IBP one can replace P> by Q2 which reads as
) ) 1. ) ) )
Q2 = GB12GB21(e1 - koea - k1 —e1 - e2ky - k2) = 5GBI2GB21tr(f1f2) = GB12GB2122(12), (E.8)

where
2:(12) = 5tr(f1f2).

(E.6) can be written as

r®

scal

e} T
(k1,15 k2, 2] 262/ d?Te_sz/ drydrs(47T) ™ % Qaelr12hihz (E.9)
0 0

Now if we rescale the 7 variables as 7; = T'u; and perform the T-integral

@) e’ D. [ Q2
Fscal[k17 €1, kQ,EQ] = D F(2 — 7) / dU1dUQ D - (EIO)
47‘(‘)7 2 0 [m2 — G2kt - k2]277

Now we put D =4 — 2e.

If we do the epsilon-expansion,

D 1
IV=T(e)= = —
) =T() =7,

T~ T Gl eLotam)

then we change the coupling constant as
e — equ’,

where e is the coupling constant in D-dimension which is dimensionful and es is the four-dimensional
coupling constant which is dimensionless. p is an arbitrary parameter which has a mass dimension. Now
if we put es — 1 as our convention we have the following replacement

€

e— ut.
Now we have
1 1 ! Q2|(u =u,uz=0)
' 1k, e1;k = 1% x { ———(1+ eLogdn) (- — /d L=uun E.11
comllk1, €15 ko, e2] = ™ (47T)2( + eLog 7T)(6 ) ; u(meGBmkl»kz)e , ( )
where
Q2| (uy—up=0) = —GB1272(12) = (4Gp12 — 1) Z2(12) Gpiz2 =u(l —u).

Now, if we expand the denominator

1
(m? — Gpizk: - /<J2)E -

1 — eLog(m® — Gpi2k: - ko) = 1 — eLogm® — eLog(1 — Gpizky - ka/m>).

and
> =1+ eLog(p?) .
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By multiplying all these terms, one gets

(1 + eLogpu®) (1 + eLogd) (% -7) [1 — eLogm® — eLogA}

_ 1 v — Logm® — LogA + Logdr + Logu®
€

2
= 1 — v + Logdnr — Logm—2 — LogA,
€ j

(E.12)
where
A:1—G312k1~k2/m2:1+GB12k2/m2 ) /ﬁ:—kQZk.
Then
1 1 m2
/0 du QQ‘(ulzu,uzzo){E -7+ L0g471' - LOg? - LOgA}
Z5(12) (1 2 !
= _%{; — v+ Logdm — Log%} — Z2(12)/ du (4G312 — l)Log[l + GB12k2/m2] .
0
(E.13)

By doing the u-integral

8(k> + 3km?) — 3(k* + 4m2)3/2ArcTanh[k7VkQ+4m2]

1
/ du (4G312 — ]_)Log[]_ —+ G312k2/m2] = oF k2+2m?2
0
4m?2
8 3m?. 1 4m? s 1+ =5
= §(1 + 2 ) — g(l t o2 )2 ArcTanh 2
k
(E.14)
So from (E.11)
Z2(12)| (kg =—ko=p) f 1 m?
@) . 42 (ki=—ho=k) {1 _ m”
Fscal [kh €1; kQ? 62} - 3(471')2 { c v+ L0g47l' Log uz }

4m?2
Z2(12)|(ky=—ko=k) | 8 3m?, 1 4m? s 1+ 55
- °1 — o1+ 8 AreTann [ Y T
(472 g+ ) —glla 55)® Arc a“[1+2$2 ]

(E.15)

In the following we use the M S renormalization scheme. The effective action for two-point function for
scalar loop is written as

d'k
Fé?;l,ren [m7 ,LL] = / (27.‘.)2D b2(k2)(2ﬂ—)DF£(2:;l,ren [m7 /“L} ) (E16)
where
Z(12)| e = kg ry (1
(2) _ (2 2 (k ko=k)
1—‘scal,ren [m’ /.L] - I‘scal [m’ /”“] + 3(4;_)2 2 {; -7+ L0g4ﬂ-} . (E17)

By our definition it is dimensionally renormalized effective action for scalar loop.
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As a final result for scalar-loop case for two point function, we write

2 1
F;C;l ren[mhu’] = 371_2(471_ LOg /d kb Z2 12)|(k1 —ko= k)
4m?2
3m 1 4m? s I+
- /d kb ( {9(1+I€2)—3(1+ o )zArcTanh[W]
k2
X Za(1 \(klz—k2=k>~

(E.18)

E.2 Spinor loop

Now in this Section we study the spinor case, which we apply the Bern-Kosower replacement rule to the
scalar case two-point function,

GB12GB21 = GB12GB21 — GFr12Gro1,

and from statistics we have a —2 pre-factor for (E.1)

2 D
d“k; -
re = H/ (QW)Db(kiz)(QW)Dé(kl + k)T [k 615 k2, 2], (E.19)
=1
where
1 Q2+Z2 (12))] (w1 =u,us=0)
r® ; = —2u%* 1+ eLog4 / 1=wu2=0 L (E.2
[k1>817k2752] 1 X (471_) ( +e og 7T du GBlel kg) ( 0)

Here our renormalization scheme is the same as scalar case, so let us just show the final result, then we
need to find

1 k2
Zz(lz)/ du4G312{1 — ELOg[l + GB12 72}} s (E.Ql)
0 m

where

/01 dudu(l — u){l — eLog[1 + u(1 — u)%}} =

2 4(142m —8mp
2—6{—(5—12)+ (a+ )ArcTanh[l]},

2
3 k 3y/1 4 42 J1+4m
(E.22)
so, spinor case reads
275(12)| (k) = ko—ie m?. 1
I, u k] = - (= Log ) (o — 7+ Logdn)
2 4
2 { 2 m? 41+ 2 - 50 1
X € —o(6-12—5)+ ArcTanh | ————— ,
{3 9 k 3y/1 4 4m2 [./1+47;§]
(E.23)
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then

475(12)|(hy=—ko=h) (1 m?
r® [m, u, k] = — 3(517;)2 2 >{E —~+ Logdnr — Log?}

275(12)| (5 = — e § L+ 2n — S
2(12)| (ks = kzk){m_8m_§wArcTanh[ L ] .

4m)? k2 m / m
(71') 9 3 1+4k22 1+4T22

(B.24)

Now we can define our renormalized effective action as scalar case

475(12)] (s, =

Chaek) 1
r® - ® ks k>{,_ LogA }
ren [ 1, K] [m, p, k] + 3(4m)? - — 7+ Logir

475(12)| (k) =—ko—=k m?
_ (k1 - 2 )Log[ 2]
3(4m) I

2m? 8m*
222(12)|(ky = —ka=h) { 10 8m” %wArcTanh[ ! }}

2 2
(47‘(‘) 9 3k 1+4]$2 /1+4%22
(E.25)
The effective action can be written as
(2) d'k 0,0 D(2)
Drenlm, p] = (27r)2Db (K7)(2m) " Treh[m, p, K] - (E.26)

So our final result for spinor loop from (E.26) would be

4 m? -
P2 m,pul = + WLOg(F)/d4kb2(/€2)Z2(12)|(k1=—k2=k)
2 4
2 422 10 8m? 4(1+ 3% — 8%
. Zo(12) | (hr iy 4 — — oo 2T k2 kT
72(47)1 /d RO (k) Z2(12) k= ’“2—’“){ 9 3k 3 | 4 dm?
k2
x  ArcTanh [%} } .
V1+4m
(E.27)
E.3 Fourier transformation of the vector field
Now at this stage we find A (k),
A (k) = /d‘lxe*"’“‘mg(m), (E.28)
where Mt
« v —az?
AH (CL‘) = wzin
By plugging A} (x) to (I£.28) we get
A% (k) :/d“xe*i’“'”i\fﬁize*“*. (E.29)

191



New techniques for off-shell calculations in gauge theory and gravity

If we do the following replacements

J)U — iie—ik-x
Ok, ’
1 /Oo —B(a2+p2)
Lo [Tapereten,
z? + p? 0

then
A;‘j(k):iiMW/ dpe=P?" /d4ze_ik'z_zz(“+6).
ok, o

The z-integral is Gaussian, then

2 2
/d‘*me—ik'x—(wﬁ)ﬁ S el

(a+p8)?
Fom (E.31) we have

el .2 i/oo # —5P2—Mak%fw
A (k) =im MW@IC,, | dﬂ(a—kﬁ)?e .

Now our issue is the S-integral. We can change the g8 variable to a new one as
B+a=t—ds=dt.

Then (E.31) can be written as

A (k) = i 1’ M, ”"6k / dt et

The form of this integral called generalized incomplete gamma function which by definition is
I'(a,z;b) = /00 dzz*"te b

By this definition we arrive to

1 2 k2 o1, k22 k2p?
/ digg ™ EPQ/zdyy?e VRS = pT(=Lep% ),

P

where y = tp*.

The Fourier transformed of our vector field is

(E.30)

(E.31)

(E.32)

(E.33)

(E.34)

(E.35)

(E.36)

(E.37)

(E.38)

o . an? 0 k2p2
A% (k) = in?pe™ Muya—kyf(fl,apQ; 1 ).
The derivative of the generalized incomplete gamma function respect to b-variable is known to be
gf(a z;0) = —T'(a — 1, z;b)
ab ) ) - ) , ’
then
9 2 12p? P 2, K0
—1I(-1 ;——) = —2—k"I'(-2 ;
ST Lap’s S0 KT (2, 00" )
2 2 2
P 2. k7p
= —=—k"T'(-2 ; .
g KT (=2,ap™ — =)
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So from (E.37) we have

B . 2 4 ap? 2 2
Ak = =L M kT (-2, 0, i L. (E.40)
At the beginning we have defined
A% (k) = —iM k" b(k?) . (E.41)
Then b(k?) is just
B 2 4 ap? 2 2
bk?) = T2 r(2,00% ), (E.42)

in term of generalized incomplete gamma function. Now if set p = 1 we get what we were looking for as

2 a k2

bk = TS (-2, =)

(E.43)

E.4 Conclusion

Here comes our final results for both cases (scalar and spinor loop), just by substituting (E.43) into
(E.18) and (E.27).

Z2(12)|(ky = —hy=k) = %tr(f1f2)|(k1:—k2:k) = +k*(e1 - €2) — (e1 - k)(e2 - k) . (B.44)
and since €,; 1= M, ki where M is an antisymmetric matrix, i.e. M? = -1, MT = —M we have
e1-e2 = MY MK =-M*K?=k?,
e1-kea-k = 0, (E.45)
SO
Z5(12)| (k) =—kg=iy = —k" . (E.46)

Our final results can be presented as

20 2 2
2 - _° M AT (=2 0 K
Fscal,ren[maﬂ] - 307272 LOg( /1,2 )/d kkT ( 2,0{7 4)
e 4y 7412 k?
+10247r2 /d kk'T (_2’Q’Z)
2
8 3m*, 1 4m? 3 \/@
X{9(1+ L2 )75(14’ L2 )2 ArCTanh[w} s
k
(E.47)
and
20 2 2
() - _ m” 4, 42, o kT
Trenlm, p] = 7687r2L0g(,u2)/d kT (-2, ¢ 4)

+ - /d4k KT (-2, 0 k;Q){5 dm’ 2017 2:;2 _ 8klf)ArcTaunh[ ! ]}
2 ) y T4 a 772 P B .

(E.48)
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E.5 Two-point function in massless limit

E.5.1 Scalar loop

Here we consider massless limit of our calculations, so just by considering (E.10) and putting m = 0 one

gets
5 1
Fgcal[kla €1, k2752] - D F(z - B) / duldUQ Q2 2’
(4m)= 27 Jo [~Grioks - ko)™
where
Q2 = Gp12Gpa122(12) = —G51222(12) = (4Gp12 — 1) Z2(12)
then
Q2|(u1 =u,us=0)
= re-—
scal[khelv k27 62] (4 % / du GBIQkZ) ’
where
L B 1
/ du% = / du(4GB12 — 1){1 - 6L0g(G312k2)}
0 B12k2 0
B 1 8§ 1 2
= 3 6(9 3Logk )-
From (E.51) we have
) _ Z>(12)| (k1 =—hy=h)
PO k] = s [~ =+ Logy’ + Logdn]
Z2(12)|(hy=—ka=p) 8 2
sampz g Lok

We define our renormalized T'® as
(12)|(7€1—*k2 k) 1

(2) —
Pbcal ren [N‘v k] - FSCal [/’La k] + 3(47[') ( - +4 L0g471')
Z2(12)|(hy =~ ka=k)
- 3(4m)2 {Log t3 }

The effective action for scalar loop

) _ dei
M vealtd = T [ Gyt ()2 601+ )T 2 o ]

by inserting b(k?) we have

20 2 2
@ ___° T2 (9 o K py 8
Fscal,ren[:u‘] = T 30722 /d kT ( 2, q; 4 ){LOg( k2)+ 3}22(12)|(k1=—k2=k)1
where
Z5(12)|(hy =~ kp=ry = —k*,
SO
r / r%(—2 L
scal,ren[ru’] 3072 2 d kk ( y Q5 —~ { Og 3}
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E.6 Spinor case

We recall from above, our formula for spinor loop, we just need to put m =0 and k1 = —ke = k
1 1 1 (QQ + 22(12))|(u =u,uz=0)
r® ; = 2% 1+ eLog4m) (= — / 172 E.
[k1,e15 k2, €2] iz (47r)2( + eLog 7T)(€ ) ; du (Griah?)e , (E.58)
since
Q2| (k1 = —kz = k) + Z2(12) = 4G p12 Z2(12) , (E.59)
then we do the u-integral
1 1
/ d 4G’€B12 = / 40312{1 — eLog[G312k2]}
Gpi2 0
2 10 2 )
= 3 —e{ — 5 + 3Logk } (E.60)
One gets
275(12 - 1
rOpy = -2 i"kg 258 (1 4 cLogtr)(1 + cLogu®)( ~ )
—e(— 9 §Logk2)}
_ 422(12)|(k1——k2 ISRt /,L2 5
= 3(dr)2 [ ’Y-I—L0g47r-i-L0gk2-&-g]7
(E.61)
again we define the renormalized one as
422(12)|(ky =—ko=1) [ 1
F(Q) _ F(Q) 1 2 Z Log4
ren [ K] [, k] + 3(4m)? 6 v + Logdm
_ 422(12”(1@1:71@2:1@) u2 5
I TP [Los(a) + 5]
(E.62)
Our final effective action by inserting the b(k?) for spinor loop is
2 [ dPk
(2 i 7202 D
Frcn[ E/ (27T)Db (k )(27'(') 6(k1 +k2 rcn[ua ]’ (E63)
by plugging b(k?) and Tyen[u, k] we have the effective action for spinor loop as
r ° PR2(=2, 00 " [Log(“) + 5] zo(12 E.64
ren[ ] - 76871'2 (_ s O Z) Og(ﬁ) + 5 2( )|(k1:*k2:k) ) ( . )
where
Z2(12)|(k1:7k2:k) = —k‘4 .
And finally we have
20 2 2
@, - _© 4, 4p2, o K w5
D) = ey [ AR T (-2,0 %) [Log() + 3] (E.65)
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Let us to conclude our final effective actions for scalar and spinor loop in massless limit as

2 2 2
@ R AL By, 8
Fscal,ren[:u] - 307271_2 /d kk F ( 2,&, 4 )[Log( kg) + 3] ’
2a 2 2
@y = — kT2 (-2, a: Wy, 5
POW = e [ dRR T 20 ) Los() + 3.

(E.66)

To compare our results we need to check the massless limit of our massive results, then we need the
series expansion of our functions,

2
. 8 3m? 1 am? 3 1+ 4
series {{9(1 + ?) — 5(1 + 12 )2 ArcTanh[ - 21:52 ]},{m,O, 1}
1 2 > 8 1 m’ 1.8 ?
— (16 — 3Log|[2 Log|[— 12L = _+ -Log(—=)==(=+L
1= (16 — 3Log[2) + 3Log[ 2] + 12Loglm)) + Ofm)* = & + SLog(T) = (5 + Log")
(E.67)
By substituting (E.67) into (E.47) we have
2a 2 52
r® — % o™ 4L AT (Lo o T
scal,ren[m> lu’] 30727’[’2 Og( ,LL2 ) d'kk ( ) Q5 4 )
eza A 42 k‘z 1.8 m2
+ 10242 /d kk'T (—2,a,z) g(g —|—Logk—2)
e 4 4 k2 8 2 2 2 2
= = 3pan dkET (-2, ¢ Z) ~3 — Logu” + Logm* — Logm” + Logk
(E.68)
So
e’ k> f8 ?
o renli] = 55753 /d4k FTH(=2,050) 5 —|—Log% , (E.69)

which is exactly our final result for the massless scalar loop in (F.30)

And for spinor case one gets

2 14+ M _ 8m*
series {{5 4m — %MArcTanh[

Tl men)

9 3k \/@
g - %Log[2] + éLog[%] + %Log[mz] = g + %Log 1:—22} = %(g + Log%j). (E.70)
By substituting (E.67) into (E.48) we have
Mmu= o stoa) [EkKT 2,05
+ 2;:;2 /d4kk41“2(—2,a;lf){;(g +Log7;§22)}

o2 e 52 m2 5 m2
= + 7687r2/d EE°T (—Z,Q,Z) —Log(ﬁ)—kg—l-Log(ﬁ) .

(E.71)
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And finally

2 2 2
2 )= © T (=2, 00 By D
Pl = gy [ dRE T (2,007 [Lo() + 3]

(E.72)

which is exactly our final result for the massless limit of spinor loop in (F.30).
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Appendix F

Calculation of the three-gluon
vertex using Feynman rules

F.1 Three-gluon vertex calculation using Feynman rules

kﬂl iy, f-'!':]

k21ﬂ'3:#’2 khﬂ'!:#l

Figure F.1: Three-gluon vertex for scalar loop particle.

We recalculate the spinor loop contribution to the three-gluon-vertex using Feynman diagrams, we follow
the conventions of Srednicki [270]. It is given by Fig. F.1 plus the one with the opposite orientation of
the spinor line. Thus we write

V=Ta+Ts (F.1)
This diagram can be written as (we call them diagram A and B in the following)
dPq tr[gh(m — ¢ — ¥ — Ko)ga(m — ¢ — #1)gh(m — ¢)]

2m)P [m2 + (¢ + k1 + k2)?)[m? + (k1 + q)2][m? + ¢*]
(F.2)

Fiquagag — 7(ig)3(7i)3tr(Ta1Ta2Ta3)/

and diagram B differs from this only by an interchange of T%? <> T*3. Thus we can use

tr(Tal [Ta27Ta3]) — Z‘C(T)fala2a3 , (Fg)
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to write
V19203 — AT (F.4)
where
3
N = —if®1929340(r) (4751)% , (F.5)
and

;4 / (qu trlgh(m — ¢ — ¥ — Ha)ga(m — ¢~ })5h (m — q)] (F6)

4 2m)P [m? + (q + kv + k2)?|[m? + (k1 + ¢)?][m® + ¢°] -
Our strategy will be the following:

1. Using the fact that all the invariants A — H involve at least one epsepsij, and the permutation
invariance, we can restrict ourselves to compute the terms with an epseps12.

2. Since we want only a sign check, we can, after doing the loop momentum integral, perform a
low momentum (= large mass) expansion, and take only the first nonvanishing terms for each
invariant.

Doing the trace in the numerator and keeping only those terms which either contain a € - €2, or could
develop one through the g integration, we get (note that {y*,~4"} = —2eta"” in Srednichki’s conventions)

N equiv 1 tx[sh(m =g~ — Ka)ob(m — ¢~ ) (m — )]
= —m’e1-e2es- (q+ ko) +e1-qea-qes - (4g + 2k1 + 2ks)
+61~62[—83~qk1~(q+k1+k2)+63-k1q-(q+k1+k2)—83~(q+k1+k2)q~(q+k1)]‘
(F.7)

Next, we exponentiate the denominators:

1
[m? 4 (q+ k1 + k2)2] [m?2 + (k1 + q)?] [m? + ¢?]

We introduce the global propertime T' = Y «;, using

o 3
/ dardosdas = / dT/ daldagda35< Zai>
0 .
dT o
= / / daldazda35 ( Z T)
3
/ arT? / daldazdagé( Z )

(F.9)
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where now a; = a;/T. Thus we have now

p [ 2 2T ! > qu T(q%+2b-q+c)
I:(47r)2/0 dTT" e /da1da2da35 1f;ai /(QW)DNe q ate)

0

(F.10)
where
b = (a1 +a2)k +aiks,
c = al(k1 =+ kg)g + agk% .
(F.11)
We now do the gaussian ¢ integrals, using
D Tb?
/ d”q efT[q2+2b»q] _ €
(2m)P (4nT)% '
2
/ T g e Tl A
(2m)P (4nT)=
dq n v —Tlq*+2bq] v 1 v T
q"q" e = (b"b" + —=eta"’) ——+,
/ (2m)P ( a7 (4rT) %
qu uw v A _—T[qg?+2b-q] v 1 v Ay v vA eTb2
q"q"q" e = f(b“bb + —(eta""b" + eta" b + eta b”))i.
/ (2m)P 2T (4nT) 7
(F.12)
This gives (keeping again only terms containing £1 - €2)
> D 2 1 3 2
I = g ‘52/ dTT? 2 ™™ T/ daidasdazd | 1 — Z a; | e~ (70T
0 0 i=1
X{€3-bk1-(k‘1+k27b)+63'k1b~(b7k‘1 7k2)+63-(]€1+szb)b-(k‘1 71))
D_1
+(m2 + 2= )63 (b— kz)},
(F.13)
where
c— b2 = agagk% + alagkg + a1a3k§ = al(al — 1)k2 - ks + ag(ag — 1)k1 ~ ko + a3(a3 — 1)k1 - k3.
(F.14)
The later form seems preferable, since our invariants do not involve k?’s.
We wish to compare with (5.11), (5.12) in [132]. In the formulas there we always take the lowest terms
in the low energy expansion. Those are given by replacing each of the integrals in (5.2) in [132] by its
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value at k% = 0, except for T, th,B and IbDLF, where we need to include also the second terms in their Taylor
expansion. The integrals then are trivial, and give

195(0,0,0) = _%ﬁ

12£(0,0,0) = _%#

175(0,0,0) = %#

12:(0,0,0) = é#

Bslk) = s~ 5C- W e

Using these results, we can then write the low energy approximation to (5.11) of [

(F.15)

] in the form

P2 = N(vi +91 +91), (F.16)
2
where
3 13 D 1
1 = b (3 — 5 ) aep tr(fifafs)
b= (8- D) [ e - (ky — k) tx(Rafs)es - (ke — k)
'Y%_ % §Wr1283 1 2 r(f2/3)€3 2 3
+ tr(fsfi)ez - (ks — kl)}
bt D 1 1 1.5 D 1
(F.17)
Keeping only terms involving e1 - €2 and by using energy-momentum conservation to put ki = —k1 - (ko +
ks3) and k3 = —ka - (k1 + k3), this reduces (using also I'(2 — DYye2-L)=rEB-=2)) to
13 D 1
’Y?% = +%F(3**> m61'62(63'k‘1k2'k3753-k‘zk1'kg),
1 D 1
’YQ% = —|—EF (3—*) W€3'62k1~]€263'(k1—k2),
1 D 1
fy? = —|—§F (2_7) Wal -8283-(1(31 —kz)
1 D 1
+T5F <3 — *) WEl ~eaky - koes - (kl - kZ)
1 D 1
+EF (3* *) mé‘l-Ez[ég-klkl -k37€3-k2k2~k)3] .
(F.18)

We return to the Feynman diagram calculation, splitting I in (F.13) into four parts, I = Iy + I+ I3+ I4,

where
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o p 1 3 .
I = (21 '52)/ dTTQigeisz/ dai daz daso <1 — Zai> {63 “bky - (ki + ko — b)} €7T(Cib2) )
0 0

i=1

(F.19)

Let us do the a integrals. For I; 2 3 in the low energy limit we can replace e~ T(e=b?) by 1 and find (using
energy-momentum conservation)

1 3
/ day das dass (1 - Za) [53 bk - (K + ko — b)] =
0

=1

1 1 1 1
€3 - k1(§k1 s ko — Ekl . kg) +e3 - kg(ﬁk‘l ko — ﬂkl . k’g) .
(F.20)

The second integral is

e} 1 3
Iy = (&1 €2) / dTT2_%€_m2T/ day das dasd <1 - Zai) {63 kb (b—k — kz)} €_T(C_b2) )
0 0

=1

(F.21)

since

1 3
/ daldagdagé (1 ai> {{:‘3-k‘1b~(b*]€17k2)}=7%63*k1(k1'kg*kl-k;g*kz-kg).
0 =1

(F.22)

The third integral

3

[e'e] 1
Is = (&1 452)/ dTT27%efm2T/ dai das dasd <1 - Zm) {63 (k1 4+ k2 —b)b- (k1 — b)} ¢ T(e=b%) ,
0 0

=1

(F.23)
since
1 3
/ da; das dazé <1 - Zai> {53 (k14 ko — b)b - (k1 — b)} =
0 i=1
1
750 [63 . k‘l(3k1 < ko +4ky - ks — 2ko - kg) +e3- k2(7k1 ~ko + Tky - ks — 4ko - k3):| .
(F.24)
By defining A as a sum of (F.20), (F.22) and (F.24) we have
1
A = @[Eg-kl(k1'k2—2k‘1'k‘3+6k72'k73)—63'k72(k‘1'k‘2+6k1'k3—2k2'k3):|
1 1 1
= %kl -k‘z&g'(lﬁ —k’z)— %(63-k1k1 -k’3—€3-k’2k2~k3)+T0(€3-k1k2~k3—83'k2k1 kg)
(F.25)
Now, by performing the T-integral for the first three terms of (F.13) one gets
D 1
11+12+13:<€1-82F<3—5>WA. (F26)
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The last integral is

] 1 3

Li = (&1 ~€2)/ dTTQ_%e_sz/ day das dasd (1 — Z(h')

0 0 i=1
T(c—b? 2 Z-1
x e Tl )(m + -2 )63~(b—k2).
(F.27)
Here we expand the exponential to get
e Te=b?) 1—T(c—10b%)
1-— T{a1(a1 — 1)]€2 - ks + ag(ag — 1)]61 c ko + ag(a3 — 1)]€1 . kg}
(F.28)

By doing the above integrals one gets

14

&1 ~52{ {F (3— %) + (g -1)r (2— g)}ﬁ%sg < (k1 — ka)
+{r (4—%) +(§ -1)r (3—%)}
xmiD Do [ BTy R+ Tha ks + 6k ) — (1 2)]}

D 1 1
= El'EQ{F (2—§> Wg&?,'(kl—kQ)

D\ 1 1
+or (375) Wﬁo[@.kl(m.k2+7k2-k3+6k3.k1)7(1e>2)]}.

(F.29)
Comparing with (F.18), we see that the first term in I corresponds to the first one in 75* . The second
2
term of I, combines with I; + I> + I3 to make

2 D 1
17581.521—‘(3_5)Wkl.k2€3.(k1_k2)

e (3P ik ks — s ko ks k)
1551 €2 2 m6—D €3 1R1 3 — €3 2 K2 3

13 D 1
—i—@a AN (3— 5) 5D (e3-kiky ks —es-kaky-ks),

(F.30)
which gives a perfect match with the remaining terms in (F.18).
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Integrals related to the graviton
self-energy calculation

In Section 6.2 of Chapter 6 we need to calculate the following integrals

L= /1 du1/1du2 Gp(ur,um) — Ggh(u:l,m)) (GB(U2,U2) - Ggh(u27UQ))E_TGB(Ul’ug)kQ,
L = / dul/ dus GB (u1,u2) — Ggh(ul,UQ))e’TGB(“l’W)’“Q7

0
I3 = / duy d’(L2GB(U,2,ul)GB(u17uQ)G’B(ul7U2)e TGs(ul,uz>k27

0

L = / dul/ dus GB (u1,u1) — Ggh(ul,ul)) (G‘B(ul,ug))Qe’TGBWl’“?)’“E,

0
Is = / dul/ du2 GB(U1,U2)) e~ TCB(u1u2)k?

0 0

In this appendix we show how to do these integrals since they are a bit tricky,
1 1 )
Il = 4/ du1 / dU2€7TGB<u1’u2>k 5
0 0

where we used the fact that (Gg(u1,u2) = GBi2)
Gpiz — Ggniz = —2.

For start let us do I first, we fixe us = 0 and u; = u, then I is written as
1
I = 72/ du(1 — 2u)? e~ TH (=)
0
A first derivative of the exponential is
92 e THH uw?) —Tkz( — 2Tk (1 - 2u)2)e*”2<“*“2)

and from here we can write

1 1 2
2 —Tk?(u—u?) _ 1 0, —Tk?(u—u?)
/0 du(1l —2u)’e =Tz /0 du( TIZQ )e ,
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and
1 ) w—
/ duoZe TH @) _ g o~ TR =" _opp2. (G.7)
0 u=0
Then we get the following result for Iy
1
In= (= 4). (G-8)
Now for I5
! 4 _—k2T 2
Is :/ du(1 — 2u)*e ¥ =) (G.9)
0
Again we have
Ple K T(umv?) _ pap2 [12 +1262T(1 — 2u)? + KT (1 — 2u)4] e H T (G.10)

which after integrating both sides we have

1 1
/ dudteF Tw=u?) _ pap2 / du [12 F12K2T(1 — 2u) + KT (1 — 2u)2]e"“2”“‘“2) ,
0 0

(G.11)
which leads to
2 T(6 + K°T) = k17 (31 — 6K>TI4 + k4T215) . (G.12)
Therefore Is can be written as
2 3
b=tar *aph =4 (G.13)
Now let us look at the I3 integral
1 -9 .. — k2T (u—u?)
]3 = —/ du1du2GBlgGB12€ e 5 (G14)
0
where
GBlg = 25(11,1 — 'LLQ) —2. (G15)
By fixing u2 = 0 and u1 = u we have
1
Is = 7/ du(26(u) — 2)(1 — 2u)?e ¥ T = _29(0) — I, (G.16)
0
where © is the Heaviside-theta function, this leads to
1
- 11— — ([, — G.17
I3 1 kQT(Il 4), ( )

where we used the fact that ©(0) = 1.

Now the tricky one Iz, for this integral one needs to distinguish between the derivative respect to u; and
u2, so our integral changes to

1
2 2 —k2TG
/ duidus (.GpBlg — Ggth)e B12
0

I

1
/ duydus (TkQ‘GBl2G.Bl2.GBI2 — G'512° G2 + Gzhm)e_szGBm
0

1 2
K*TI; +/ durdus (GB.12..GB12 — K*TG%12G%12 *°G 12 — Géhu)(fk Tp12 , (G.18)
0
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where we used some IBP and also the left bullet represents derivative respect to w1 and the right bullet
respect to uz. Now if we use the following relation

GB12 = *°Gpi2 = Ganiz — 2, (G.19)

to cancel the GthQ (actually by this cancellation we regularized the integral) and we have

L = 2K°TIs+ /1 du dus (4 — 4G§h12)67k2T6‘312
0
= 2%K°TIs+1, — 4, (G.20)
which finally leads to
In=—2°T -1, + 4. (G.21)
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