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ZUSAMMENFASSUNG ABSTRACT

Zusammenfassung

Diese Arbeit untersucht den Beitrag der Quantengravitation zu den Ein-Schlei-
fen-Divergenzen abelscher und nicht-abelscher Eichtheorien. Ein besonderes Au-
genmerk der Arbeit liegt hierbei auf dem Einfluss der Gravitation auf das Lau-
fen der Kopplungskonstante. Anders als vorangegangene Arbeiten wird statt
der Hintergrundfeld-Methode ein diagrammatischer Ansatz verwendet. Zur Be-
stimmung der Divergenzen werden sowohl die Cut-Off- als auch die dimensiona-
le Regularisierung angewandt, was eine zusétzliche Uberpriifung der Ergebnisse
ermoglicht.

Die Rechnungen zeigen, dass die Kopplungskonstante der Eichtheorie keine
gravitativen Korrekturen erfihrt und alle gravitativen Divergenzen durch einen
einzigen Konterterm kompensiert werden kénnen, welcher auf der Massenschale
verschwindet und durch Feldredefinition des Vektorpotentials entfernt werden
kann.

Abstract

This thesis examines the quantum gravity contributions to the one-loop diver-
gences of Abelian and non-Abelian gauge theories. A special focus is on the
gravitational influence on the running of the coupling constant. In contrast to
preceding works we use a diagrammatical approach and not the background
field method. The divergences are calculated in both cut-off and dimensional
regularization, which allows for an additional verification of the results.

The calculations show that the coupling constant receives no gravitational
corrections and all gravitational divergences are compensable by one single
counter-term, which vanishes on-shell and can be removed by a field redefi-
nition of the gauge potential.
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Conventions and Symbols

We use lowercase greek letters to denote Lorentz indices and lowercase roman
letters for indices of the gauge group. The background metric will always be
the Minkowski metric with the siganture

Ny = " =

o= O O
— o O O

0
-1

0 —

0

o o o

in the computations involving gravitons, two forth level tensor will be needed
frequently:

(0% + P — )

We work in natural units, i.e.

c=h=1
So derivative operator gets
a,u = (80, v)
0" = (00, —V)

Derivation with respect to coordinates become in momentum space
Pu =10, .

To indicate symmetrized and anti-symmetrized indices we will use parathese
and brackets respectively:

1
Tv) — 5(TW + TVH) symmetrized indices (1)

T = (TH —T"H) anti-symmetrized indices (2)

1
2

The momenta in all Feynman graphs are counted as ingoing.

ib'e
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Introduction

Modern physics describes nature by relativistic field theories. At high energy
scales which corresponds to small distances the laws of quantum mechanics
apply. The quantization of interacting field theories always induces divergences
due to the (self-)interaction of the fields. To cancel these divergences, which are
physically not present, counter-terms are introduced. In general new divergences
occur at each multi-loop order, thus new counter-terms are needed. For the
Lagrangian to have a finite number of different terms the counter-terms have to
be proportional to terms already present in the classical Lagrangian. A theory
bearing this feature is called (perturbatively) renormalizable. For a quantum
field theory to be regarded as fundamental its renormalizability is essential.
Non-renormalizable field theories are known and find also applications, e. g. the
four-fermi of weak decays or chiral perturbation theory, but they are all effective
low energy descriptions of renormalizable theories. Beyond a specific threshold
energy scale the effective theories have to be substitute by these fundamental
theories, in the mentioned cases these are the electron-weak theory by Glashow,
Salam and Weinberg or quantum chromo dynamics.

Three of the four fundamental forces were formulated as renormalizable
quantum field theories since the second half of the last century. But general
relativity, which is found to be the accurate description of gravity at all acess-
able scales, still resists its quantization. The occurrence of quantum effects is
expected near the Planck scale corresponding to energies ~ 10!GeV or lengths
~ 10733¢cm.

The underlying fundamental theory for general relativity — quantum gravity
— has still not been found. Great advances in this direction were achieved in
supersymmetric string theory.

The non-renormalizability of pure quantized general relativity was pointed
out first by 't Hooft and Veltman [I]. The inclusion of matter fields, thoroughly
examined by Deser, van Nieuwenhuizen et. al. [3, 4, Bl 6], also does not improve
the situation.

Despite its non-renormalizability the results of a nonperturbative ansatz by
Reuter[7, B, @, [[0] indicate that quantized general relativity is asymptotically
save.

Quantum general relativity as an effective field theory was advocated by
Donoghue [T, [I2, [[3]. The energies of physics accessable by present day’s ex-
periments are well below the Planck scale, thus the effective theory should be
applicable.

In the last year Robinson and Wilczek [14] initiated a discussion on effective
quantum gravity coupled to gauge theories. They utilized the formulation of
quantum gravity as an effective field theory to compute the running of the
Yang-Mills coupling ¢ in the Einstein-Yang-Mills system. Their background
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field calculation of the Calan-Symanzik (-function yields the result

b(] a
E)=— 3 2p? 1.1
Bg(9,E) = —159" + 15398 (1.1)
with a non-vanishing ag = —3/2. This would render any theories — including

Abelian gauge theories — asymptotically free, when the energy E approaches
the Planck mass. Their ag originates from quadratic divergences at one-loop
order. This result appears to be a wonderful example of a successfull applica-
tion of the effective quantum gravity, however Pietrykowski [I6] and recently
Toms [I7] doubted this result. Pietrykowski reconsidered the calculations of [I4],
but in an alternative gauge of the graviton field. Toms utilized a sightly different
background-field method developed by DeWitt, which ensures the independence
of the results from gauge conditions. Deser, Tsao and van Nieuwenhuizen al-
ready studied the Einstein-Yang-Mills system in 1974 [6] using dimensional reg-
ularization. The only gravitational contribution to the pure Yang-Mills sector
they found was a dimension-six counter-term ~ (DF)2.

In 1975, Berends and Gastmans [I§] examined QED coupled to gravity.
They found no gravitational influence on the vertex function, too.




OUTLINE

Outline

This thesis is organized as follows: First in we will introduce the La-
grangian of the Einstein-Yang-Mills theory and derive the linearized gravity.
We will describe how to derive the Feynman rules for the gluon—graviton in-
teraction. These rules will be needed to compute the one-loop pertubations in

D il

Before the divergent diagrams are calculated, we will introduce the new
dimesion-six terms entering the Einstein-Yang-Mills Lagrangian due to the
quantum corrections in The new terms will be necessary due to the
existence of a coupling with negative mass dimension.

In we will present the divergent as well as the finite parts of the
one-loop graphs at order ¢? and k2 for two external gluons and ¢* and gx?
for three external gluons. The diagrams consisting solely of Yang-Mills entities
are used to check the applied methods by comparing their results with the
known literature values [T9]. The regularization of the diagrams, which will be
necessary because of the diverging integrals of the loop momenta, will be done
in two schemes: in cut-off and in dimensional regularization. The first one will
reveal all divergences including the quadratic ones, but its results can violate
the Slavnov-Taylor-Ward identity required by the gauge symmetry. So parts of
its outcome have to be considered as artefacts of its deficiency and have to be
dropped. The later scheme is more elegant and respects the gauge symmetry,
but it will not unveil the quadratic divergences, a major shortcoming, especially
because the found quadratic divergences are the main result of Robinson and
Wilczek [T4]. In our results no quadratical divergences will remain, in accordance
with 6, 16, [7]. The logarithmical divergences in both regularization schemes
will be found to be identical.

In the counter-terms to cancel the obtained one-loop divergences
are determined. To cancel the found pure Yang-Mills divergences we will need
the known Yang-Mills counter-terms. The gravitational divergence will corre-
spond to dimension-six terms as introduces in Our result will agree
with the result of [6], now obtained in a diagrammatical approach.

Finally is devoted to the (-functions of the Yang-Mills coupling

and the new dimension-six couplings.
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Derivation of the Feynman Rules

Although the Einstein-Yang-Mills system is, as our calculations will support,
not renormalizable, quantum gravity is a workable and powerful effective field
theory[I3] for energies well below the Planck scale ~ 10'?GeV. We will compute
the first perturbative corrections of two- and three-gluon amplitude. This is
done diagrammatically using Feynman graphs of the effective quantum gravity
coupled to the fields of the considered gauge theory. To write down the graphs
we first have to derive the Feynman rules for the linearized Einstein-Yang-Mills
theory. These will result from the classical Einstein-Yang-Mills Lagrangian. The
quantum corrections will lead to new terms of higher mass dimension, which

will be discussed in
We start with the Yang-Mills Lagrangian in an arbitrary metric g,
Lyv = —%\/—g gupgua tr [F;wFpa] (2.1)

with the field strength tensor
F, = 0,A, —0,A, —ig[A,, Al

which will provide the coupling terms of gravitons and gauge bosons.
Analogous, we can consider the Einstein-Maxwell theory with the Maxwell
Lagrangian
LMaxwell = _i\/__g g,upglonuprU

The field strength tensor in this case is simply F),, = d,A, — 0, A, thus the
photon field is free and no analogon to the three-gluon vertex exists. Yet, the
two-gluon results in order k2 can be adopted without modification.

Furthermore the graviton propagator is derived from the Einstein-Hilbert
Lagrangian

2
Ly = ?\/__gR (2.2)

of the complete metric g,,, with the Ricci scalar R.
The sum of both

Leym = Lym + LR

forms the Einstein-Yang-Mills Lagrangian which is the classical foundation of
our quantum calculations.

All additional terms of the Langragian due to the quantization of the gauge
field — gauge fixing and ghost field terms — will not be introduced before the lin-
earization of gravity, otherwise the gravitational coupling would become gauge
dependent. Separating the generators t* of the gauge group: F),, = Fjj, ¢, one
can use the commutator relation and write

a a a abc b gc
Fw/ = 0,47, — GVAu +gf AuAV
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using the structure constants f2¢. The trace over the generators in fundamental
representation yields tr [t“tb] = %5“1’ for all SU(N) gauge groups. Hence the
trace in the Lagrangian can be written as

1

1
—5 tr [F/“/FPU] = _ZFICLLVFPGO'

The metric tensor gy, is split in a fix part g, and a dynamical part h,:

8 = Guv + Khyu (2.3)

For our computations we will restrict ourselves to an background which is the
flat Minkowski metric g, = 7,,,. The dynamic part h,, is our graviton field.
The coefficient k is the gravitational coupling constant which is proportional
to the squareroot of the Newton constant k = v/327G and is in natural units
basically the inverse Planck mass x = /327 /Mpy.

Now all metric dependent quantities can be expanded in k. Here we will
only need the expansions up to quadratic order because at one-loop level and
without external graviton lines no higher order interactions will occur. For (Z1I)
we need the expansions of the square root of the metric’s determinant and of
the inverse metric which are

Vg=1+5h+5 (h2 - QhQBhQﬁ) + 0 (K%)
gtV =t — kh*" + K2R + O (/{3)

where h = hg and indices are raised and lowered by the background metric 7.

The zeroth order of (ZTI) reproduces the Yang Mills Langrangian in flat
space and therefore the pure Yang Mills theory. This part can be quantized in
the usual way [20, 21, which will lead to the common Feynman rules, compiled in
The higher orders correspond to interaction terms between gauge
bosons and one or more gravitons. The expansion of ([Z2) will yields at zeroth
order the graviton propagator and in higher orders its self interactions which
are not needed for our considerations.

2.1 Technique to acquire the Rules

The Feynman rules for the vertices are all derived by using the computer algebra
system FORM[22] in version 3.2 by Jos Vermaseren. This system allows to ma-
nipulate complex tensorlike mathematical expressions. Therefore it can handle
the expressions with comparatively small effort but without loss of accuracy.
FORM e.g. automatically evaluates sums over doubled indices and allows to
factor out and substitute vector-, tensor-like and scalar entities.

The input for the scripts are the contributing terms of the Lagrangian,
viz. the term with two or three gluon fields. It is written in momentum space
substituting the spatial derivations by the momentum of the corresponding field:

Oy — —ipy .




2.2 VERTICES WITH TWO VECTOR BOSONS

The appearing gluon fields are differently tagged as Ap, Ao, A3, so that the
expressions have to be symmetrized afterwards. This is necessary to distinguish
the momenta and to account for the group indices which are not treated in the
FORM script but only separately by hand. So for example the two-gluon vertices
are derived from

vV—E8 gupgyg(_ipuAl v+ Z‘puAAl M)(_iQpAQJ + iQUAQ p)

Now we substitute the expansions in xhy, for /—g etc. and extract the right
order in the fields. For the graviton fields no distinguishing labels are needed
because they carry only Lorentz indices, which are part of the FORM objects,
and no derivatives of h appear in the interaction terms. Hence the vertex expres-
sions depend on the gravitons only by their Lorentz indices. Since the vertices
result from expansion of the action exponential € ~ 1+, the corresponding
terms of the Lagrangian are all multiplied by 7 to obtain the vertex expressions.

The expressions obtained this way are symmetrized in the two Lorentz in-
dices of each involved graviton field. Now all permutations of the equivalent
fields of the vertex are added, viz. symmetrized in the fields without weighting
factor. The chosen separate treatment of the group structure has no conse-
quences for the two-gluon terms because the group indices of the fields are
carried by an symmetric tensor, which can be and is chosen to be a Kronecker
delta 6%°. The three-gluon terms on the other hand are always multiplied by
the the antisymmetric structure constant f¢. To allow for this, we antisym-
metrize the group index free FORM expression whereby the complete vertex will
be symmetric in the gluon fields.

To verify the procedure, the more simple rules for the vertices with two
vector boson were also calculated by hand. Additionly the program delivered
the three-gluon vertex without any coupling to gravity. The identity of this

result to the well known rule also confirms our algorithm.

The graviton propagator was acquired completely by hand from the Ein-
stein-Hilbert Lagrangian (Z2).

The FORM expressions for the vertex rules are subsequently passed to the
scripts which will calculate the one-loop diagrams, see

2.2 Vertices with two Vector Bosons

The contributing part of the Lagrangian for the vertices with two gauge bosons
is

—V-88"g" 0 A, O Ay -
The summand of it’s expansion at order s

k(BP0 + 0/ h"7 = LhntPn"7) 0, A5 0, A%




Chapter 2: DERIVATION OF THE FEYNMAN RULES

corresponds to the two bosons one graviton vertex. The method described above
leads to the Feynman rule

of

p = —ird® [ProBp . qrprplegh) + tnoBprgn (2.4)
pa g ™~ vb —p'neq® — gy epd]

Here PHof = %(n“an” By ppBpre —pivneB) is a four tensor which will frequently
appear in all calculations involving the graviton.
Analogously the x? term

_ I£2 (huphua + h;wzhapnua + nuphuahaa _ %h (hupnua + nuphua)
+ 3 (h* = 20 hog)n""n") 0, Ay 01, A%

leads us to the two bosons two gravitons vertex:

vb
q .
)
wa af = 51625“1’ [(p”q“ — p-gnPV) PP (2.5)
p +pq([“”7a7nﬁ5 + [HV,05775’Y
+ pwvﬁvnaé + ]W,ﬁéncw
N6 _ [uuaﬁn% _ [W,'y577a6 )

+2plagh) prras o op(v¢0) purab
_pV(qapuﬁﬁé 4 qﬁpauﬁé
+q7paﬁ,u5 + qépaﬁnxu)
—qgt (papl/,@ﬁﬂs + pﬁpazx,'yzS
_|_p’YPa57V6 + pépOé/B,’YV)
—{—paq'y'r]ﬂ[yné]ﬁ + p'YqOénN[Vnﬁ]é
+p a8 4 pf gepuly iy
_{_pﬁq')/n“[yn&]a _|_ p'YqﬁnM[VnOé}é
+pﬁq5nu[vnﬂa + péqﬁnu[unah] ‘

Additional to P#*8 here [H-oP = %(77“0‘77”5 + PP @) is introduced.

2.3 Vertices with three Vector Bosons
The three gauge boson term

L9V TR g g T f 0, AL ALAS
is at order k

sk (RHPn"7 4 PRV — Lhopn ) fo2°0, AL ADAS
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so the vertex with one graviton is

una
p
q k b
vh pe = —gnfe [P0 (p — gy (26)
+PaBre(g — k)
L poBen(f — p)”

At order k2 we have

_ %g,g (huphw

and the vertex rule becomes

a
vb

pc

(r—q)
0P (q — k)P
np“n”(o‘(k p)ﬁ)} .

+ hHYho P17 + PRV Ry — —h (RFP7"7 4 nuphva)
+ 1(h* -

20 hag)nPn"?) f0, AL AL A,

— Q)% (™ pPrBd npﬁ JHvY0 )
q)ﬁ(nuv pord nee JHvyd )
—q)' (™ pab.ps npé JHvseB )
q) (™ pobar 4 7P ]W,aﬁ)

—q)°( [Wmn& + [ﬂ%a%ﬁv

_|_Iuy,ﬁfy77a6 + qu,ﬁéna'y
_ [ﬂ%aﬁnvé _ [ﬂv7w5naﬁ
—nhv poByd )

— k) (P PHBAS nuﬁ JvPS )
)ﬁ(nw Pond 4 noH JvP8 )
— k)Y (P pabud nué [vmaﬁ)

k)é(nwpaﬁ,w + YR IveeB)

— k) [pra'ynﬁé + [Vp7a577ﬁ“/

_|_Iup,ﬁ'y77a6 + Iup,ﬁéna'y

_ [praﬁnvé _ [Vpﬁénaﬁ

VpPozﬁ,'y(S)

& (ppr P 771/6 JvPS )

ﬁ(,r}pupozu,'yé + nau[up,’yé)
(np,upa,@,mS + nmSIl/p,aﬁ)
(npu peBav nv IveaB)

v( [pu,a“/nﬁé + [pma%ﬁ'y

iy ﬁwnaé + JPHPO nY

_ [pu,aﬁn% _ [Wﬁ/énaﬁ

_npupozﬁﬁé)] .

(2.7)
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2.4 The Graviton Propagator

Now the propagator of the graviton h,, has to be constructed. Its derivation
follows [13].

The graviton propagator arises from the Einstein-Hilbert Lagrangian (Z2).
For its quadratic expansion in x we need the expansion of the Ricci scalar which
is

R — 5 (Oh — 9,0,0)
+ /{2(%8ﬂha“‘h —_ aﬂhﬂ”a}/h + aph'wjaphl,p o %auhypaﬂhlfﬂ
+ %({“)Mhyp{)”hﬂp + Qh}wauaphpv - h‘thuu) +0 (l‘ig) .

Insertion in (Z2) and partial integration yields

2
Lpn = 2V-8R
=30,hyp0" WP — 10,h0"h + 8,h" O, h — O, W OP Ry, + O (K)
To gain a quantum theory of the linearized gravity we use the Faddeev-Popov

quantization scheme[20)]. The chosen gauge for the propagator is the harmonic
(de Donder) gauge which takes the form

0=G,
1
with G, =0"hu, — §0uh
in flat Minkowski background. So we need to add the gauge fixing term{[T]

Lyt =G,G"
=(0"hy — 30,1)(9,h"" — 20Mh)

to the Lagrangian. We also have to introduce a gravitational ghost field, which
is a vector like field with fermionic statistics. b*:

* oG v
Egh:b“<l‘€#>b .

Under general coordniate transformation a# — z# — et (x) the complete metric
transforms as a tensor:

dx® 9P
gitu(x/) = o'k Wgaﬁ(x) .

Therefore the graviton field must transform according
hyw — hyw + Oahye® + (%nau + haw)Oue® + (%nua + hya)0,e®

in order to keep the background metric fixed. The resulting behavior of the
gauge fixing expression G, yields the gravitational ghost Lagrangian

Lon =0 (O + K (h O+ 0,Gy + G0y + (Ovhay — Ophay + 0ahyu)0%)) b .

10



2.4 THE GRAVITON PROPAGATOR

The interaction terms do not interfere with our consideration because we are not
interested in processes with outer gravitons, therefore graviton—ghost vertices
will first appear at two-loop order, but only the one-loop contributions to Yang-
Mills fields are examined.

Integration by parts and collection of the terms leads to the final very simple
form of the kinetic part of the gravitational action:

Seray = / A% 50 hy (0”7 — 0" 0P7) ahpoe + b 0b, + L, (2.8)
which agrees with Donoghue’s action[I3] in the considered limit of flat back-
ground metric 7,,,. Now we easily derive the graviton propagator

i (307 + 020y — Flgnetipd)
aff RAARARARAA V) = (2.9)

D p? +ie

which is also in agreement with [I3]. We keep the spacetime dimension d in
the formula which allows to include it in dimensional regularization. The ¢ is
introduced to avoid the branch cut in expressions containing momenta and must
not be mistaken for the e which will appear in the dimensional renormalization
scheme.

Together with the well known rules for the pure Yang Mills theory — collected

in — we now have all rules we need to do the computation of the
one-loop perturbations up to order x2.

11
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New Terms of the
Einstein-Yang-Mills Theory

The renormalization of the one-loop divergences in the Einstein-Yang-Mills
system will necessitate counter-terms of order x2. Due to the mass dimension
of x which is not zero but minus one in four dimensional space, the logarithmic
divergences cannot be canceled by a tr 2 term. Such a term already has the
mass dimension four, thus its coupling must be a dimensionless parameter.
Quadratic divergences of the form x%2A% however would be canceled by such
terms as described by Robinson and Wilczek [T4].

To cancel the logarithmic divergences we need new dimension-six terms with
couplings of the same mass dimension as k2 or gx?. These terms will enter the
Lagrangian additionally to Ly and Lgp. The requirement of gauge invariance
leaves four possible terms:

Oy =tr [(DpFy,) (DHEFP)]
O, =tr [(D,F,,) (D" F")]
Oy = tr [(DMF”p)(DVpr)] (3.1)

O3 =itr [FjF;Fﬁ] .
The second term O] is proportional to O. It can be transformed to
14 1 14
tr (DB ) (DY FP7)] = L tr [(D,F, ) (DVE¥7)] (32)

using the Bianchi identity Dy, F},; = 0. Thus we will not denote in separately.

Also the three remaining terms are not independent in the action integral.
One term can be eliminated and expressed by the others plus total derivatives.
The latter are purely topological, thus uninteresting in the examined flat space
time. We can for example express Oy by Op and Os:

Oy = tr [Do F*'DgF" ]
= tr [0o F*0sF",
—ig[An, F*0sFP. — ig0a F*"[Ag, FP.]
~g*[Aa, F¥)[Ag, F7,]]
= tr [05F* 0, F",
+ig[Aa, F)0gF”, + igF* 9, [Ag, F° ]
—g*[Aq, F*][Ag, FBV]] + total derivatives

13
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= tr [0°F* 9, Fp,
—ig[AP, Fo0, F, — igd° F*[Ay, Fj)
+ig(0° Ao — 0o AP)[FY | g,
—g*([AP FY)[Aq, Fg,) + [AP, ALJ[F™, Fp,])] + t. d.
= tr [(0°F*Y — ig[AP, F*]) (80 Fp, — ig[Aa, F3,])
+ig(0° A — 0a A® — ig[AP | AL))[F™7, Fg,]] + t. d.
= tr [DPF* D, Fp,] +igtr [FPL[F*, Fg,]] +t. d.

The first summand is O] = %(’)1. Hence in the action integral, where total
derivatives can be neglected, the identification

1
02 = 501 — 2903 (3.3)

is possible. We refrain from choosing the terms used in the Langrangian until we
have determined the counter-term values in Then it will be possible
to pick the most simple combination of terms, i.e. the combination with the
most simple structure in the counter-terms.

In the choice of dimension-six terms one should also take into account the
special nature of the second term. O is proportional to the Yang-Mills equation

of motion — DFF},, = 0, hence vanishes on-shell. Also, the non-linear field
redefinition J
Ay — A=A, + EQD”FW (3.4)

removes Os:

—tr (5,01 = = § v (20,40 — igl4],, 4)))?

= — btr[(20,4,) — iglAu. A + %(20,D°F,
- ig([AM, D®Fya] — [Av, DaFuoz])) + O(d%))Q]

= — %tl" [(28[MAV] — Z'g[Aﬂ, A,,])Q
+2d3 D}, D*F,, (20 A" — ig[A¥, A”]) + O(d3)]

=— 1tr [(Fw)? 4+ 2d2 D, D F,o ™ ] + O(d3)

=—2tr [(Fw)?] — dotr [F"9,(D*F,q) — F*ig[A,, D“F,4]]
+ O(d3)

=—tr [(Fw)?] — datr [ — 0,(F")D*F,,
—ig(F" A,D®F,q — F* D°F,aA,)] + O(d3) +t. d.

= — Ltr [(Fu)?] + datr [(8,F" — ig[A,, F*))DYF,,]
+ O(d3) + t. d.

=—tr [(Fw)?] — d202 + O(d3) + t. d.

In the Abelian theory no traces are present and symmetry prohibits a Og
term. For the sake of uniformity of the results the dimension-six terms are

14



defined as

axwe 1 v
011\/[ . :5(8ﬂF,,p)(8“F ?)
O;\/[axwell :%(aMF,up)(aqup) (35)

Ol?}/laxwell =0

in the Maxwell case. Consequently the identity ([B3]) reduces to

1
OMaxweH _ _OMaxwell t. d. 3.6
2 51 + (3.6)
These terms form the Yang-Mills part of the dimension-six Lagrangianﬂ,

which can be written as:
Laime = d101 + daOs 4 d30, (3.7)

The mass dimensions of the new introduced couplings d;, do and ds are deter-
mined from the requirement [d;] + [O;] = d. Using [D,] = 1 and [F},,] = ¢ one
obtains the dimensions of the O;’s and thus of the couplings:

[di] = [d2] = —2
i) =—§ = 2. 9

The traces over the gauge group indices in case of O and analogously Os
are performed in the same way as in the Yang-Mills Lagrangian’s —%tr[F 2]
case:

Oy =t [(Dpkyp) (DFEP)]
=(DyFup) (DM F7) e |11

——
:%5ab

:%(DMFVP)Q(D“FVP)G
The trace in O3 over three field strength tensors yields
O3 =itr | Fa Fy P,
=iF P Fy FE tr [t“tbtc}
=PRI L [{ta, 03¢ + [t tb]tc}
—iFgPEy ek (@ 4 ife)

Here is f¢ the structure constant of the gauge group and d®¢ = {t% t’}¢
originates from the anti-commutator of the generators, so it is symmetric in its

!The gravitational part consistits of quadratic terms in the curvature R? and R*” R,,. Also
mixed dimension-six terms like R, T"" would appear in an complete consideration as e.g. in
[6, &

15



Chapter 3: NEw TERMS OF THE EINSTEIN-YANG-MILLS THEORY

indices. Fy °r g 7F§a is antisymmetric in abe, thus only the contribution of fe¢
remains in Os:
b
O3 = =1 f*™FLPF, F°

Now we derive the Feynman rules for O, O3 and O3 in the same manner
as we did for the graviton—gluon interactions in [chapter 2 The (D F)? terms

lead to the two boson vertices:

pa r\z\.@w vb = 2d1id® (P — ¢*¢”) (3.9)

q
e “{;@W vb = doid™q* (" — ") (3.10)
And all dimension-six terms correspond to three boson vertices:
vb
q
A = dyg [ [ (P (4p - + 2p - k) — ¢*(4g - p+2q - k) (3.11)
f +1"P(q" (49 - k +2q - p) — k" (4k - g + 2k - p))

pe +nPH (kY (4k -p+ 2k -q) —p’(4p -k +2p-q))
—2(k"k” (p* — ¢°) + p"p"(¢" — k)
+q°¢" (k" —p"))]

vb
q
. K= dyg fobe [ (pP(2p - q +p -k + 3q - k) (3.12)
B —¢"(2¢-p+q-k+3p-k))
e +1(q¢"(2q - k +q-p+ 3k - p)
—kt(2k - q+k-p+3q-p))
+nPH (kY (2k -p+k-q+3p-q)
—p"(2p-k+p-q+3k-q))
— (K'Y (p? — ¢°) + p"pP (¢ — k")
+¢°q" (k" —p"))
—3(pPgk” — p’qPk")]
vb
q
. M= 3y fobel i (pPq - k — qPk - p) (3.13)
f —n"?(¢"k -p—k"p-q)
e P (k"p-q—p"q- k)

+(P "k — ' aP k)]

When we match the logarithmic one-loop divergences with the new coun-
terterms, we will see only linear combinations of the contributions of all terms.
Thus the results for the sum of all terms are presented in a form which can be

compared with the results we will obtain in [chapter 4

OO - i(2dy + d2)6" (0" — ¢"q”) (3.14)

16



o~ o, -

S (P ((Agda + 2gda)p - q + (2gd1 + gda)p - k + (3gda — 3ds)q - k)
— ¢"((49d1 + 29d2)q - p + (29d1 + gd2)q - k + (3gds — 5d3)p - k) + ...
— 9(2dy + do) (K"E" (p” — ¢°) + p"p’(¢" — k") + ¢"¢" (K" — p”))
— (3gdy — 3ds)(p"q"k” — p"q"k*)]  (3.15)

All combinations of the couplings di, dy and dz are in such a way that a
transformation between the terms as in ([B3)) would not effect the amplitudes

of the combined Feynman graphs. This is the correct behavior required for a
physical quantity.

17
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1AY

Divergences of the one-loop
Diagrams

The aim of this chapter is to diagrammatically calculate the one-loop con-
tributions to the gluon self-energy and the vertex correction. Additional to the
contributions of the pure Yang Mills theory, [Figure 4.1} in the Einstein-Yang-
Mills systems gravitational one-loop diagrams, are found.

The lack of multi-photon vertices and electromagnetic ghosts in the Einstein-
Maxwell system reduces the number of diagrams dramatically. Only the two
gravitational contributions to the photon self-energy — [Figure 4.2h) and b) —
remain. The values of the pure Yang-Mills diagrams will provide a test for the
applied methods by comparing them to the known results from the literature,
e.g. [19)].

The divegent graphs are calculated in two regularization schemes: First we
use a cutoff regulator to see the expected quadratic divergences; but as the
calculations will show, all quadratic terms in the cut-off momentum cancel. So
we repeated the computation with the more elegant dimensional regularization.

4.1 Feynman Integrals

The one-loop diagrams needed to be evaluated for the renormalization of the
theory contain one, two or three propagators.

The momentum integrals with one propagator only need to be Wick rotated
and are then computed in the chosen regularization scheme. The other ones
first have to be transformed using Feynman parameters. By the right choice
of denotation of the propagators only two different combinations of momenta
remain:

1 e S(x+y—1)
(ki) ((k + g2 +ie) //o G S s e

1
(k2 +ie)((k + q)2 + ig)((k — p)2 + ie)

! Sz+y+z—1)
2 dxdyd . (4.2
///0 rey y(k2—2k-(yp—xq)+xq2+yp2+i5)3 (4.2)

The integrals over the parameters x, y and z will be evaluated after the momen-
tum integration is done. The momentum integrals lead to a small number of
functions of the parameters. The polynomials were of course easily integrated for
the remaining — rational functions and logarithms of polynomials — we used the
computer algebra system MATHEMATICA. The two dimensional integrals (EII)
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Figure 4.1: One-loop corrections of the pure Yang-Mills theory
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Figure 4.2: Graviton loop corrections
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4.1 FEYNMAN INTEGRALS

were easily processed. The three dimensional ones (£2)) turned out to be more
complicated and were at first not evaluated neither analytically nor numerically.
We solved the problem by transforming the parameter integrals as described in
to a form MATHEMATICA could handle. In the new form we were
even able to obtain an analytical result.

Of course most of the integrals are ultra-violet divergent and have to be
regulated. This is done by two schemes, each with its advantages and drawbacks.
The application of two different regularization methods allows to compare their
results and to cross check the calculations.

4.1.1 Cut-off Regularization

The cut-off scheme is the most simple way to regulate divergent integrals in
momentum space. The intergals are solved after the time component of the
integration variable k, is Wick-rotated:

ko =ikgo

— k=K%

Now we integrate in Euclidean momentum space. The finite valued intergals
can be performed directly. The divergent intergals are only taken over finite
size sphere with the radius A, the so called cut-off momentum.

After introducing the Feynman parameters, the denominators of all mo-
mentum integrals take the form (k% — 2k - p + )™ pu and [ are momentum
like and momentum square like expressions respectively depending on the outer
momenta and the Feynman parameters. This allows us to apply (E3)—(EI0).

d% 1 —i
— = A2 4.
/(271')4 k2 1672 (43)
d*% 1 i A?
= log—— — 1 4.4
/(27?)4 (k2 —2k-p+1)2 1672 {ngZ—l } (44)
d* Ky, i A2 3
= log —— — = 4.
/(%)4 (k2 —2k -p+1)2 167r2p“{°gp2—z 2} (45)
d* kyuky i1 5 A? 3l —5p?  A?
= . - D1 _ =
/(%)4 (k2 —2k-p+1)2 16722 {(p Jog 77+ 2 }
i A? 11

/d4/<: 1 =11 (47)
(2m)4 (k2 =2k -p+1)3  16722p2 — 1 '

/ d% k. _ i1k (4.8)
2m)* (k2 —2k-p+1)3 16722p%—1
d% kyk, i1 A2 3
= —Nuw | log —— — =
@2m)* (k2 —2k-p+1)3 16724 pP—1 2
. i l Pubv
16722 p2 — 1

(4.9)
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Chapter 4: DIVERGENCES OF THE ONE-LOOP DIAGRAMS

/ a4 Kk k, i 1( N . 0 A2
Q) (k2 —2k - p+ 13 16m24 P T TvePu T oubr) | 108 377 = 7
i 1pupupy
16722 p2 — | (4.10)

Quadratic appearances of the integration variable are simply written as k? =
n*kyk,. The formulae are taken from [23] except the last one, which was de-
duced by derivation from (6] and the first one, which is trivial.

In these formulas all momenta, including the integrals at the left hand site,
are not Wick-rotated. The Euclidean vectors exist in an intermediate step and
do not effect to outer momenta. The Wick rotation becomes only visible in the
imaginary factor.

The disadvantage of the cut-off regularization is that the hard cut-off in
momentum space violates the symmetries — especially gauge symmetry and
Lorentz symmetry. Terms of the regulated expressions which are inconsistent
with the symmetries, viz. violating the Slavnov-Taylor-Ward identities, have to
be dropped because they are unphysical.

4.1.2 Dimensional Regularization

The considered integrals diverge in 4 dimesions, but yield finite values in d # 4
dimensions. This is exploited in the dimensional regularization first introduced
by 't Hooft and Veltman [24]. In this scheme the momentum k, which is inte-
grated over, is Wick-rotated like in the cut-off regularization. Then the integral
is carried out in d = 4 — ¢ dimensions; and finally the obtained expression is
expanded in € and all terms of linear and higher order in € are dropped. The
divergences now become manifest as poles in €. To the one-loop diagrams we
find only poles of first order, so all divergences are terms proportional to %

Because the integrals are taken over the whole now d-dimensional momen-
tum space and not only a finite sphere, the integration variable k can be
shifted, so that the denominator depends only on its square k> and is writ-
ten as (k> — A)™. The precise shift is

k= ku + 2q, = A=-2(1-2)¢ (4.11)
for the two propagator integral [@1]) and
k= kot (g —ypa) = A=—z(l-a)q’ —y(l—y)p’ +2ypq (4.12)

for the three propagator integral [2).

Due to the symmetry all terms of the numerator linear and cubic in the new
kﬂ can be dropped after this substitution. For the same reason the quadratic
terms can be simplified by

kuky = 2620, . (4.13)

Higher terms in £ will not appear in our diagrams.

1n the futher text k' will again be denoted as k because no confusion will be possible.
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4.2 TECHNIQUE

The momentum integrals are now evaluated in d dimensions. The used for-
mulae can also be found in [21]:

/ (Sjﬁd (k? —1 A)? :(47:)d/2 FA(22—_d/%2) (4.14)
/ (;i:];d (k? ﬁQA)? :(47:)3/2 gPA(ll_d/%z) (4.15)
/ (;ij;d (k2 _1 A)3 :(47:)2/2 %FA(?;;/%;) (4.16)
/ (sj;d (k? ﬁQA)B :(47:)d/2 grfz_d/%z) (4.17)

These expressions are all finite for d = 4 — € as long as € # 0. The limit ¢ — 0
will be taken in the final step and deliver the divergent part ~ % and the finite
contributing O(1) in d = 4 dimensions.

The disadvantage of this method is that in the dimensional regularization
quadratic divergences disappear:

d% 1
/ Wﬁ =0 (4.18)
This is especially problematic because the superficial degree of divergence for
many of our considered diagrams is two. We solve this problem by the compari-
son of the results of the two regularization methods: The quadratic divergencesﬁ
in the cut-off regularization cancel each other, so that only logarithmic diver-
gent terms remain. These logarithmical divergences in both schemes will turn
out to be identical, if the divergent factors log A> and % are identifedE.
Finally all expressions containing the dimension d are expanded in small e.
The I'-functions are expanded using:

F(l—%):F(—1+§):—§+7—1+0(e)
P2-$)=T(5) =2 —7+0() (4.19)
FB-9)=T(1+5) =1+0()

and will provide the divergence % Here v is the Euler-Mascheroni constant,
~v & 0.57772. Additionally only a few functions of the dimension and thus € will
appear:
X778 = X2 = X72(1 4 Lelog X) + O(e?)
d"=(4—-¢)" =4"(1 - Fe) + 0(62) (4.20)
1 1 1 e )

i—2 - a-c 2t3tO)

In the final result only the terms O(2) and O(1) are kept.

2Here only the terms respecting the Slavnov-Taylor-Ward-identity are meant. The unphys-
ical divergences are dropped anyway.

3This identification is reasonable because both have the same mangnitude as the accom-
paning momentum logarithm — log ¢°.
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Chapter 4: DIVERGENCES OF THE ONE-LOOP DIAGRAMS

4.2 Technique

The actual computation of the one-loop graphs was mainly done using the com-
puter algebra system FORM. We wrote separate scripts for each calculated graph
— only graphs with the same structure like the triangle graphs with gluon and
ghost propagators ELIl) and e) are computed in one file. First the scripts read
the vertex formulas for the graviton—gluon vertices from the script described
in Becfion 211 Each diagram is represented by a FORM expression, which con-
sists of the integrals numerator including the symmetry factors derived by the
method described in [Appendix Al and the imaginary factors ¢ or —i respectively
of the propagators. The constants like g, x and gauge group expressions like fe¢
were not included in the script because they were not effected by the manipu-
lation done by FORM. The later ones were evaluated by hand using the quite
simple rules

6ab6bd — §ac facdfbcd — C25ab flamfmbnfncl — _%C2fabc ) (421)

In the common case of a SU(N) gauge group The constant Cy = N.

The integral itself including the factor (27)~? and the denominator was also
not explicitly written because all expressions in one file have the same denomina-
tor and accordingly the integration procedure is the same. E. g. the gravitational

one-loop contribution to the gluon self-energy [Figure 4.2h) is written as:

local PC1=Vigr2gl(q,m,[-K],s,a,b,i1)*P1(a,b,c,d)*Vigr2gl(K,s,[-q],n,c,d,i2);

The vertex function Vigr2gl depends on the gluon momenta q, K (vectors),
the gluon Lorentz indices m, n and s and the graviton indices a—d. The additional
arguments il and i2 are needed as indices for internal sums in the vertex
functions. Additional to the vertex functions the index structure of the graviton
propagator 1570 4 rldnaﬁ 1" is represented by a FORM function succeedingly
matched by

id P1(a?,b?,c?,d?)=1/2*(d_(a,c)*d_(b,d)+d_(a,d)*d_(b,c))+d_(a,b)*d_(c,d)/[2-D];

The symbol [2-D] is immediately matched with —2 in cut-off regulariza-
tion. In dimensional regularization the expansion for D = 4 — ¢ is done at the
appropriate time.

For cut-off regularization the dimension is set to four. Now the loop intergal
is evaluated. This is done substituting all occurrences of the loop momentum
by the solution of the regulated integral (E3])—ETI0).

For dimensional regularization first the momentum shift ([EI1l) or (EI2)
respectively is implemented. The odd powers of the new integration variable
are dropped and the simplification [ZI3]) for the quadratic terms is utilized.
Now the dimension is set to d = 4 — € and expressions in d including the
momentum integrals are expended in small € up to O(1). For the integrals we
used [EI4)-ETID) and the expansions for the I' function [EI9).

The remaining process is the same for both regularization schemes. The last
step introduced the Feynman parameters in our expressions. The integral in
the two propagator case ([EJ]) is evaluated by substituting each occurrence of a
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4.3 GLUON SELF-ENERGY

power of x or function of x by the value of the corresponding intergal, which
were obtained before using MATHEMATICA.

The three propagator case ([2) is more complicate. First the integrals over
A~! and log A are not solvable for general external momenta. To gain a expres-
sion for the complete diagram, we set the momenta to p?> = ¢*> = k? = —E2.
The divergent part, which is the only important for the counterterms, is ad-
ditionally computed for not fixed momenta because it is always polynomial in
the Feynman parameters. The final evaluation of the integrals is done using the
substition presented in [Appendix B}

Finally the not totally symmetric three-gluon diagrams, like [Figure 4.7c),

are summed up by adding all cyclic permutations, viz. (p, u; q,v; k, p)
+(q,vik, pip ) + (K, pip, 3 ¢, v).

4.3 Gluon Self-Energy

The finite part of the diagrams include terms depending logarithmically on the
squared momentum. These have a branch cut for negative arguments, which is
avoided by the —ie term introduced in the propagators. If one wants to evaluate
the logarithms — which is no necessary to obtain the results of this work — one
has to take the limit € — +0 to obtain the correct value:
log(q® — i€) ﬂ>10g(—c]2) —
q%<0

log(—q¢* + ic) —e—ﬂlog ¢ +ir.
q%>0

To keep the formulas more readable we drop the i€ in the results. It can easily
restored using that it always appears in the combination ¢ — ie. Hence one can
substitute

q2—>q2—i6

if necessary to evaluate a logarithm.
In the momentum integrals the branch-cut is avoided by the integration in
the Euclidean space after Wick-rotation.

4.3.1 Pure Yang-Mills Theory

First we deal with graphs which consist only of entities of pure Yang Mills
theory, a)—c). These calculations can be compared with the long

time known results of order g2 as taken from the literature[25, 9, 26, 21].

[Figure 4.1 a)

= [ &
= == e 1P (g by —(k + q)) —5——
d " 3gl [RAe] 2 ;
2 2 ) (2n) k= +ie . (4.22)

VdeV —g. —k. k _72
X 3 pU( q, ) +g)(k+q)2+l€
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Chapter 4: DIVERGENCES OF THE ONE-LOOP DIAGRAMS

becomes in cut-off regularization:

1 i 2 ab y 2
2 “{}‘ = 129 €20 <q " [logA —log¢® + 174

11 9
—¢"q" - [log A” — log(~¢*) + G5] — " ZA2>

(4.23)

and in dimensional regularization:

1 i ,19 2
5/\‘{:}» = 167729205 <q nt T [——log( ) — 7+log4ﬂ+%]
11 {2
—q"q" — [E —log(—¢*) — v + log4r + %])

6
(4.24)

abcc,ul/p —1

yields in cut-off regularization:

1 i 2 s b A2
— = VA 4.2
2 Q 1620 21 420

in dimensional regularization the all tadpole graphs are zero:

1 o, d—1 b/d% 1
z — —_g%C wv sa _
2& T T e (4.27)

Q
N

b)

=0
[Figure 4.1 c)
- d% d i i
_ —Vca I k 7vdbcu B)——— 4.98
M‘-.-'W /(27T)d glfgh( +q)(k3—|—q)2+i€ glfgh( )k‘z—{-i& ( )

becomes in cut-off regularization:

s L b v 2 2, 11
N T et O <q " 1 log A" —log " + ]

1
+a"d"g POgA? log(—q2)+-%]4-U“V1A?>

(4.29)
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4.3 GLUON SELF-ENERGY

and in dimensional regularization:
- _ 1 g b 2 w1 |2 2 8
"\.J. ~ .'\4 = Wg 026(1 <q ,'7“ E |:E — log(—q ) - + lOg 47 + 3

(4.30)
12
+q“q”6 [E —log(—q®) — 7 + log 4 + %} )

Hence the complete gluon self energy in order g2 in the cut-off regularization:

: 5
=1627T292025“b[(q277“” ¢"¢")5 (log A* — log(~¢?))

+ 5O - B + n“”AQ}

(4.31)

the finite and the quadratically divergent terms are not conform with the
Slavnov-Taylor-Ward identity and thus unphysical. So they must be ignored
as described in kubsection 4. 1.1l The result in dimensional regularization

i 2 b 2, uv 1/52 2
_ O\ 50 o oo V2|2 oo (—
529 C8% (" — "a") 5| - — log(=4")

31
—7+10g47r+ﬁ]

(4.32)

on the other hand is symmetry conform. Both results match with the literature
values.

4.3.2 Gravitational Contributions

[Figure 4.2 a)

ac,ua af —1
e = [t o b

i(Iaps = To97aphs)
(k+q)? +ie

(4.33)

cbv,yo
V2g171gr o (k7 _Q)

becomes in cut-off regularization:

_ i 2¢ 2 uv v\ sab 3 2 21 2 2 25 ]
«@w = 162" (@™ —q"q")d [§A —q E(logA —log(—¢°) — %)

and in dimensional regularization:

_ i 2/ 2 uv v b1 2 2 2 1_
“@\ = g2 (@ = d"d")% g [E—log(—q ) =7 +logdr + 5

(4.35)

1 ddk ab pv,a3 6
(4.36)

i(Iaprs = FgMapTs)
k2 +ie

[Figure 4.2 b)
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is in cut-off regularization

1 -1 3

in dimensional regularization it yields zero as all tadpole graphs:
1 3 20 2 uv w v b/ ddk 1
- -2 _ 5@ 1
2 @ T = CENT [ oy (4.38)

The sum in cut-off regularization:

1 i1 2L m ab .2 2 2 2
- =— - v_qhtq” log A2 — log(—q?) —
N@NBQ o2 g4 —d"d")8" k% [log og(—q°)

(4.39)
is in leading order equivalent to BL2h) in the dimensional calculation, which is
the only contribution in this scheme.

4.4 Vertex Corrections

The finite parts of the triangle shaped diagrams [Figure 4.1]d), ¢) and EE2c) were
evaluated at the regularization point p? = ¢ = k? = —E? because otherwise
we would not been able to compute all integrals over the Feynman parameters.
As mentioned above, the divergent terms depend only polynomially on the
parameters. Hence these are additionally calculated for general momenta in
order to obtain the right tensor structure for the dimension-six counter-terms.

Except for some of the logarithmic divergent contributions of gravitational
loop diagrams, only three, in the momenta and indices antisymmetric structures
occur. To enhance readability only the first terms will be written:

" —q)f +n"(q— k! +nk—-p)" =0"pP-q" +...
ErEY(p — @) +0"p (¢ — B)! + ¢°¢"(k —p)" = K'E"(p—q)P + ...
PPk — PP k" = pPghk” — p¥ gl kM

4.4.1 Pure Yang Mills Theory
d)

ddk lam pa —1
= [—— k — k)
r;iéa.\ /(%)dvffgl'v (k=pp =R

mbn v —t 4.40
X‘/};gla (kj,q,_k_Q)(k+q)2+2€ ( )
ncl —1
X vaglﬁpfy(k_{_Qa —P—q, _k+p)(k_p)2 —|—’L€
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4.4 VERTEX CORRECTIONS

becomes in cut-off regularization:

(4.41)
(R (p— ) + .. ) [ = L (d) = (2)] B2

1
6 3
PR = PR [+ 3 () — v (3)] B2

and in dimensional regularization:

1 3 abc{ 13 " p {2 2
— (" (p — +...)|— —logFE
rf{é&\ 16727 Caf 8 0™ =q) ) e B

—y+logdr+ % - 41 () - 13| (442)
~(RE (=) ) [B + Bn(d) - ()] B
PPk — PPk [HE - 2 (d) - e (2)] B2

[Figure 4.1] e)
2 2 d k am Z mon v
e Tt :_/(2w)dvél1ghu( )

v ncl py
" m‘fgkgh k=)

1
(k —p)? +ic

mal J nbmv
+ Vo ghu( k"‘P)kg Vglbgh (—Fk)

len py
GrrgrrE e (Fm9)

becomes in cut-off regularization:

S

3 abc 1 v
!44«.14‘(},»».1 —Wg Cof {—ﬁ(ﬁ“ (P—q)f +...)

(k—p)* +ie

[ —
[
o
o
=

o

(KK (p—a)+...) [51 — %(%(%) —1(3
(3 (

1
+(p g"K — P ¢ k") (155 + (W1 (3) — 1 (3)

and in dimensional regularization:
2 2 1 aoc 1 v 2
T e Tt I g o= 4 [C —log B
TR AR o )
—v +logdm +3 — 5(¥1(3) — ¢1(§))]
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Chapter 4: DIVERGENCES OF THE ONE-LOOP DIAGRAMS

(4.44)
[Figure 4.1 f)
1 1 ddk bmnvpo —1
- - | =" k—k —g)—0o
thﬁénx 3 Jam i ke
anac,up Lk o —1
X 4gl po ( K +4q,p,—p q>(/€+q)2+i5
(4.45)

becomes in cut-off regularization:

1 . 1
2 1672

9

g?’ZCgf“bc (77’“’ (pp [log A% — log(—pQ) + 1] (4.46)

—¢’ [log A* —log(—¢*) + 1] ) +...)

and in dimensional regularization:

1 1 39 abe (v (,p 2 2
- e = — — ——1 — — log 4 2
2’3\\ - Tom2 9 72 (" (0" | —log(=p7) — 7 +logdm +

—q” E —log(—¢?) — v + log 4 + 2} ) +.. ) (4.47)

Hence the sum of the Yang-Mills contributions in cut-off regularization is

1 el 20
167729302f b{_g(nu (p—Q)p+---)[10gA2—logE2

+ 8- smi(d) - ¢1(%))] (4.48)

4
—(R R (p = @) + .. ) [B + Fn(3) — v1(3)] B2
R - k) [2 - R (3) - (3)] B2

And the sum in dimensional regularization:

_ 1 3 abc _2 w \p 2_ 9
16772902f { 3(77 V) +"')[e log B

—y +logdm + 1 — Wy, (1) - ¢1(§))} (4.49)
—(H'E'(p— )" +...) [57 + 51 (1(3) — 1 (3))
'R - p k) (B~ B 0(3) - 03] B
Again the Yang-Mills result reproduces the literature value in amplitude and

sign. Thus the applied methods can be regarded as correctly working, also in
the gravitational sector.

—_ =
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4.4 VERTEX CORRECTIONS

4.4.2 Gravitational Contributions
[Figure 4.2] c)
ade oT —1
/ 3glu ( _kk p)k2—|—2€
v deu af (/{? )i(Ia,@Pﬂs - mna,@nwé)

2gl-lgro (k _|_q)2 + ie
5 —1
X V2201P17ng( k+p7 _p_q)(k:—p)Q—i-Z&

The divergent part is in both regularization schemes:

U ae) ] 05 1
- abe ) ouv Zp. Zg-k
+ 6298 S {77 [p (gpra+g4a-k)
5 1]
_gP(Zpq. _m.
¢"(Ga-p+p k)_
5 1 5 1]
+n"? [qu(—Q'k+—k'p)—k“(—k'Q+—Q'P)
6 4 6 4 1 (4.50)
5 1 5 1]
Pr BV (Z ke Zn-g) =o' (Zp-k+ —k -
+n [ (Ghptqp @) —p(gp k+y q)_

5 14
—é[k“k p—q)f+...]

1 T RZ Vo pLt
B A
Here the abbreviation

log A2 in cut-off regularization

A=<¢2 (4.51)
- in dimesional regularization
€

is used. The finite part of the diagram is determinable only at the point p? =
q*> = k?> = —FE?. The complete values of the diagram is then in cut-off regular-
ization:

[

10gE2 + 8 — 2 (1(3) — v (
(k“k”(p Q)" +. )[logA2 (4.52)

—log B> + 5 + & (¥1(3) — ¥ (

_l(ppqukv _ qpku)[
—log B2+ 8 — ¥(u1(3) - v (2))] }
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Chapter 4: DIVERGENCES OF THE ONE-LOOP DIAGRAMS

and in dimensional regularization:

2pebel BEAm™ (p - q)" + ... ) [ — log B
—y +logdr — 5§ — £ (Ui1(3) — 1 (3))]
—3(k"K(p— q)” +...)[2 —log B> — v + logdr (4.53)
+3 = HW1(3) = ¥1(3))]
—%(ppq“k” —p g kM) [% —log E? — ~ + log 4w
1 4 2 n(h) - 3]}

+...:16?g/§

[Figure 4.2 d)

d% 4 —i
_ V. vo,af Lk
,ﬁg\ / my et 1 (P g
i(IaB,wé - ﬁnaﬁnﬂ/é)

x Vadc,uapp/é ,—k‘, o
sl lgro (P p—4) (k+q)? +ie

The divergent part is in cut-off regularization:

_ 1 2 rabc 3 77 p 2
to = g gnf 5 1 —a) +...]A

oL T 1 3
=1 [p”(—p-q+—p-k+—q-k)

+ 6 6 4

—q”(gq-eréq-kJer-k)]

—n“p[Q“(gq-k+%q-p+%k-p)
_ku(g

—n”“[k”(gk-erék-qu%p-q)
—p”(zp-k+lp-q+%k-q)]

6 6
log A2}

(4.54)

1 3
k. k- Zg- ]
¢+ skopt g p)

+[EE (p—q)P +...]

3
+ [P’ ¢" k" + p¥q" k"]
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and in dimensional regularization:

1
1672

T 1 3
gan“”c{ - [p”(gp-qu GPk+ga k)

7 1 3
—q”(—q-p+—q-k+—p-k)}

6 6 4
7 1 3
Pl (g -k 4+ —q - hy
n [q (6q +tea Pty )
7 1 3
M L. L. .
WiGh-a+gh-p+ g p)] (4.55)

7 1 3
PR RV (L. k- Zp.
n [ (6 ptekogtop q)
7 1 3
—(tp-k+ Zp- %k
p(6p tgpraty C])]
+[kFE (p—q)P + ... ]

3 2
+= [P g K" + p"q k"] }—
4 €
The complete diagram is in cut-off regularization:

1
" 1672 )
+ (" ([~ (§p-a+5p b+ fg- k) log A?
— (4p -k — 139~ k) log(—p?)
24

_l’_

gﬂ2f“”c{ ~ 3™ (p—q) +.

— 1k?log(—¢*) + ¢ - klog(—k?)
+a5p q+ 330k —3q k] (4.56)
VTN
+ (k‘“k” (pp[log A% — %log(—pQ) — %log(—k‘Q) + %]
¢’ ) +...)

+ (PP — p" k") [§ log A + 2
— } (tlog(~p?) + log(—?) + log(~k*) ]}

and in dimensional regularization:

_ 1
1672

gﬁf“’”{(n“”(ﬂ[ —(Ip-q+gp-k
+2q-k)[2 — 7 + log 47]
— (40 k — 15q - k) log(—p?)
— isz log(—q¢%) + %q - klog(—k?)
—%p-q—%p-k+%q-k]
)+ (4.57)
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+ (kK" (p°[2 — flog(—p®) — § log(—K?)
—y+4logdr + 5] —¢’[...]) +...)
+ (PR = p k) [3 (2 — v +logdr — 1)

— 1 (1og(~#) + los(~*) + los(—?) ]}

[Figure 4.2 e)

; 1
abcuup,a,@wé Z(Iaﬁ,’Y(S - ﬁnaﬁn'yé)
Aév / 27‘1’ d 3gl 2gr (p’q’ -b - Q) K2 + e (4.58)

is again a tadpole diagram which only contributed in the cut-off scheme

1 133,
2 ~ 16727 2

Cof™ ("™ (p — q)f + ... )A? (4.59)

Like in the propagator case the quadratic divergences cancel in the sum
of all diagrams. So the remaining logarithmic divergences of all gravitational
one-loop corrections to the three-gluon vertex are

1 2 pabc ,uu[pl 1 1
— — Zp. Zp-k+Zg-k
@ 62 9r S | (gp-a+gpok+ 54 k)
1 1 1
—a?(=q - Zg-k+= k]
q(3q ptga-k+gp-k)
1 1 1
PP gt (g k4 g - k.
n [q (3q tgarts )

1 1 1
— k' (k- g+ -k-p+5q-p)
. 3 . 6 . 2 } (4.60)
PR Y (Z k. Zk- p.
n [ (3 ptgk-gtop q)
1 1 1
— Y (Zp-k+ Zp- k-
p(3p D at g q)}
1
o R (=) + ]

1
*3 [P q* K" + p"q k"] }A

in both regularization schemes with A as defined in ([E5T]).
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Renormalization

After determining the divergences of the one-loop diagrams, we are able to
cancel these by adding infinite counter-terms to the Lagrangian, i.e. renormal-
izing the theory. We will do this in the minimal subtraction scheme, viz only
subtract the leading divergent order.

5.1 The Counter-Term Lagrangian

The effective theory for the considered energy scale is described by the La-
grangian

L= Eren. + Ect

plus further corrections of higher order in x and g, which would result from
multi-loop calculations. Here Loy, is the renormalized Lagrangian consisting of

the Einstein-Hilbert and the dimension-six Lagrangian presented in
Lren. = LyMm + Ldimé -

Lt collects all counter-terms canceling the determined one-loop divergences
from The full Lagrangian can also be expressed by extended La-
grangian Lrywm + Ldimg in terms of the bare fields and couplings. For our con-
sideration only the Yang-Mills sector

L=—1F),FO" + ditr [(D)F,,) (D F°)]

+dtr [(DOFO) (DO F)] + id) tr [FgﬁFg’YFQa] (5.1)
is needed, which is at the examined order:

L= auAOaua[uAg}a . QOfabc(auAlO/a)AObuAOcu
+2d00"9” A9, 0p, AD"
+2d7g0 fe0" 9" AP P (9, (ADP ADC) + 2400, AYY)
+ 2d30" 0y, A 0,01 A7)
+2d3g° 0,01 AP PN (07 ADP ADC) + 2407 0y, AV
—2dy fro AP0y, A0P 0y, ADnPT + O(A”)

(5.2)

The renormalized Lagrangian L,e,. is identical to (B2)) with the bare entities
substituted by the renormalized quantities. Also the counter-terms must have
the structure provided by (22). Therefore the counter-term Lagrangian up to
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Chapter 5: RENORMALIZATION

order A® has to be
Loy = — 020" AV 01, Al — 967 F"(0, AL AP AV
+ 202010 A1 0,0, A%
+ 290712 fAOr DY APP(,, (AL AS) + 2400, A%)
+ 20{2%0" 0y, A%0,0" A/
+ 290727 f40°0,, 01 A1 (0¥ (AL AG) + 24P 9y, A

— 208 fereol A9y, Ab 0y, ACmP” + O(AY).

(5.3)

The introduced symbols §; will carry the divergent expressions canceling the
one-loop divergences. Where no confusion with the complete terms is possible
these will be denoted as counter-terms as well. 5*;’ and d, are dimensionless
by construction and the 5fiX have obviously the same mass dimension as the
corresponding d;.

The terms of both formulations, bare fields and coupling respectively renor-
malized quantities plus counter-terms, can be compared utilizing the renormal-
ization of the field strength

As = 7' 400 (5.4)
connecting renormalized and bare fields. Thus the counter-terms and the bare
and renormalized couplings are related by

1+ 0y = 23 g(1+467) ZQOZQ%
di + 002 = dVZ  g(dy +013) = d(l]g()ZQ%
dy+ 652 = 82, g(dy +0%3) = Y023
ds + 0% = ng§ .

These relations will be necessary to derive the G functions and will also reduce
the remaining degrees of freedom in the results.

5.2 The Renormalization Scale

Because we want to use only divergences themselves to construct the counter-
terms, we have to introduce an energy scale p in order restore the right mass
dimension. The scale p is the renormalization scale at which the one-loop dia-
grams are evaluated.

In the cut-off renormalization the leading term of the logarithmic diver-
gences is log A2 with the cut-off momentum A. Such a term by itself has no
defined mass dimension. In order to obtain a dimensionless expression, one has

to substitute ,

A
log A2 — log ? = log A% — log 12
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5.2 THE RENORMALIZATION SCALE

in the counter-terms. Because the cut-off renormalization is applied in four
dimensions the Yang-Mills coupling ¢ is dimensionless. The only remaining di-

mensionful quantity in the counter-terms is x2,

k%] = —2.

Because of the absence of quadratic divergences x2 only occurs in the dimension-
six counter-terms 5?1. These terms also have in four dimensions the mass dime-
sion minus two, see ([B8). Therefore the right divergence for the logarithmical
counter-terms is again

AQ
log A2 — log — =log A? —log p2.
1

In combination with the one-loop corrections the term log p? will cancel the
log E? term at the renormalization point. For energies near the renormalization
point these terms can be combined to log g—z, which is dimensionless as required.
Aside of their final canceling, all quadratic divergences we saw were of the form
x?A?, so they were per se dimensionless and no p has to be inserted.

In dimensional renormalization the divergences are of the form %, hence
dimensionless. But now the prefactors will get a non-vanishing mass dimension
because of the mass dimension of the couplings in d = 4 — ¢ dimensions. Their
mass dimension can be derived by comparing the kinetic and interaction terms
of the Lagrangian ] The action itself must be dimensionless [S] = 0, thus the
Lagrangian in d dimensions has the mass dimension [£] = d. The kinetic terms
for both appearing bosonic fields are ~ (9A)? respectively ~ (0h)?, so the fields
must have the mass dimension

Al =[] =5 -1. (5.6)

From the three-gluon interaction g(9A)A? and the gluon—graviton interaction
kh(0A)? one reads:

[g] +3[A] + 1 =d
(k] + [] + 2[A] + 2 =d

which is solved by

(5.7)

€
=—-14+=. 5.8

+s (58)
The Yang-Mills divergences at one-loop order are proportional to ¢ for the
self-energy and g2 for the vertex correction respectively. So the counter-terms

!The dimension of & can be alternatively determined from the Einstein-Hilbert term %R

using R ~ 00g — [R] = 2.
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Chapter 5: RENORMALIZATION

b2 and 6 must both be proportional to g%, hence to keep them dimensionless a
factor p~¢ is required. Therefore the divergent factor % has to be extended to

The gravitational divergences are proportional to x? and gx? respectively. The
counter-terms have the same dimension as the same as the corresonding cou-

plings d; which were derived in and are

5] = [672] = — 2
d €
dS = —_—— = - —
[07°] = 5 2+2.

Hence to achive the correct dimensions of the counter-terms, an additional factor
of mass dimension

(K%)= [6y] =e

[gr®] = [67°] =¢
is needed. Thus again, the divergent factor has to be

—€

“
€

to achieve a dimensionless counter-term. For small € it can be expanded to

p 2 =201~ clogp+ O() = = ~logu + Oe).

The divergent % of the one-loop diagrams and the counter-term will cancel.
As in the cut-off case the term log ;2 will cancel the energy logarithm at the
renormalization point.

As expected, the divergences derived by means of cut-off and dimensional
regularization are of the same magnitude if we substitute log A? < % Thus the
same will hold for the counter-terms. In order to be able to handle the counter-
terms in both renormalization schemes at once, we redefine the abbreviation

introduced in to the new dimensionless quantity

2
log —  in cut-off regularization

A= 1 (5.9)

p~ €=  in dimesional regularization

€

including the mass scale p as described above.

5.3 Determination of the Counter-Terms

The counter-terms must lead to Feynman rules which can reproduce the diver-
gent part of the one-loop diagrams in at tree level. Therefore the next
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step is the determination of the rules. Here we can use the results of
and

The divergences of the pure gauge diagrams have exactly the tensor struc-
ture of interactions of the unrenormalized theory. Thus only the counter-terms
~ tr F2, namely 3 and &7 are needed to cancel the divergences. The needlessness
of additional counter-terms with a new tensor structure reflects the renormal-
izability of this sector of the theory. The Feynman rules of the counter-terms
are

na g vb

AR~ = 0 (P — ¢q”) 5 (5.10)

q

= gf " " (p — @) + 0" (q — k) + 0™ (k= p)’]67 . (5.11)
pc

If we saw quadratic divergences in the gravitational sector, i.e. ~ xk?A?, these
would also have the above tensor structure. Thus they would contribute to the
counter-terms dy and 47 and hence to the renormalization of g as Robinson and
Wilczek found[T4]. The absence of these divergences reproduces the results of
16, 7] in diagrammatical approach.

The logarithmic divergences of the gravitational sector all have additional
momentum factors, which correspond to higher derivatives in position space,
thus in the Lagrangian. The only gauge invariant terms with the right number
of derviatives are the dimension-six terms presented in [chapter 3 The Feynman
rules accord with the rules for the dimension-six terms, but now multiplied by
the counter-terms 5?2'. They are for two gluons

dy

pa vb
/\/;J@M = 2102 (* ™ — gtq”)oD? (5.12)
do
pa vb 5 5
/\/\q./@f\m = zdaqu(an“ —g'q )5?22 (5.13)

and for three gluons

wa
p
dy
q = gf® ™ (pAp-q+2p-k)—q’(4qg-p+2q-k))  (5.14)
k +0"P(q"(4q - k + 2q - p) — k¥ (4k - ¢ + 2k - p))
vb PE (k¥ (4 -p+2k - q) — p"(4p -k +2p - q))

—2(KME" (p — @) +p"p"(q — k)"
+g°q" (k — p)*)]o5+?
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_ gfabc [n,uu(pp@p q+p-k+3q-k) (5.15)
—q°(2¢-p+q-k+3p-k))
PE fppr(g™(2q-k+q-p+3k-p)
—kt(2k - q+k-p+3q-p))
+nP (kY (2k -p+k-q+3p-q)
—p'(2p-k+p-q+3k-q)
— (k" (p — q)P + p"p*(q — k)*
+q¢°¢"(k — p)")
—3(pP gk — p’qPkM)] o

— 3 pabe[_piv (pPq . | — gk - p) (5.16)
p —nPH(kYp-q—p’q- k)

gk = p gt k)| 6T

After determining the tensor structure of the counter-terms, we can now calcu-
late their actual values.
The Yang-Mills counter-terms d; and 6] have to cancel [EZ31) and @ZF) in

the cut-off regularization scheme and ([32) and [Z9) in dimensional regular-
ization:

1 5
52 = 2g2CQ_A
16177 ; (5.17)
g _ 2 A
0 =529 Co3A-

Here A defined in (29 is used to abbreviate the parameterization of the di-
vergences in both regularization schemes. This is the well know result, see e. g.
[T9]. Its reproduction confirms our methods and algorithm.

The two-gluon and three-gluon counter-terms belonging to O; and analo-
gously the counter-terms belonging to Oy are not independent. From (BH) one
sees that

0 3
%Z; =1+ 6
d) = (di +61*) 23" = (di +61*) (1 + 62) !
9’8
= dy + 003 = d‘f;Z;
= (1+07)(dy + 61*)(1 +62) .

As we will describe in only linear order in the counter-terms can be

used. Thus we obtain
643 = 542 L 41 (69 — 5y). (5.18)
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5?12 and 5?13 are purely gravitationaﬂ thus O(x?), and the counter-terms 67
and d2 have only Yang-Mills contributions (&I7), O(g?). Therefore the two-
gluon and three-gluon counter-terms must be identical in leading order and
both will the denoted as 5?1 and 5?2 respectively:

d12 _ ¢d13 _¢dy
52 = 53 =

(5.19)
and analogously: 4§92 = §23 =592 |

Three counter-terms remain when this identity is taken into account. The
cancellation of the divergences corresponds to six equations, of which only two
are linearly independent. The cancellation of the divergence of the two-gluon

amplitude ([E39) or [E3H) requires

11
2001 + 62 = T 6/@2A (5.20)

and the cancellation of the three-gluon divergence

4907 4 202 :#%gﬁzA

295?1 + 5?2 :16171'2é K2A

3002 — 34503 :16;2% KA (5.21)
—2g60" — 0 = — 16;% KA
—36%2 4 %5?3 =— F;Q%gﬁzA.

Thus the divergences are canceled by these dimension-six counter-terms:

11
5d1 _ _ 2
L =62 12"
11
do 2
P =1-«w) 626" A (5.22)
11
5 = — ~gr2 A
1 16723

for any a with 0 < o < 1. This indefiniteness of the solutions is in accordance
with the dependence of the dimension-six term on each other ([B3]) and is not to
be ascribed to any insufficiency of the approach. Utilizing this freedom of choice
we decide for the most practical solution o = 0 leaving only one dimension-six
counter-term, namely 5?2:

o = o =0
i 11, (5.23)
U T16r26"

2Yang-Mills contributions to these terms would originate from the divergences of one-loop
diagrams involving O;. These graphs were not calculated because they depend on di and
hence are not corrections to the classic Einstein-Yang-Mills system.
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This solution reproduces the result of Deser et al.[6, 4] if one bears in mind the
differing definitions of x? and e. Again, we should note the special nature of 0.
As already mentioned in [chapter 3} it vanishes on-shell and can be removed by
a field redefinition. Thus no gravitational corrections in the Yang-Mills sector
at the computed leading order O(x?) remain.
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Computing the G-Functions

After obtaining the counter-terms we are now able to compute the Callan-
Symanzik G-function for g, di, do and ds. The latter three depend linearly on
each other. Therefore we will first calculate the three g-functions for a general
combination of possible counter-terms (B:22)). Then we will also present the (-
function for the solution ([BZ3)), which is distinguished by the special nature of
O, and its simplicity.

Our results do not allow to compute the G-function for the gravitational
coupling k because it would depend on the counter-terms of the graviton—gluon
couplings and the graviton kinetic term. Thus the one-loop divergences of the
diagrams with outer graviton would be needed, e.g. graviton selfinteraction,
graviton—gluon interaction etc. We did not examine these because the focus of
this work is on the influence of gravity to the Yang-Mills renormalizationﬂ

The B-function for a coupling A is defined as

oA
B = g (6.1)
To utilize this definition we have to express the couplings as functions of the
energy scale, i. e. in our case of the counter-terms. Since all calculations are done
on one-loop level, only expressions linear in the counter-terms must be kept.
Higher terms correspond to one-particle-reducible multi-loop diagrams which
consist only of the calculated graphs. The complete higher order divergences
include the contributions of one-particle-irreducible multi-loop graphs, whose
values are not obtained by our calculation.

To compute the Yang-Mills S-function 3, we need the relation
(1+60) = L1462
)
from (&H). Neglecting all terms of order O(6%) and higher, we get the formula

(14 6)2

9(1) = go T+ o0

3

=90 (1 + 502 =61 + O(g", f«/‘,g%z))
for the energy dependence of g. Such a formulation is of course not of practical
use for reading off g(u) directly because it still contains all divergences in g
and the §’s, which must cancel for a physical u.

The bare coupling constant gg is of course independent of the energy scale
K, 9

90
Vo
M B

!The results of Deser et al. [6] for these terms are all ~ R, thus vanishing in our flat

background metric 7., .
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so the S-function up to order O(g?, x?) is
0 (3
= gopt—= | =02 — 07 | .
B = gop o (2 2 1)
Finally we use the fact that the difference between bare and running coupling
go =g — g
will again be of order g2 or x%. So we obtain as the formula for g’s 3-function
0 (3
=gu—— (=62 — 07| . 6.2
By = an5 (22 1> (6.2)
When we now insert the counterterms (B17), we get
0 3 1 5, 1 2,
=gn=19 |3 =g°Cy — —g°Cay| A
& g“au{{zmﬂ?) 27 167237 2] }

111 45, 8
= IA.
1672 67 "oy

And finally, using (&.9)

A2
0 o |log— 0

Pou™ " Mou) _.2 - {0(6)} ’ (63)

M pa—

€

we obtain the S-function
111, 4

= — (g 4
Po = ~{em2 3 2 (6.4)

The constant Cy originates from multiple structure constants in the loop and
Cy = N for the gauge group SU(N). This is the famous classical result for
the Yang-Mills S-function at one-loop level. Clearly without any gravitational
contribution as Robinson and Wilczek found in [I4], but in total accordance
with Pietrykowski [16] and Toms [I7].

At this point we want to add an interesting note: If we had found a gravita-
tional modification of the Yang Mills counter-terms it should be — as mentioned
before — quadratically divergent for dimensional reasons, i.e. 8, = bk?A2. Ob-
viously such a term is independent of the renormalization scale p, thus its
contribution to the S-function vanishes

9, 9,2
ABy = ,ua—lub/i A“=0.
The energy dependence in [I5] enters the result as a lower integration limit which
is identified with the energy of the background field. In our calculations no such
scale is available, due to the abcence of background field in our approach.
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Analogously as for 8, ([B3) is used to derive the formulae for Gq, . 4,:
0 0

By :dW@% - M@ﬁm (6.5)
0 0
B =dzu@5z — uaéi‘ﬂ (6.6)

0 3 0 4.3

=d3pi=—=02 — p—07°". 6.7
Bay 35,30 1,0 (6.7)
As mentioned in the discussion of (I8 the wavefunction counter-term vanishes
at order k2, 52’(9(;@2) = 0. Therefore d9 does not contribute to the S-functions
at order 2. For a generic combination of counter-terms (f22) the 3-functions
take the form:

1 1
Ba, =(1 - 04)06167T2 6/12 (6.8)
1 1
12,
Bas =— (1 — ) 623" (6.10)

As already argued in the counter-term solution (B23) with av = 0 is
distinguished. The corresponding 3 functions are

Ba, = Bay =0 (6.11)

1
By = 1672

1
552 (6.12)

of which only (4, is non-vanishing.
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Summary and Conclusions

We diagrammatically calculated the one-loop corrections of a Yang-Mills sys-
tem coupled to gravitation. In contrast to the background field approach, the
background space time metric was fixed to the flat Minkowski metric in our cal-
culation. Therefore no gravitational corrections ~ R, ~ R*¥ become visible in
our approach. A vacuum background on the other hand avoids necessity of solv-
ing the equations of motion — especially the Einstein equation — for background
fields.

All Feynman rules were derived and the one-loop diagrams were calculated
using the computer algebra system FORM. Only its application allows us to
handle the partly very complex expressions.

We applied two different regularization methods: cut-off and dimensional
regularization. Therefore we were able to see potential quadratic divergences,
which turn out to be absent in the results, but we also took advantage of the
fact that dimensional regularization respects the gauge symmetry. Finally the
comparison of the results in both regularization schemes allows for an important
cross-check of our calculations.

We found as the only gravitational contribution to the Yang-Mills sector
- 1 w2 2,ud_4

“Ton? 6 4-d "
In the case of an Abelian gauge theory, instead of the trace the counter-term is
modified by an additional factor % Thereby our result is in complete accordance
with the result of Deser, Tsao and van Nieuwenhuizen [ [6]. We especially found
no gravitational contribution to the G-function.

The interpretation of the dimension-six counter-term O, is still not clarified.
The possibility to remove it through field redefinition poses the question of its
physical meaning. But we are hopeful that the ongoing discussion will yield an
answer.

r [(DMFM))(DVFVP)] . (7-1)

Contemporary physical models propose extra spatial dimensions[27, 2§]. In
these models gravity is not confined to the four dimensional space time, which
would explain the low coupling strength of gravity. Therefore the gravitational
scale would be lower. Gogoladze and Leung pointed out that in such scenarios
the effect on the running coupling should be measurable at the Large Hadron
Collider (LHC)[29]. Thus the LHC will probably allow us to validate the exis-
tence of this quantum gravity effect.

Interesting extensions to this work would be the inclusion of quark fields.
The Higgs field, especially for its non-vanishing vacuum expectation value,
should also be an important entity of the standard model of particles to in-
clude in the calculations. The latter extension is probably connected to the
open question of the discrepancy of the cosmological value and the field theo-
retical prediction of the cosmological constant A of 10120,
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Chapter 7: SUMMARY AND CONCLUSIONS

The combination of supersymmetric gauge theories and effective quantum
gravity was no yet examined and should be a fruitful extension, too.

A very interesting topic would be the Einstein-Yang-Mills system with the
gravitons propagating in extra dimensions because of the lower gravitational
scale in such scenarios.
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Appendix A

Symmetry Factors of Feynman
Diagrams

To compute the contribution of a Feynman graph, one needs to calculate its
weight factor w. This factor originate from its symmetry and is an integral ele-
ment of the contribution of the considered process. We used a modified version
of the formula by Wieczorek et al.[25] 26]:

NoNp

W= ———
o T
@ J

(A1)

Here the used symbols mean

No Number of possibilities to connect outer lines with lines of the vertices
N1 Number of possibilities to connect inner lines

@; Number of equivalent lines of vertex ¢

B;  Number of vertices of the type j

The @;s are index multiplets of the length corresponding to the number of
different lines connected to the vertex. The faculty of these multiplets is defined
as

2

d':(ozl,oz,...,oz") — al = ol a2!

ool .. o

~al.
The easiest way to calculate w is to write down first the vertices and the outer
lines without connecting them. It is also practical to enumerate the vertices and
their equivalent lines, in order to bear in mind when two of these are permuted.
The entities of ((A]) are obtained in the following way:

No Take one arbitrary outer line and count the vetrex lines (of all vertices)
this line can be connected with. Then count the possible connections of
the next line with the remaining vertex lines. Repeat this procedure until
all outer lines are connected. Consider always to keep the shape of the
diagram, this forbids some combinations the vertex and outer lines (see
examples).

Ny Now count all possibilities for inner lines which are consistent with the
diagram shape.

@; Count the lines of each vertex which are of the same kind. If the lines are
directed (e.g. fermions or charged particles), in- and outgoing lines are
diffent, of course.

B; Count all vertices of the same type.

To illustrate the usage of this formula we will present some examples.
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Appendix A: SYMMETRY FACTORS OF FEYNMAN DIAGRAMS

Two Examples from the pure Yang-Mills Theory

aiis
a b
e Two identical vertices — 8 = 2, both with three equivalent lines
— ] = (g = 3

e Possibilities for the outer line coming from a: 6 (3 lines on each vertex 1
and 2)
Possibilities for the outer line coming from b: 3 (after connecting line a
to one vertex, i.e. 1, line b must be connected to the other vertex)
— Nop=6-3=18

e Possibilities for the 1st inner line: 2
Possibilities for the 2nd inner line: 1
— N[ =2

182 1

YT o331 T 2

e Three identical vertices — G = 3, both with three equivalent lines
— ] — Qg = (3 = 3

e Possibilities for the outer line coming from a: 9 (3 lines on each vertex)
Possibilities for the outer line coming from b: 6 (3 lines on each remaining
vertex, ie. 2 and 3)

Possibilities for the outer line coming from c: 3
— Np = 162

e Possibilities for the 1st inner line: 4 (connect the 1st line of 1 with vertex
2 or 3, e.g. 242 possibilities)
Possibilities for the 2nd inner line: 2 (the 2nd line of 1 must be connected
with an different vertex then the 1st one)
Possibilities for the 3rd inner line: 1
— N[ =8

1628

o—>w—(3!)4 1
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Two Examples from the Einstein-Yang-Mills Theory
a

1

\)

3
b c
e Two identical vertices — (1 = 1,82 = 1, vertex 1 has 3 equivalent lines,

2 and 3 have two
— ] = 3,0_22 = O_fg = (2,1)

e Possibilities for the outer line coming from a: 3 (line a must be connected
to 1, otherwise we would get a different graph)
Possibilities for the outer line coming from b: 4 (3 lines on each vertex 2

and 3)
Possibilities for the outer line coming from c: 2
— Nop =24

e Possibilities for the inner graviton line: 1
Possibilities for the 1st inner gluon line: 2
Possibilities for the 2nd inner gluon line: 1
— N[ =2

o242
YT orsaral T

One vertex — = 1 with three and two equivalent lines
—a=(3,2)

Possibilities for the outer lines: 3!
— Nop =6

Possibilities for the inner line: 1
— N;y=1
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Appendix B

Feynman Parameters for three
Propagator Graphs

After regularizing and calculating the divergent momentum intergrals we have
to deal with three types of integrals of the previously introduced Feynman
parameters:

1
/// z+y+z—1)xMy"dedydz (B.1)
0

1 xmyn
///0 6(w+y—|—z—1)x(1_:ﬂ)+y(1_y)_xydxdydz (B.2)

1
and ///0 Sz +y+z—1)2"y"log (x(1 — x) + y(1 —y) — 2y) dadydz (B.3)

with m,n € N.
To calculate these, so we substiute the parameter by three new variables r,

a and b
x =rab (B.4)
y=r(1-05) (B.5)
z=r(l—a)b (B.6)
Now the differentials become
dzdydz = r?bdrdadd
and the d-function simplifies to
z+y+z—1)=95(r—-1)
and just fixes » = 1. For this value of r the remaining parameters a and b

both run independently from 0 to 1 to cover the intergationarea. Thus all triple
integrale become such simpler double integrals:

///01 5z +y+ 2 —1)f(z,y,2)dedydz = //01 bF(a, b)dadb

This means for the appearing intergrals (BI)—(B3):

1 1
/// zrz+y+z—1)2"y "dedydz = // a™b"dadb (B.7)
0 0
1 xmyn
r+y+2z—1 dzdydz
///0 ( )w(l—:v)+y(1—y)—:vy

1 7
:// @b dadb
0 1—(a®—a+1)
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Appendix B: FEYNMAN PARAMETERS FOR THREE PROPAGATOR GRAPHS

1
/// zr+y+z—1)xmy"log(x(1 —z)+y(1l —y) —zy)dedydz
0 (B.9)

1
= // a™b" logb(1 — (a® — a + 1)b)dadb
0

For the needed values of m and 7 the results of the integration are listed in the
following tables. The used constant C is — expressed in terms of the trigamma
function 91 or Clausen’s integral Cls [30]:

€= 30(3) - $hi(2)
= 2v/3Cly(37)

> 1 1
:3; ((3/<;—2)2 T Bk— 1)2>

~ 2.34391

m|n folfolamb"dadb

011
2
0 2|1
3
1
1 12| =
6

Table B.1: The values of intergrals (B7)
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m | 0| 5 fo Ty dadb
0]o0|c
2
0 |1|3¢C
2, 1
0|2 3C-3
20 , 19
0|3 | 5:C- %
1
1|1 gC
1, 1
i §;7—'519
L3 5:C- 5,
2
2 11561
1, 1
2 [2|3C—3
8 , 17
2|3 | 5C-
7, 8
3|3 5-C- o

Table B.2: The values of intergrals (B.8)

n | [ [ a0 logb(1—(a® —a+1)b)dadb

0|C-4
1, 3

1| Z2¢c-Z2
3¢ 3
2

2| :C-1
9
1, 1

21 Z¢c-Z
o“ 3

Table B.3: The values of intergrals (B9
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Appendix C

Feynman Rules of the pure Yang
Mills Theory

The Feynman rules of the pure Yang Mills theory in Feynman gauge ({=1) and
without fermions, taken from [21].

All momenta denoted in the graph are counted inwardly. Including the mo-
mentum of the outgoing ghost, which is writen as —p’ in the graph, thus p’ is
the outgoing momentum of the ghost.

HaA A~~~ ) _ —in,ul/(;ab
q q% + ie
vh
q
o =gt (p— @) + 0P (a = k)P + 0 (k = p)"]
k
pc
vh ra
— _2'92[ fabefcde(nupnuo _ npanup)
pe od _|_facefbde (nuunpa _ nuanup)
_|_fadefcbe(,,7upnua _ nuu,r}pa)]
Q - | SRR b o Z(Sab
q @2 +ie
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Appendix C: FEYNMAN RULES OF THE PURE YANG MILLS THEORY

wb
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