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Zusammenfassung

In dieser Doktorarbeit werden Methoden entwickelt um Streuamplituden innerhalb der
String Theorie auf Baum- und Schleifenniveau zu berechnen. Insbesondere betrachten wir
Korrelationsfunktionen von Ramond—-Neveu—-Schwarz Feldern in vier, sechs, acht und zehn
Raumzeit-Dimensionen. Schliefllich berechnen wir auf Baumniveau die Streuamplitude von
zwei Eichfeldern und vier Gauginos.

Superstring Amplituden sind in theoretischer als auch in phenomenologischer Hinsicht
von besonderem Interesse. Die Neveu-Schwarz Fermionen und Ramond Spinfelder tragen
durch Vertexoperatoren von bosonischen und fermionischen Stringzustdnden zu Streuam-
plituden bei. Da diese Felder miteinander wechselwirken, miissen die entsprechenden Kor-
relatoren von Grund auf bestimmt werden.

Auf Baumniveau kénnen diese Korrelationsfunktionen mittels ihrer Lorentz- und Singu-
laritdtsstruktur berechnet werden. Wir zeigen in vier Dimensionen ein Methode um Korre-
latoren mit beliebig vielen Ramond-Neveu-Schwarz Feldern zu bestimmen. Diese basiert
auf der Tatsache, dass man die entsprechenden Ausdriicke in links- und rechtshéndige
Spinfeld-Korrelatoren zerlegen und diese allgemein berechnen kann. Mit weiteren Techni-
ken gelingt es uns in sechs, acht und zehn Dimensionsn gewisse Klassen von Korrelatoren
mit beliebig vielen Feldern zu bestimmen. Des Weiteren ist in acht Dimensionen die SO(8)
Trialitdt zur Berechnung von besonderem Nutzen.

Auf Schleifenniveau werden die jeweiligen Korrelationsfunktionen berechnet, indem
man Fermionen und Spinfelder mit Hilfe von SO(2) Spinsystem-Operatoren ausdriickt. Die-
ser Technick folgend bestimmen wir alle Korrelatoren mit bis zu sechs externen Zustédnden
und présentieren auflerdem Ergebnisse fiir gewisse allgemeine Klassen von Korrelations-
funktionen. Unsere Ergebnisse sind fiir Streuamplituden mit beliebig vielen Schleifen giiltig.

Zum Schlufl bestimmen wir fiir eine String-Kompaktifizierung nach vier Dimensionen
die Amplitude fiir einen Streuprozess mit zwei externen Eichfeldern und vier Gauginos auf
Baumniveau und bestimmen den Feldtheorie-Limes. Diese Amplitude von offenen Strings
ist von besonderem Interesse, da sie zu einer offen-geschlossenen Amplitude aus Eich- und
Modulifeldern in Beziehung gesetzt werden kann. Auf diese Weise ist es moglich, die Ab-
bildung zwischen dem offenen und offen-geschlossenen Sektor genauer zu studieren und
Kopplungen zwischen Branen- und Hintergrundfeldern mit Hilfe von offenen Stringkopp-
lungen anzugeben.
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Abstract

In this thesis we provide calculational tools in order to calculate scattering amplitudes in
string theory at tree- and loop-level. In particular, we discuss the calculation of correlation
functions consisting of Ramond—Neveu—Schwarz fields in four, six, eight and ten space-time
dimensions and calculate the amplitude involving two gauge fields and four gauginos at
tree-level.

Multi-parton superstring amplitudes are of considerable theoretical interest in the
frame-work of a full-fledged superstring theory and of phenomenological interest in describ-
ing corrections to four-dimensional scattering processes. The Neveu-Schwarz fermions and
Ramond spin fields enter the scattering amplitudes through vertex operators of bosonic
and fermionic string states and determine the Lorentz structure of the total amplitude.
Due to their interacting nature their correlators cannot be evaluated using Wick’s theorem
but must be calculated from first principles.

At tree-level such correlation functions can be determined by analyzing their Lorentz
and singularity structure. In four space-time dimensions we show how to calculate Ramond-—
Neveu-Schwarz correlators with any number of fields. This method is based on factorizing
the expressions into correlators involving only left- or right-handed spin fields and calcu-
lating these functions. This factorization property does not hold in higher dimensions.
Nevertheless, we are able to calculate certain classes of correlators with arbitrary many
fields. Additionally, in eight dimensions we can profit from SO(8) triality to derive further
tree-level correlation functions.

Ramond-Neveu-Schwarz correlators at loop-level can be evaluated by re-expressing the
fermions and spin fields in terms of SO(2) spin system operators. Using this method we
present expressions for all correlators up to six-point level and show in addition results
for certain classes of correlators with any number of fields. Our findings hold for string
scattering at arbitrary loop order.

To complement the discussion we calculate the tree-level amplitude of two gauge fields
and four gauginos for string compactifications to four dimensions and give its field theory
limit. This open string amplitude is of particular interest because it can be related to an
open-closed amplitude involving gauge fields and bulk moduli. In this way the mapping
between the open and the open-closed sector can be studied in great detail and brane-bulk
couplings can be determined in terms of open string couplings.
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CHAPTER 1

Introduction

Particle physics is entering a very exciting time. In 2009 the Large Hadron Collider (LHC)
at CERN began its operation after many years of construction. Experimental and theo-
retical physicists alike are excited what new insights can be gained in the coming years
from the proton-proton collisions taking place in the detectors. With the same eagerness
physicists gaze at other earth-bound experiments and satellite missions waiting for new
results. Future findings are going to challenge our current understanding of the universe
on small and large scales and will point the way to correct theories of particle physics and
gravity.

1.1 Particle Physics and Gravity

Our current knowledge about the interactions of the smallest constituents of matter is
manifested in the standard model of elementary particle physics (SM) [5-7]. It successfully
describes the strong and electroweak interactions down to distances of at least 1076 cm
and has been tested to high accuracy. Its underlying mathematical concept is that of local
quantum field theory [8], which is renormalizable. In detail, the gauge group of the SM
is given by SU(3). x SU(2), x U(1)y and the matter sector consists of three generations
of leptons and quarks. Mass terms for the fermions and gauge bosons in the SM are
not gauge invariant and therefore must be generated dynamically. This is achieved via
spontaneous symmetry breaking [9-11]. One scalar SU(2) doublet, the Higgs field, breaks
the SM gauge group down to SU(3), X U(1)em. At the time of writing the Higgs particle
is the only constituent in the SM yet to be discovered. In the broken theory the gluons
represent the gauge bosons of the strong interaction, while the photon and the massive W
and Z bosons depict the quanta of the electromagnetic and weak interactions.

Despite its great achievements the SM does not resolve all issues from a conceptual point
of view!. The most prominent example is the hierarchy problem [13-15] which questions
why the two fundamental scales in physics, namely the electroweak scale M, ~ 10* GeV

n discussing the problems of the SM we follow [12].
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and the reduced Planck scale Mp, ~ 10'® GeV differ by sixteen orders of magnitude.
Although this discrepancy does not pose a threat to the SM itself it has far-reaching
consequences for the Higgs mass. Through loop diagrams the square of the bare Higgs mass
receives quantum corrections, which grow quadratically with a cut-off scale introduced in
order to regulate the momentum integral. The natural scale for the physical Higgs mass
would then also be this cut-off scale. If the SM is taken to be valid up to energies where a
theory including quantum gravity takes over, this cut-off scale would be the Planck scale,
whereas for a Grand Unified Theory (GUT) replacing the SM at higher energies this scale
would be still be as high as Mgyt ~ 106 GeV. However, searches at the Large Electron-
Positron Collider (LEP) and indirect constraints from electroweak precision measurements
favor a Higgs mass between 114.4 GeV and 186 GeV [16]. There must be an enormously
contrived fine-tuning over roughly 30 decimals such that the bare value and the radiative
corrections cancel and yield such a low Higgs mass.

Another fine-tuning problem within the SM is the strong CP problem [17]. Gauge
symmetry does not prohibit to introduce a new CP-violating term fqcp to the Lagrangian
of Quantum Chromodynamics (QCD). Such a term induces an electric dipole moment
for the neutron, which is however heavily constrained from experiment. The SM fails to
explain why fqgcp is so small compared to the observed CP violation in the electroweak
sector.

Next to these naturalness problems there are further issues in the SM worth mention-
ing. The SM cannot explain why the gauge group has its peculiar structure and more
important it fails to illustrate why charges are quantized. All leptons and bosons come
with electromagnetic charges that are multiples of e/3, which is crucial for the neutrality
of atoms. In addition, we do not know why there are exactly three families of leptons
and quarks, although under ordinary terrestrial conditions all matter is only built out of
the first generation. The masses of the fermions is another mystery. Going from the top
quark to the electron they vary over five orders of magnitude. The masses arise from the
Yukawa couplings, but the SM does not predict why these couplings have such a hierar-
chical structure. In the same way there is no indication why the other parameters of the
SM, like mixing parameters of quarks and leptons and further parameters in the neutrino
sector, have their precise values. Additionally, recent data, e.g. from cosmic microwave
background measurements, shows that a large fraction of more than 80% of the matter in
our universe is not accounted for by SM particles, but is existent in the unknown form of
dark matter [18].

In view of all these shortcomings an extensions of the SM is highly desirable. A widely-
used approach to address some of the open questions is guided by the idea to incorporate
new symmetries. As the symmetry principle has been a major point in the construction
of the SM itself such advances are with good prospects. An elegant solution to the strong
CP problem in this sense is given by the Peccei-Quinn mechanism [19,20]. Here, the
QCD angle is promoted to a dynamical field charged under an additional U(1) symmetry,
which then is dynamically broken and gives rise to a massless Goldstone boson, namely the
axion. Such a particle has not yet been discovered, but various experiments are looking
for possible signals.
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The most promising extension of the SM with additional symmetries is the idea of
low energy supersymmetry (SUSY) [21] which adds fermionic generators to the symmetry
algebra [22] and thus evades the Coleman-Mandula theorem [23]. From a phenomenologi-
cal point of view a supersymmetric extension like the Minimal Supersymmetric Standard
Model (MSSM) [24] is very attractive as it keeps the radiative corrections to the Higgs
mass under control and can provide a viable dark matter candidate in form of the lightest
SUSY particle. However, SUSY cannot be an exact symmetry. The SUSY algebra implies
that particles and their superpartners have the same mass but a superpatner of the electron
with a mass of 511 keV has not been discovered. SUSY must therefore be broken so that
the superpartners are heavy and have not yet shown up in experiments. This breaking
introduces many new parameters, whose values are not addressed by the theory as well as
the Yukawa matrices and neutrino parameters. In this sense a SUSY extension of the SM
is not a fully satisfactory solution.

A very promising feature in SUSY theories though is gauge coupling unification. The
renormalization group evolution of the gauge couplings is changed in such a way that they
perfectly meet at an energy scale Mgyr ~ 10'® GeV. This unification provides strong
evidence that the SM gauge groups are replaced at such high energies by a single group
like SU(5) [25] or SO(10) [26]. In such GUTs it is also possible to address the origin and
nature of quark and lepton masses and their mixing because these particles appear in the
same multiplets. Charge quantization can also be explained in such a framework. However,
common problems in the construction of GUT models are to suppress proton decay to an
acceptable level and further (little) hierarchy problems.

However, extending the SM in such ways fails to provide an answer for the cosmologi-
cal constant problem. Dark matter and SM model particles alone cannot account for the
current phase of accelerated expansion of our universe. Therefore another form of energy
driving this expansion has to be introduced. This dark energy must amount to nearly
73% of the total energy content of our universe [18]. In the standard model of cosmology,
the ACDM model, dark energy is incorporated by a cosmological constant in Einstein’s
field equations of general relativity (GR) [27-29]. Trying to explain dark energy naively
as the vacuum energy of some quantum field leads to a discrepancy of 118 orders of mag-
nitude between the theoretical and experimental value [30]. In SUSY this disagreement is
reduced to 60 orders of magnitude, which is still tremendous. This defect might be deeply
intertwined with our current lore of gravity in the form of GR.

The concept used in GR is that of curved space-time, i.e. a four-dimensional manifold
with Minkowski signature. Every form of energy causes space-time to curve which is
encoded in the metric. The motion of an object due to a gravitational field is explained as
the object moving along geodesics on the manifold. Compared to the other fundamental
interactions in the SM the gravitational force is by far the weakest and can safely be
neglected when studying particle collisions at “low” energies up the electroweak scale.
However, gravity is dominating on large distances and therefore GR constitutes a good
framework to describe macroscopic motion within the universe and the extension of the
universe itself. Einstein’s theory of GR is a classical theory and it might be just this fact
which makes our current predictions of the cosmological constant and its actual value gape
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so tremendously. Furthermore in the present formulation of gravity we cannot describe
physical effects at energies around the Planck scale where gravity is expected to become
as dominant as the other fundamental forces. Although these energies might never be
accessible in a laboratory experiment, this situation was existent shortly after the big
bang.

The theory seems to be incomplete in another fashion. The validity of general relativity
ends if the Schwarzschild radius of an object exceeds its size. The object collapses into
a black hole, which is mathematically described as a point-like singularity. Transitions,
like a massive star collapsing into a black hole, from an initially well-defined setting to
a singularity of space-time are troublesome and signal the break-down of the theory. A
possible solution would be that such singularities get smeared by quantum effects. Yet
further issues arise in the discussion of black holes if thermodynamics is taken into account
[31,32]. A black hole must carry a vast amount of entropy which is proportional to the size
of its event horizon. Generally, the number of microstates leading to a thermodynamical
configuration accounts for the entropy of the system. General relativity, however, does not
have the necessary degrees of freedom to explain the enormous entropy of a black hole and
fails at providing a microscopic explanation of the Bekenstein-Hawking formula.

These defects of general relativity propose to construct a quantum theory of gravity.
Doing quantum field theory based on the action of general relativity yields, however, a
non-renormalizable theory. Infinitely many parameters have to be introduced in order to
render the theory finite which makes the theory un-predictive. Thus new revolutionary
approaches are necessary.

1.2 String Theory

The most promising candidate for a theory of quantum gravity is string theory [33-36]. It
was originally discovered as a by-product in the late 1960s in order to explain hadronic
resonances appearing in the CERN accelerators and elsewhere. The discovered resonance
peaks exhibit Regge behavior j = j, + o’ M2, a relation between their mass M and spin j.
Physicists were able to construct an S-matrix with these properties [37], which was later
discovered to arise from the scattering of bosonic strings. Although QCD turned out to
be the correct theory to describe strong interactions and asymptotic freedom the interest
in string theory did not fade. It was discovered that string theory yields a massless spin-2
state which can be associated with the graviton, the exchange boson of gravity. In contrast
to loop quantum gravity [38] the big advantage of string theory is that it also incorporates
gauge interactions like in the SM and thus provides a unified framework to describe all
fundamental interactions of nature.

At the moment only a perturbative formulation of weakly coupled string theory is
available, by which the motion of quantized strings in a given space-time with certain
background charges can be described. Five different string theories (type I, type IIA, type
IIB, heterotic Es x Eg and heterotic SO(32)) are known which are related by different
dualities. Although the formulation in this form is sufficient for the discussion of many
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phenomena the final goal is still to obtain a fully quantized version of string theory which
might be provided by a so-far poorly understood theory in eleven dimensions called M-
theory [39].

The integral parts of string theory are one-dimensional objects, namely strings, sweep-
ing out a two-dimensional surface in space-time, the string world-sheet. The action is
mathematically described by a non-linear o-model embedded into a higher-dimensional
target-space. The case of one-dimensional objects is singled out because in this case the
symmetry algebra of conformal transformations is infinite dimensional. The strings can
oscillate in different modes due to their extended nature which results in a discrete mass
spectrum. This is also special to the case of strings and is lost if the quantization of higher-
dimensional membranes is considered [40]. The mass gap in the spectrum is characterized
by the single free parameter of the theory, the string length I, = 27v/a/, where o is the
Regge slope. Promoting the world-sheet action to a supersymmetric theory solves two
problems of bosonic string theory. Firstly, it gives rise to fermionic states in the spec-
trum. Secondly, the troublesome tachyonic ground state is projected out via the GSO
projection [41]. This results in a theory that exhibits target space SUSY. In order for the
theory to be free of a superconformal anomaly the target space must be ten-dimensional
space-time [42].

Strings come in two topologies, they can be either closed or open. Closed strings can
propagate in all ten space-time dimensions. Upon quantization these yield at the lowest
mass-level the spin-2 graviton. The situation is different for open strings. The end-points
of the latter must satisfy either Neumann or Dirichlet boundary conditions. The latter
imply in type II string theories that the endpoints of open strings are confined to higher-
dimensional D-branes [43]. The spectrum of open strings gives rise at the lowest mass-level
to gauge fields which endow the D-branes with a super-Yang-Mills (SYM) theory living
on their world-volume. If D-branes intersect, open strings can stretch from one brane to
the other in the vicinity of the intersection. In the presence of two-form flux these new
string states depict massless chiral fermions. In such a way it is possible to construct string
models which contain many of the phenomenological features of the SM [44].

With string theory at hand it is possible to confront the problems arising in general
relativity. A big success has been the explanation of the Bekenstein-Hawking formula
for extremal five-dimensional black holes. [45]. String theory as a fundamental theory
is furthermore a distinguished candidate to discuss physics at high energy scales. Active
research is going on in studying string cosmology [46], building string GUT models from F-
theory [47] or heterotic orbifolds [48]. Many new insights into geometry and gauge theory in
general have been gained, as well as the existence of non-commutative and non-associative
structures in string theory [49-51]. The most significant achievement of string theory
within the last years has been the discovery of gauge/gravity duality. This correspondence
relates the partition function of a gravity theory on the one hand with the generating
functional of correlation functions in a conformal field theory (CFT) on the other hand. In
its original form the correspondence links type IIB string theory on AdSs x S° with N = 4
SYM in four dimensions [52-54]. The correspondence is often studied in the limit of large
t’Hooft coupling and a large number of colors. Type IIB string theory then reduces to type
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[IB supergravity (SUGRA), which is well understood. Furthermore, the relation between
gauge and gravity theory becomes a weak/strong duality. This opens up to the possibility
to investigate either theory at strong coupling via its weakly coupled dual theory. This is
a very promising attempt to study strongly coupled effects in physics as they occur e.g. in
QCD [55] or certain condensed matter systems [56-59).

The problem of the cosmological constant in string theory is deeply related to the vac-
uum problem. Obviously there is a mismatch between the ten dimensions of string theory
and the four dimensions in which the SM is set. The standard approach to resolve this issue
is compactification, where six of the ten spatial dimensions in string theory do not extend
to infinity but form a compact manifold, while the remaining four dimensions constitute
four-dimensional Minkowski space. The claim to obtain a phenomenological attractive
theory in four dimensions with N' = 1 SUSY constricts the compactification manifolds to
Calabi-Yau (CY) manifolds [60], where in type II theories orientifold projections must be
included. Today also further mechanisms to break SUSY in the compactification proce-
dure are available. Carrying out the compactification without further ingredients leads to
a vast number of massless scalar fields in four dimensions characterizing the shape and
volume of the internal manifold. These moduli fields would mediate long-range fifth-force-
like interactions which are phenomenologically not acceptable. A proposed solution is to
turn on background fluxes that result in a potential for the moduli and thus renders them
massive [61]. The vacuum energy of the (local) minimum of the potential then corresponds
to the cosmological constant in string theory which can accomplished to be small and pos-
itive [62,63]. However, there is no distinguished minimum. String theory loses a lot of its
uniqueness by going down from ten to four dimensions in the sense that there does not exist
a unique six-dimensional compactification manifold and the fluxes have to be quantized
but apart from that are arbitrary. This leads to an incredible large number of different
string vacua, a commonly quoted estimate is 10°%° [64]. So there might not be just one
vacuum that can explain the observed four-dimensional physics, although it has turned
out hard so far to construct four-dimensional string models, which satisfy all consistency
conditions of the compactification and yield the gauge and matter content of the SM or
MSSM in a generic way.

1.3 Scattering Amplitudes

A different approach in connecting string theory with low energy particle physics rests on
the calculation of quantities that do not depend on the exact details of the compactifica-
tion. In particular scattering amplitudes in weakly coupled string theory involving gluons
and at most two fermions are such quantities which are insensitive to the respective com-
pactification model. If in addition the mass scale of string theory is as low as the TeV scale,
such a scenario gives rise to fascinating phenomenology of physics beyond the SM [65-68]
that could be detected in the coming years at LHC.

This idea of low string scale physics is deeply related to the proposal of Arkani-Hamed,
Dimopoulos and Dvali (ADD) [69,70]. They argue that in the presence of large extra
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dimensions the electroweak scale can be the only fundamental short distance scale in nature.
In this framework gravity and the three fundamental forces of the SM unify at the TeV scale.
At low energies fermions and the gauge bosons of the strong and electroweak interactions
are confined to a four-dimensional Mikowskian sub-space, while gravity can also propagate
into the bulk. The large size of the extra dimensions pushes the four-dimensional Planck
scale to its high value and makes gravity look so weak from a four-dimensional point of
view. In this sense the theory nullifies the hierarchy problem. Already the case of two
extra dimensions is in concordance with all experimental bounds [71] as Newtonian gravity
is tested at the moment only down to distances of ~ 1 mm.

Due to the presence of extra dimensions string theory is the perfect ground to study
such models. As mentioned above SM-like gauge groups can be realized in type II com-
pactifications via intersecting D-brane models. A very common attempt in type IIA is to
use four stacks of intersecting D6-branes with an intersection pattern as shown in Figure
1.1. This setup gives rise to the gauge group U(3), x U(2), X U(1) x U(1)4. The U(N)’s
can be further decomposed as U(N) = SU(N) x U(1). This results in the SM gauge
group, where the SM hypercharge is a linear combination of the different U(1)’s. New
gauge bosons like a heavy Z’ can be included by different combinations of the U(1)’s?.
This D-brane setup is embedded in a compactification manifold. The cycles around which
the branes wrap have to be small as their size determines the gauge couplings. Other cycles
of the manifold, however, must be large such that the total volume of the compactification
manifold in total becomes large. This can yield a string scale of the order My, = O(TeV).
Popular examples of such models are compactifications on “Swiss cheese” CY manifolds.
In addition, the dilaton must be stabilized at large values. The string coupling will then
be small and we can rely on perturbation theory.

The phenomenology of such SM D-brane constructions is very rich. If the string scale
is really that low and the string coupling small the discovery of new, massive gauge bosons
at LHC can be expected. These new force-carriers stemming from additional U(1) gauge
symmetries could mix with the photons and yield interesting effects. In the same fash-
ion the formation of black holes and other gravity effects could be observed at energies
above the string scale. The most promising and so-far best studied phenomena are cor-
rections to hadronic SM processes at energies around the string scale. At these energies
the scattering partners can exchange apart from the SM particles also stringy states in
the form of Regge recurrences, Kaluza-Klein states and winding modes. The latter two
have a model-dependent spectrum and will give a handle on determining the details of the
compactification geometry if strings are discovered. A promising discovery channel is the
detection of photon production in gluon fusion [74,75] as these processes do not exist at
all in the SM. Most interesting are certainly stringy corrections to the hadronic production
of dijets [75-77]. As shown in Figure 1.2 in such a case a clear excess over the SM signal
in the range of the string scale will be discovered. The CMS experiment has been able to

2At the time of writing the origin of the excess in W — 2 jets events measured by CDF [72] is not
clear. A physical interpretation could be the existence of a leptophobic Z’ which can be realized in such
a D-brane model [73].
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(a) baryonic

(d) leptonic

Figure 1.1: Four stacks of intersecting D6-branes resulting in the gauge group of the
MSSM, taken from [66].

exclude such string resonances up to 1.67 TeV already [78]. Nevertheless, it will remain an
interesting channel to look at in the future when the LHC exploits its full potential.

Apart from these phenomenological considerations string scattering amplitudes play an
important role in many other fields. From the conceptual point of view they turn out to
be of great use in string compactifications. Instead of working with the complete theory
one usually takes the field theory limit of string theory in order to derive four-dimensional
actions. Massive string levels and the extended nature of the strings are hereby neglected.
Corrections to the effective action like gauge couplings and metrics for moduli and matter
fields can then be derived via string amplitudes [79-81].

The fact that string theory also includes quantum gravity provides a perfect setup to
juxtapose gauge and gravity amplitudes. Nowadays recipes are forthcoming how to re-
late amplitudes involving only open strings with open & closed string amplitudes [82, 83]
and learn in this way about the relations between brane-bulk and pure brane couplings.
An issues related to this topic are the recently found Bern-Carrasco—Johansson (BCJ)
relations, a duality between color and kinematics in field theory amplitudes [84]. These
relations have profound consequences as they lead to many new non-trivial relations be-
tween distinct amplitudes. Furthermore gravity amplitudes can be obtained in a rather
simple way by simply squaring the corresponding gauge theory amplitudes [85]. The same
procedure carries over to loop amplitudes via the unitarity method [86]. So far the BCJ
relations are just a conjecture, but string theory amplitudes can shed more light onto their
structure and existence [83,87,88|.

A further open issue in theoretical physics deals with the UV finiteness of N' = 8
SUGRA [89]. Although of no phenomenological relevance such an investigation might
yield unexpected new insight into the structure of quantum gravity and whether enough
symmetries can render a point-particle theory of gravity finite. Explicit calculations have
proven that the theory is finite up to four-loop order but various arguments suggest that
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Figure 1.2: Differential cross section vs. invariant mass of the dijet in four parton
scattering as calculated in weakly coupled string theory with a string scale of My = 2
TeV, taken from [76]

the first divergences occur not until the seventh loop order. In construction of the loop
amplitudes and the possible counterterms string theory has proven to a be successful
tool [90,91].

1.4 Motivation & Outline

These topics show that scattering amplitudes in string theory are of high interest. Espe-
cially the fact that exact results can be obtained which capture the complete o’ behavior
of a physical quantity makes them beautiful objects to study.

In the manifestly covariant Ramond-Neveu-Schwarz (RNS) formalism of the super-
string the underlying superconformal field theory (SCFT) consists of the Neveu-Schwarz
(NS) fermion ¢, a Ramond (R) spin field S4, the string coordinate X™ and further ghost
and superghost fields. These fields enter the calculation of a string scattering amplitude
through vertex operators creating bosonic and fermionic states. The Lorentz structure of
the amplitude is solely determined by the NS fermions and the R spin fields. Unfortu-
nately, these are interacting fields and their correlation functions are therefore difficult to
determine. The evaluation of RNS correlators involving ™ and S4 is the main topic of
this thesis. We consider these quantities both for tree and loop-level scattering in four, six,
eight and ten space-time dimensions.

In the case of string compactifications to four dimensions the ten-dimensional spin field
splits into an internal and an external part. The interaction of the internal vectors and
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spin fields is captured by a six-dimensional RNS correlation function, while the interac-
tions of the external spin fields with the NS fermions is contained in the four-dimensional
counterpart. In ten dimensions RNS correlators are needed for studying aspects of non-
compactified string theory like duality symmetries. In contrast, we study eight-dimensional
RNS correlators in this work mainly because of their mathematical beauty.

The outline of this thesis is as follows. In Chapter 2 we lay the groundwork for the
calculation of scattering amplitudes in the RNS formalism of the superstring. We in-
troduce the RNS formalism, review the corresponding SCFT and show how to calculate
scattering amplitudes. Chapter 3 deals with calculational methods for the evaluation of
RNS correlators at tree-level. We first present how RNS correlation functions can in gen-
eral be calculated and discuss the individual components of the latter. Furthermore we
state calculational tools special to each even number of dimensions. Most important we
demonstrate how to evaluate any RNS correlator in four dimensions. In Chapter 4 we
state results for all RNS tree-level correlators in four-dimensions up to eight-point level.
Additionally correlation functions involving arbitrary many NS fermions but only two R
spin fields are solved. These are of great use for the calculations of hadronic string inter-
actions, which are independent of the compactification scheme. Chapter 5 is devoted to
the evaluation of RNS correlators at loop-level. We show how to express the RNS fields in
terms of SO(2) spin system operators and calculate loop correlators of these fields. This is
used then to derive various loop correlators at least up to six-point level in six, eight and
ten dimensions. In addition, we present results for certain general classes of correlation
functions, especially such with at most two spin fields. Equipped with these techniques it
is then possible to calculate the correlation function of two gauge fields and four gauginos
in Chapter 6. We check gauge invariance, write the results in terms of spinor variables and
give the field theory limit. This particular purely open string amplitude is of interest as it
can be mapped onto an open-closed amplitude involving two gauge fields and four RR bulk
moduli fields. In this way it is possible to study the mapping procedure in more detail and
determine brane-bulk couplings in terms of pure brane couplings. In Chapter 7 follow our
conclusions. Five Appendices finalize this thesis, in which we comment on gamma matrices
in higher dimensions, state all necessary index term relations for the previously calculated
correlators and give some details on generalized © functions. Furthermore we present the
details of the calculations in Chapter 6 and review the spinor helicity formalism.



CHAPTER 2

Scattering in String Theory

In this Chapter we lay the groundwork for the succeeding calculations of RNS correlation
functions and tree-level scattering amplitudes. We are using the well-known RNS formalism
of string theory [92-94], which introduces supersymmetric partners )™ to the bosonic string
coordinates X™ on the world-sheet. The focus in the following lies on the description of
supersymmetric string theory in terms of a SCF'T. We discuss the separate actions of matter
and ghost fields and introduce vertex operators that create bosonic and fermionic string
states in ten and four dimensions. In the last part of this Chapter we present some details
on the calculation of scattering amplitudes at tree- and loop-level. We follow the standard
textbooks and reviews on string theory [33-36,95] and conformal field theory [96-98], where
additional information can be found.

A drawback of the RNS formalism is the lack of space-time spinors which nevertheless
can be incorporated by the inclusion of the R spin field [99]. Alternative approaches are
the Green—Schwarz formalism, which contains manifest space-time SUSY, but is difficult
to quantize in a covariant way, and the pure spinor formalism [100]. The latter retains
Lorentz invariance and space-time SUSY and is a promising approach to the calculation
of string scattering amplitudes [87,88,101-103].

2.1 Conformal Field Theory on the World-Sheet

In the following we present the actions of bosonic and supersymmetric string theory in the
RNS formalism, as well as the ghost and superghost action. We focus on the description
in terms of the underlying SCFT.

2.1.1 Matter Fields

Strings are one-dimensional objects sweeping out a two-dimensional surface, the string
world-sheet, which is embedded in a D-dimensional space-time. The world-sheet is parame-
trized by a time-like coordinate 7 and a spatial coordinate ¢ running from 0 to [, where
Il = 27 for closed strings and [ = 7 for open strings. For the moment we focus our
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attention on closed strings. The embedding of the string world-sheet into the target space
is accomplished by the bosonic string coordinate fields X™ (7, o), which are subject to the
identification X™(7, 0 4+ 2m) = X™ (7, 0) under shifting the spatial coordinate by 27. This
physical system is described by the Polyakov action

1

4o

Sp =

/ d?ov/—det h h® 0, X™ 0, X ™ Ny » (2.1)

where h? is the metric on the world-sheet and ™" the metric of the flat target space.
Apart from D-dimensional Lorentz invariance the symmetries of this action are

e diffeomorphism invariance:

5hab = Va gb + Vb fa ) OX™ = fa aaxm’ (22&)

e Weyl invariance:

Shay = Ahay,  6X™ =0 (2.2b)

with arbitrary infinitesimal functions £%, A that depend on 7 and o. Making use of three
local symmetries (two reparametrizations of the world-sheet and one Weyl scaling) h,, can
be set to the flat, two-dimensional Minkowski metric 7,, = diag(—1, 1). Note that this does
not exhaust the full gauge freedom because one can still perform conformal transformations
satisfying

aagb + aagb — A?’]ab, (23)

where the change of the metric due to a reparametrization is absorbed by a Weyl scaling.
We perform a Wick rotation by introducing Euclidean coordinates (0°, ') = (it,0) and

define

w = 0" +io', w=o’ —iot. (2.4)
Via z = € these coordinates on the cylinder are mapped onto to complex plane. Intro-
ducing the derivatives 0 = 0, and d = J; the Polyakov action in conformal gauge becomes

S_

2ma!

/ d*z0X™0X,, . (2.5)

In the following the coordinates z and z are assumed to be independent, although they are
related by complex conjugation for real 0. On account of (2.3) this action is still invariant
under conformal transformations z +— f(z), where f is a holomorphic function.

Upon quantization the Polyakow action unfolds some shortcomings. The spectrum
contains a tachyonic ground state and no fermions. To cure these problems one adds
world-sheet supersymmetry to the action'. The new action involves the superpartners
of X™ and hg, a Majorana spinor W™ = (™, ™) in two dimensions and a gravitino y,.
Auxiliary scalar fields can be eliminated via their equations of motions. The resulting action

'We just sketch the constructions of such a supersymmetric action. The explicit procedure is nicely
explained in [95].
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is invariant, apart from Lorentz transformations and local SUSY, under diffeomorphisms,
Weyl and super-Weyl transformations. As in the bosonic case these symmetries can be
used to bring the action in so-called super-conformal gauge, where the degrees of freedom
of the world-sheet metric and the gravitino drop out. In complex coordinates the action
then reads

:—/dz( OX™OX,, + V™ DUy, + wwm). (2.6)

Similar to the bosonic case, this action is still invariant under certain diffeomorphisms and
local SUSY transformations where the contribution to the world-sheet metric and gravitino
can be absorbed by a Weyl and super-Weyl transformation. Indeed it can be shown that
the action remains invariant under z — f(z) if i(a//2)/290X™ and ™ are primary fields
with conformal weight h = 1 and h = 1/2, respectively.

The equations of motion,
DOX™) = DOX™) =0, G =P =0, (2.7)

imply that 0X™(z) and ¢™(z) are chiral fields, while 9X™(2) and ™ (Z) are anti-chiral.
Apart from the equations of motion the variation of the action yields a surface term that
also must vanish. From this constraint the periodicity condition of the closed string co-
ordinate under rotating z by 27 is recovered. The fermions, however, can satisfy either
symmetric or antisymmetric boundary conditions in z. This gives rise to two different
fermion sectors:

‘ +¢™(z) : Neveu-Schwarz (NS) sector,
wm(e%rzz) — (28)
—¢™(z) :Ramond (R) sector.

As the action is invariant under conformal and SUSY transformations Noether’s theo-
rem predicts two conserved currents. The energy momentum tensor and the world-sheet
supercurrent can be derived by varying the non-gauged supersymmetric action with re-
spect to the world-sheet metric and the gravitino. The non-vanishing components of these
tensors are holomorphic fields which in super-conformal gauge take the form

T(:) = = OX(2) 0, () — 5 U7 (2) D (=),

\f ™ (2) DX, (2) (2.9)

and appropriate expressions for their antiholomorphic counter-parts. In the quantum the-
ory these operators must be normal-ordered, which we do not denote explicitly. This
conserved currents generate the superconformal algebra. Upon radial quantization we find
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for their operator product expansions (OPEs)?:

T(2) T(w) ~ § (23_Dw)4 - _2w)2 T(w) + —— 0T (w),
GI:) Glw) ~ s+ s T,
T(2) Gw) ~ ﬁ Glw) + ﬁ 9G(w). (2.10)

These equations show that 7'(z) and G(z) are tensors of weight (2,0) and (3/2,0). The
central charge of this SCFT can be read off from the first equation. Each boson contributes
1, every fermion 1/2 and in total we find

1 3
=|(14+=|D==D. 2.11
¢ <+2) ) (2.11)

Later we will add (super-)ghost fields to the action (2.6) that will also give a contribution
to the total central charge. If the total central charge does not vanish, this leads to a
superconformal anomaly because the superconformal symmetry of the action is broken at
the quantum level. Requiring that the total central charge vanishes will determine the
number of dimensions D of the target-space.

In order to derive the OPEs of the primary fields 0.X™ and ¥ we calculate the cor-
responding two-point functions on the sphere. These are determined by the conformal
properties of the fields and the Dyson-Schwinger equation:

(0X™(:) 0X" ()} gy =~ s (W2 v )y =
(X™(z,2) X"(w,w)>52 = —%, 7™ In |z — wl|?, (Y™ (2) 1/71"(10)>S2 =0. (2.12)

From these two-point functions the OPEs can easily be read of. One finds:

oxn@ox ()~ -5 L e~ L

(2.13)

The CFT of the fermions in D = 2m dimensions has a simple representation in terms
of m chiral bosons. This equivalence of the CFTs is known as bosonization [98,99, 104].
For this purpose we introduce H(z) = (Hi(2),..., Hn(2)) containing m chiral boson with
the singular behavior H;(z) H;(w) ~ —6;; In|z — w|. Exponentials of these fields hence
suffice the OPE

ePHE) giaH(w) (5 _ )P4 PO HE) (2.14)

where p and ¢ are m-dimensional lattice vectors with entries 1. This yields indeed the
fermion OPEs if the exponentials are identified with the Cartan-Weyl elements of the ¢’s

2In all following OPEs the sign ~ should be understood as ‘equal up to non-singular terms’.
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in the following way:
) ) 1 . .
eF() = () = = (VY (2) £ iV T(2)) . (2.15)
V2
Correlation functions of these operators on the sphere are easily calculated with the formula
(L), =o(5) T o
i i i<j

with z;; = 2, — z;, which also holds for more general vectors p;.

2.1.2 The Spin Field

Let us have a closer look on the boundary conditions of the fermions. These fields live in
the double cover of the complex plane because they are only defined up to a sign as shown
in (2.8). Their Laurent expansion is therefore

Z+ 1 NS sector
m _ m ,—r—1/2 2 )
z) = z ) T e 2.17
v2) ;wr {Z : R sector . (2.17)
We see that in the R sector 9™ introduces a branch cut due to the presence of z='/2 in its

expansion. The OPE (2.13) implies that the Laurent modes satisfy the anti-commutation
relations

The spectra of the R and NS sector are entirely different due to the integer and half-integer
mode numbering. In the R sector there is no zero mode and the ground state is defined to
be annihilated by all positive modes:

Y O)ns =0 Vr>0. (2.19)

The modes with » < 0 act as creation operators. Every mode can be excited at most once
because they square to zero as can be seen from (2.18).

The ground state of the R sector |0)r has more structure due to the presence of the
zero mode Yf'. Again, it is annihilated by all modes " with » > 0, but not by the zero
mode. In fact ¢{"|0)r is another ground state because it is annihilated by the positive
modes on account of {¢",¢{} = 0. Thus, the ground state is degenerate. In fact it is
a representation of the Clifford algebra with dimension 2°/2 because the v’s satisfy the
Clifford algebra for I'™ = iy/2 7. States created from the R vacuum are then space-time
fermions as the creation operators ¢, r < 0, change the spin by integers. States in NS
sector in contrast have bosonic character.

Operators creating R ground states out of the NS vacuum are called spin fields Sx
[99,105]:

[A)r = lim S4(2) [O)ns - (2:20)
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A is a spinor index in the target space and spin fields thus transform as space-time spinors.
As these fields intertwine the R and NS sector and thereby change the boundary conditions,
their action leads to an opening and closing of a branch cut on the string world-sheet.
Their conformal weight can be understood by calculating the Laurent modes of the energy
momentum tensor. These are given by

1 1
Lm = 5;0[%_” Ay + 12(27‘—7”1) :’LFL—T‘ ?/}mr +a5m’0, (221)

where o', n € 7Z, are the expansion modes of the bosonic string coordinate. The constant
a arrises from normal ordering. It vanishes in the NS sector, but takes the value
D
16

in the R sector. Therefore, S4 has conformal weight D/16 because Lg|A)r = D/16 |A)g.
The two-point function of two spin fields on the sphere hence becomes

a (2.22)

Cap
Here we have introduced the charge conjugation matrix C4p in order to obtain Poincaré
invariant results®>. The OPEs of spin fields and fermions can be determined by considering
the three-point function (S4(z1) ™ (22) Sp(23)) in the limits z; — oo, z3 — 0. The findings
can be summarized as

(I™)a" Sp(w)
V2 (2 —w)/2’

Can (I C) ap Ym(w)
(z — w)D/S V2 (z — w)D/Sfl/Q )

Spin fields in D = 2m can also be presented by m chiral bosons. The leading singularity
in the OPE of one fermion and one spin field in (2.24) suggests in comparison with (2.14)
that the lattice vector of a spin field must contain half integer values p = (£3,...,%3).
In even dimensions it is always possible to decompose a Dirac spinor into left- and right-
handed Weyl spinors. The spin field S4 thus decomposes into left- and right-handed spin
fields S, and S°. We follow the convention that in bosonized form the lattice vector of
a left-handed spin fields contains an even number of —1/2 entries, while the number of

negative entries is odd for a right-handed spin field.

" (2) Sa(w) ~

Sa(2) Sp(w) ~ (2.24)

2.1.3 Ghost Fields

We have mentioned above that the non-gauged action of the supersymmetric string is
invariant under diffeomorphisms and (super-)Weyl transformations. Therefore, it is not

3A detailed discussion of spinors in higher dimensions and the charge conjugation matrix follows in
Chapter 3 and Appendix A.
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possible to naively plug this action into the path integral. One must only integrate over
configurations of the world-sheet metric and the gravitino which are not related by these
symmetry transformations. Otherwise this leads to a massive over-counting. Usually, this
is settled by introducing a Fadeev—Popov determinant to the partition function. As can be
shown this is equivalent to adding a ghost action to (2.6) which becomes in superconformal

gauge
1 L L
Sgh:4—/d2z(bﬁc+b85+ﬁ&y+58~‘y). (2.25)
78

The fields b, ¢ are anticommuting ghost fields, which are necessary for the quantization
of the bosonic action (2.5), while the commuting super-ghost fields 3, v are required in
addition for the supersymmetric action (2.6). The equations of motion, derived from the
action above, identify these fields as chiral or anti-chiral, respectively:

ob=0c=0, 0B=0y=0. (2.26)

We restrict our discussion to the chiral fields in the following and quickly summarize their
conformal properties. The energy momentum tensors

T5¢(2) = —2b(2) dc(z) — Ob(2) (),
3 1
199(2) = 2 B(2) 91(2) — 508(2)7(2). (227
imply that the ghost fields have the conformal weights
(2.28)

The central charges of the ghost and superghost CFTs can be obtained from the OPEs of
the energy momentum tensors. One finds that ¢ = —26 and ¢?7 = 411. If the central
charge of the matter system (2.11) is also taken into account, the total central charge
vanishes for D = 10:

XY bt P = ;D —26+11=0. (2.29)

As previously described the quantum theory does not suffer in this case from a supercon-
formal anomaly. The cb- and ~(-propagators, derived from the action (2.25), demand that
the ghost fields satisfy the OPEs

() bw) ~ —2— (=) Blw) ~ —

Z—w z—w

(2.30)

As in the case of the matter fields we can perform a Laurent expansion of the ghost
and superghost fields. We obtain for the former

c(z) = Z cp 2"t b(z) = Z bz "2, (2.31)
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where the modes have to satisfy the anticommutation relations

{bm, n} = Oman {bm,bn} = {cm,cn} =0 (2.32)

due to the OPE of ¢(z) and b(w). The operator-state correspondence implies that vacuum
state of the ghost system is annihilated by all b,,, n > —2 and ¢,, n > 1, but not by the
mode ¢;:

lig(l] c(2)10)p,e = c1]0)pe = [1)p # 0. (2.33)

Due to [Lg,c;] = —1, where L is the zero mode of the energy momentum tensor 7%¢(z),
the state |1),. is the state with lowest energy and therefore the proper ground state of the
ghost system. It is also annihilated by ¢; because of {c1, ¢} = 0.

We now discuss the superghost fields. These are associated to the fermions ™ and
hence satisfy the same periodicity conditions. Therefore, the mode expansion also yields
an NS and an R sector,

Z+ Lt NS sector
z) = T2 z) = L2 T2 e 2 ’ 2.34
7(2) ;7 B(2) ;ﬁ 7 Rector (239

The modes must satisfy the commutation relations

[77’7 /88] = Or4s [67"7 Bs] = [’77"7 78] =0 (235)

because the superghost fields are of bosonic type. As in the case above, the shift in the
mode expansion implies that the vacuum in the NS sector is not a highest weight state.
In fact, due to [Lg, 7 /2] = —1/274/9, the vacuum can be lowered to arbitrary negative
energies because 7y, /o does not square to zero. In the R sector an operator analogous to the
spin field is needed creating a branch cut and interpolating between the different boundary
conditions. Asshown in [36] by bosonizing the superghost system, the proper ground states
for the two sectors are

o~ ¢(0) 10)5,, = ‘q = _% . : NS sector,
e~ (0)/2 [Ore= ’q = _1>5,v : R sector. (2.36)

These states are annihilated by 7/, and 7, as required.
The action (2.25) is invariant under two chiral U(1) symmetries generated by the cur-
rents

jC==b(2)e(z), T ==B(2)1(2). (2.37)
The OPE of these currents with the respective energy momentum tensor 7%¢ or 7%

Q) ojw
T(z)j(w) (z—w)3+(z—w)2+z—w

(2.38)
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exhibits an anomaly. The charge ) takes the value —3 for the ghost and +2 for the
superghost system. The anomalous conservation law of the currents reads

dj(z) = i QVhR, (2.39)

where h is the determinant of the world-sheet metric and R the corresponding curvature
scalar. It can be shown that the anomaly arises from the presence of (super-)ghost zero
modes. It is possible to calculate their number from (2.39) using the Riemann-Roch theo-
rem:

N.— N, =3-3g, N, —Ng=2-2g. (2.40)

This has profound consequences. For string scattering at g loops the string world-sheet
is a Riemann surface of genus g. The vertex operators creating string states have to be
inserted with the right superghost factors in order to cancel the superghost background
charge of 2 — 2¢g. Furthermore, at tree-level, i.e. ¢ = 0, the presence of three ghost zero
modes follows from the three globally defined diffeomorphisms on the sphere. In order
to cancel this residual gauge freedom three vertex operators positions can be fixed in the
calculation of the amplitude.

2.1.4 Open strings

So far our discussion has been centered on closed strings. The closed string nature entered
the considerations through the boundary conditions of the fields X™ and ™ at o' = 0, 2.
These were chosen in such a way to make the surface term vanish which arises from the
variation of the action (2.6) apart from the equations of motion. Let us have a closer look
on this surface term for the open string case:

0'1:7'('

/d% (— % OX™ 01 X, + U™y, — SY™ wm) =0. (2.41)

ol=0

It is obvious that the respective terms for the fermions vanish if ¢/™ = 4¢™ at either end
of the string. The overall relative sign between v and 1) is a matter of convention and we
set

Y™ (0, 0) = ™(c°,0) . (2.42)
The sign at the other end becomes meaningful and we again obtain two sectors, similar to
the closed string case:

= — " (0" ) : NS sector,
" (00 ) = + ™ (0, 7) : R sector. (2.43)
Via the doubling trick the fields ™ and ™
range 0 < o! < 27. We define

(o0 ot = Ql_jm(ao’al) 0<ot <, (2.44)
’ (oY 2r —ol) w <ol <2r.

can be combined into a single field U with
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The field U™ is on the same footing as ¥™ in the closed string case. First, they are
both holomorphic in z and they satisfy the same boundary conditions (2.8). The CFT
results for the closed string sector therefore also apply to the open string sector. In the
following discussion of the open string we simply denote U™ by ™, which has then the
same properties as the world-sheet fermion in the closed string action.

The boundary term for the open string coordinates vanishes if X satisfies at the
endpoints o' = 0, 7 one of the following conditions:

0X™=0 . Dirichlet conditions,
HX™M=0 : Neumann conditions . (2.45)

Dirichlet boundary conditions are solved by X™(c¢" 0! = 0,7) = const and thereby state
that the endpoints of the string in these directions are fixed to hypersurfaces, so-called D-
branes [106]. Neumann boundary conditions imply that strings are always perpendicular
to these surfaces. Historically, only Neumann conditions were considered, but T duality
forces the inclusion of Dirichlet conditions as well [107]. At first glimpse the concept of
D-branes seems to break Lorentz invariance because they single out certain regions of
space-time. However, D-branes are dynamically objects. Under the influence of gravity,
i.e. the interaction of closed strings with the open strings ending on their world-volume,
they can fluctuate in form and position.

At the endpoints of an open string one can introduce new degrees of freedom i, j which
run from 1 to n and label the states of the two endpoints. A general string wavefunction
can thus be decomposed as

|6, a) =Y T |0, i3) (2.46)

where the Chan-Paton factors T} form a complete set of n X n hermitian matrices. These
Chan—Paton degrees of freedom have trivial world-sheet dynamics and therefore do not
change superconformal nor Poincaré invariance. However, they have profound impact on
space-time physics as they add gauge degrees of freedom to scattering amplitudes. For the
scattering of oriented strings the underlying gauge group is found to be U(n), while for
unoriented strings one obtains the groups SO(n) or USp(n). An operator creating gauge
bosons from the vacuum must therefore contain T7.

In the D-brane picture the Chan—Paton degrees of freedom have a nice geometric inter-
pretation. If n branes coincide there exist open strings stretching between them. These are
massless because they can have vanishing length. Quantization of an oriented theory yields
n? massless vectors that form the adjoint of a gauge group U(n). Hence, the Chan—Paton
degrees simply count on which branes the string starts and ends.

2.1.5 Vertex Operators

With all the previous results it is now possible to write down vertex operators which create
string states from the vacuum in ten dimensions. These are local operators on the world-
sheet. As a particular position z on the world-sheet has no physical meaning one must
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integrate over all vertex operator positions. The requirement that the integrated vertex
operators are independent of coordinate transformations on the world-sheet requires that
the vertex operators should have conformal weight h = 1.

In the supersymmetric string a vertex operator V' (z) can create bosons in the NS sector
and fermions in the R sector from the vacuum. The operator splits into a plane wave
e and a remaining conformal field v(z). The plane wave generates eigenstates of the
momentum generator

P =_— ¢ —idxX"™ (2.47)

with eigenvalues proportional to the momentum £™. With respect to the energy momentum
tensor (2.9) the plane wave has conformal weight h(e?**) = o/k%. In the following we only
consider massless string states for which &? vanishes. From our previous considerations v(z)
must then have conformal weight 1. The exact form of v depends on whether a fermionic or
bosonic string state is created by the vertex operator. For bosons, i.e. in the NS sector, the
fermion 1™ is combined with the corresponding superghost contribution e=%/2 from (2.36).
In the R sector fermions are created by the spin field as shown in (2.20). Combining this
field with the superghost in bosonized form e? from (2.36) yields the correct expression
for v. The most general open string vertex operators for bosonic and fermionic states are
therefore

Vé;l)(z, E k) = ga T & P (2) €79 X () : NS sector,
V)\(Jl/z)(z, u, k) = gy T uq S4(z) e 93)/2 kX () : R sector, (2.48)

where we have included coupling constants g4, g), Chan—Paton factors T* and a polariza-
tion vector and spinor &,,, us. These vertex operators create gauge bosons and gauginos,
respectively. Although ¢ is a world-sheet fermion it appears in the vertex operator creat-
ing space-time bosons, while the spin field excites space-time fermions. In the following we
call /™ an NS fermion and S4 the R spin field. Due to the presence of the exponential eP?()
stemming from the superghost fields the vertex operators (2.48) are said to be in the (—1)
or (—1/2) ghost picture. Keeping in mind that e?**) has conformal weight h = —p?/2 — p
and h(y) = 1/2, h(S) = 5/8, this shows that the vertex operators have indeed conformal
weight 1 in total.

A more rigorous way to derive the vertex operators (2.48) makes use of the BRST
operator Qprst as shown in [98]. After gauge fixing the RNS world-sheet action still has a
symmetry that mixes ghost and matter degrees of freedom. The integral over the associated
current gives the BRST operator. The cancellation of anomalies in D = 10 translates into
Q%rgt = 0, but the operator has another task. Unphysical states must be decoupled from
the spectrum. The BRST operator therefore annihilates all physical states. This implies
for the vertices of the NS and R sector that

[QBRST7 V] =0 (249)

up to total derivatives in z which vanish upon integration over the world-sheet. This BRST
condition constrains the operators (2.48) to be on-shell, i.e. the polarization vector must
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be transversal to the momentum, £k = 0, and the polarization spinor has to satisfy the
massless Dirac equation, u® %a[a = 0. Yet in another way the BRST operator proves to be
very useful. Given a vertex operator in ghost picture ¢, one can show that

VIt (2) = =2 [Qprst, £(2) VI9(2)] (2.50)

where ¢ is from the bosonization of the superghosts, is not BRST exact but is a vertex
operator with ghost charge ¢ + 1. Higher ghost pictures are particularly necessary for
calculating higher-point amplitudes at tree-level because the vertex operators have to be
inserted with such ghost contributions in order to cancel the background ghost charge of
2—2g. For the purpose of this thesis only the boson vertex operators in the 0 ghost picture
is needed. One finds from (2.50):

Vil 6 b = j/;l T & [10X™(2) + 20/ (k(2)) ¥7(2)] €6 (2.51)

Space-time SUSY requires that the vertex operators (2.48) are related. Acting with the
supercharge

;71/2) — 0/1/4%SA<Z) e~ 9(2)/2 (2.52)

and its counter-part in the +1/2 ghost picture on the vertex operators shows that the

coupling are related, gy = g4 o/~ /*, but more important:
_ — —_ m 1 a m
QP VWl =V, €= e (" O,
B _ 1
QUM VEVEOI=ViE @), W = 0 () b (2:53)

V2

These relations are major ingredients for SUSY Ward identities [108] which allow to re-
late different string scattering amplitudes, where the scattering partners sit in the same
multiplet.

Our considerations so far have been devoted to string theory in ten space-time dimen-
sions. We focus now on string compactifications to four dimensions, which are highly
interesting from a phenomenological point of view. Under the decomposition of the ten-
dimensional Lorentz group SO(1,9) — SO(1,3) x SO(6) vectors split into direct sums,
Xm = X* @ X' while spinors decompose like x4 = (Yo ® X!) ® (Y* ® x7). Here x
and y are left- and right-handed spinors, whereas p and « are external, ¢ and I internal
Lorentz indices. The conformal fields 0.X™, ™ and the left- and right-handed parts of S
decompose as

OX™ = (0X*,07"), S, =9, 2 @ 54%;,
P = (P, V), St =S, % @Sy, (2.54)

The external fields 0* X, ¥* as well as the left- and right-handed spin fields S, and S8
transforming under the Lorentz group SO(1,3) form a SCFT with central charge 6 which
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decouples completely from the SCFT of their internal counter-parts 0Z°¢, ¥/, ¥ and X7
with charge 9. In addition, the decomposition yields the following conformal weights:
4 , 1 1 3
hOX") = h(02') =1, (") =h(¥) =5, h(Sa) =7, h(2h) = 3 (2.55)
From these it is easy to determine the OPEs of the external and internal CFT. In fact,
they coincide with the chiral version of (2.24) for D = 4 and D = 6%

1 .
1/}“(2) Sa ~ mﬂgﬁ Sﬁ<U}) y

Sa(2) Sg ~ ~ob

G
S.(2) S% ~ % (0% )0 Wi (w) (2.562)
‘I’i(z) Yo ™~ m’ﬁu Si(w),
I S CIJ
X (2) By~ m )
S (3 O) W) (2.56D)

V2(z — w)/4

Maximally supersymmetric toroidal compactification of type I or type II string theory
yield a SYM theory in four dimensions with N' = 4 supercharges. The gauge vector
multiplet consists of three complex scalars ¢!, four gauginos A\’ and one gauge field A*.
The corresponding vertex operators in the canonical ghost pictures have the form

qu(;})(Z, k) =gy T P, \Ijl(z) e P(2) (ikX(2) ’

V/\(;}/Q)(z, u, k) = gr T uf Sa(2) El(z) e 9(2)/2 gikX(z) ,

VD (2,6 k) = ga T €, 09 (2) e~ hX() (2.57)

with the polarizations ®;, u, and ,. A comparison of field theory and string theory
scattering amplitudes in the limit o/ — 0 shows that the couplings are related by

ga = (2)? gy, g = (2)2 " gy, 9o = (20)"? gyar. (2.58)

The D = 4 gauge coupling gy can be expressed in terms of the ten-dimensional coupling
g1o and the dilaton field ¢, through the relation gya; = gig e®°/? [36].

The breaking of SUSY can be incorporated into the SCFT by orbifold projections acting
on the internal fields Z% and . Only the fields which are invariant under the projection

4These OPEs look very distinct because the chirality structure of the charge conjugation matrix differs
in four and six dimensions, which will be explained in Chapter 3.1. Please also note that the internal space
has Euclidean signature.
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remain in the spectrum. For N/ = 1 SUSY all scalars and three of the internal spin fields
are projected out. Therefore one gaugino and one gauge field remain as required. The
vertex operators take the simple form

V)\(a_l/Q)(27 u, k‘) =g\ T"u” Sa(Z) Z(Z) e~ ¢(2)/2 ikX(2) ’

ViV (2,6, k) = ga T €, (2) 9 X () (2.59)

Apart from the vector multiplet there can be additional massless fields like chiral scalars
and fermions stemming from D-brane intersections. Their vertex operators are very similar
to (2.57), however, the internal fields are replaced by bosonic and fermionic twist fields [66].
These have an angular dependence on the D-brane intersection angle and are more difficult
to handle [109-112].

An important fact to notice is that no internal fields 9Z%, ¥? or X! enter the four-
dimensional gluon vertex operator in (2.57) or (2.59). Tree-level scattering amplitudes
in string theory involving only gluons are thus completely independent of the compactifi-
cation details and even hold if SUSY is completely broken [113-115]. A further class of
correlation functions which do not depend on the compactification are correlators involving
arbitrary many gluons and at most two scalars, gauginos or chiral fermions. Under these
circumstances the arising two-point function of the internal fields is completely determined
by their conformal weights, but no further compactification details enter at tree-level.
The analysis of such amplitudes is therefore a promising attempt to bypass the landscape
problem [116].

2.2 String Scattering Amplitudes

So far our CFT description was centered on the free string. We come now to string inter-
actions which result from strings splitting and joining. On account of the diffeomorphism
invariance of gravity one cannot calculate off-shell amplitudes in string theory. We can only
evaluate entries of the S-matrix, i.e. scattering processes with asymptotic (on-shell) states.
Conformal invariance allows to bring the initial and final string states to finite distances.
The quantum numbers of the external states are then created by local operators on this
compact world-sheet. These operators are exactly the vertex operators introduced above
which can be understood as conformal projections of the initial and final string states.

In the Polyakov approach the amplitude is given by the functional integration over
the world-sheet metric, gravitino and the matter fields weighted by the exponential of the
action. The world-sheet of open string scattering at g loops is a two-dimensional surface
with g holes and one boundary. For the total amplitude we must now also sum over different
topologies of the world-sheet as depicted in Figure 2.1. A general n-point amplitude can
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Figure 2.1: Summing over different world-sheet topologies.

then be computed by the following path integral:

My = MY
g
= Z/Dxmp DhDé/dzl...dzn VIV(21) ... Vi(z,) e SRS
g
— Z/dzl...dzn VT {Vi(z1) .. Valza)) - (2.60)
g

We mentioned before that the action of the superstring is invariant under diffeomorphisms
and (super-)Weyl transformations. The integrals in (2.60) are therefore divergent. The
measure of the integral must be changed in such a way that only configurations are taken
into account which are not related to another by a symmetry transformation. This is
achieved by the inclusion of the volume factor V=1 of the symmetry group. Its derivation
is, e.g., greatly discussed in [95], we just sketch the results. At this point the ghost fields
b and c enter the stage again. Their zero modes determine the number of moduli of the
world-sheet and the number of conformal Killing vectors. For different genus they take the
values:

0 :g=20, 3 :g=0,
Ny=41 cg=1, Ne=4¢1 :g=1, (2.61)
3g—3 :1g>2, 0 :g>2.

A detailed discussion shows that the volume factor demands to additionally integrate over
N, moduli in (2.60), while N, integrated vertex operators [ dz; V(z;) can be replaced by
c(w;) V(w;) at a fixed position w;. At this point we furthermore would like to mention that
the vertex operators in (2.60) must be inserted in appropriate ghost pictures in order to
cancel the background ghost charge of 2 4 2¢ given in (2.40).

2.2.1 Tree-level Amplitudes

Let us now discuss the easiest case g = 0 in more detail, i.e. tree-level scattering. The
following discussion will find application in Chapter 6, when we calculate the tree-level
amplitude of two gauge fields and four gauginos. The Riemann mapping theorem states
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Figure 2.2: Mapping the string world-sheet onto the unit disk D.

that there exists a biholomorphic mapping of the tree-level world-sheet onto the unit disk
D = {z € C: |z| <1}. The string states are then inserted by the vertex operators on the
boundary of the disk as shown in Figure 2.2. Along the boundary the vertex operators have
a definite ordering. For the calculation of the complete amplitude it is therefore necessary
to sum over all cyclic non-equivalent permutations of the vertex operators:

M = Z /dw1 .odw, y-! <V1<’LU1) Vp(g) (wp(g)) . %(n) (wp(n))> . (2.62)

Pi Esn—l

For the integration over the vertex positions it is more convenient to map the unit disk
via the Mobius transformation .
—w
Wz =1
14+w

onto the upper half plane H = {z € C: ¥(z) > 0} as shown in Figure 2.3. The boundary is
mapped onto the real axis, where the vertex operators then sit. The integration over each
position z; runs over R, where the cyclic ordering of the positions must be kept. Depending
on the purpose either the formulation of tree-level scattering on the disk or on the upper
half plane can be more convenient.

The volume factor V rendering the integration finite has an easy expression for tree-
level scattering. At genus 0 the world-sheet has no moduli which have to be integrated
over. However, three ¢ ghost zero modes exist. These are due to the fact that the disk has
three globally defined conformal transformations that respect the boundary. The symmetry
group is SL(2,R)/Zs and acts on the coordinates z € H in the following way:

az+b . a b a b a b
2 T with (c d) =— (c d) , det (c d) =1. (2.64)
The volume factor is then the volume of the conformal Killing group Vekg which is canceled

by fixing three vertex operator positions and including three ¢ ghosts. The tree-level
amplitude for a certain ordering takes the form

(2.63)

M, = /Rdz4 codzy, (Vi(z1) ¢Va(za) Va(z3) Va(za) - .. Vi(20)) - (2.65)
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Figure 2.3: Mapping the unit disk D onto the upper half plane H via the Mobius

transformation w — 2z =1 TTw:

The ghost correlator is easy to calculate. These fields decouple from the rest and their
conformal weight h(c) = —1 determines

(e(z1) e(22) c(23)) = 212 213 223 - (2.66)

The first step in the calculation of the amplitude is to evaluate the correlation function
of the vertex operators. From the vertex operators (2.48), (2.57) and (2.59) it is clear
that the matter fields, among them in particular the RNS fields " and Sy, as well as the
scalars bosonizing the superghost fields enter the amplitude. Only the RNS fields form an
interacting CFT as shown in (2.56), all others simply decouple. The correlation function
of the vertex operators therefore factorizes, written schematically as

(Vi...V,) ~Cx Cy Cys Cox, (2.67)

where the last correlator only appears in the case of string compactifications. The cor-
relation functions involving the string coordinates X* or superghost scalars ¢ are rather
trivial to calculate as they are free fields. The RNS correlators are much more difficult
to evaluate due to their interacting nature. The calculation of such n-point functions for
massless interactions is the topic of the following Chapters 3-5. RNS correlators for higher
spin scattering have been considered in [68,117].
For gauge theory amplitudes also the Chan—-Paton matrices T}; occur in the amplitude.
As previously explained these arise from a stack of D-branes, where the indices 7, 7 label the
particular D-branes to which the endpoints are attached. An interaction, i.e. the joining
of two string ends, can only occur if these are attached to the same D-brane. This in turn
implies that the indices of the Chan—Paton factors of the two strings must coincide: T7}' and
7}“,;. Repeating this argument for all other string ends implies that the amplitude contains
the trace over all Chan—Paton factors as illustrated in Figure 2.4. The full amplitude then
reads
M= )" Te(T"T% . T%) AL p(2), ..., p(n)) . (2.68)

pesn—l
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Figure 2.4: Chan—Paton factors in a four-string interactions. String can only join or
split when the respective endpoints have the same Chan—Paton label.

The sub-amplitude A is calculated by stripping of the Chan—Paton factors off the vertex
operators and integration over the positions of the latter. It is called the color-ordered or
color-stripped amplitude and satisfies among others the cyclic property

A1,2,...n)=An,1,2,....,n—1). (2.69)

The next step in the calculation is the integration over the world-sheet positions z,
which is very challenging for higher-point amplitudes. The six-gluon amplitude for example
contains hypergeometric functions and Euler-Zagier sums [118]. Let us discuss as an easier
example the partial four gluon amplitude [113,114]:

(12)*
(12) (23) (34) (41)

Mgy, 95,95, 95) = 4g* Te(T T T T%) V(ky, ko, ks, ky) . (2.70)

The integration over the vertex operator positions leads to the formfactor

sSuU

V(k’l,k’g,k’g,k’4) = S B(S,U), (271)

+u

where B is the Euler beta function and s, u,t are the stringy Mandelstam variables
s = 2a'ky ko, t =2’k ks, u=2adkiky. (2.72)
An expansion of the formfactor in o/,
V(ky, ko, k3, ky) ~ 1 —((2) su+C(3) stu+ ..., (2.73)

reveals that the kth order in o' is accompanied by the zeta value ((k), where ambiguities
occur at higher order due to multi-zeta values [90,118]. At level five for example one can
have ¢(3,1,1) =2((5) —((2) ¢(3). In the limit &’ — 0 the formfactor reduces to 1 and the
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|k, n)

Figure 2.5: String contact interaction and exchange of Regge resonances, taken from [66].

amplitude (2.70) simply becomes the Park-Taylor amplitude of four gluons [119]. In the
field theory limit only massless strings participate in the interaction, while interactions of
massive string states sum up to finite terms of order o’?> and higher. In an effective field
theory description these can be interpreted as new contact interactions. Another way of
looking at (2.70) is to expand V' as

> n
V(kla k:27 k:37 k:4) ~ Z S’Yﬁ )
n=0

1 T'(—u+n)

, )= S T (2.74)

Q\|§

with an infinite number of s-channel poles. The physical interpretation of this expression
is that the scattering partners can exchange string Regge excitations of mass M? = n/«/,
which is depicted together with the contact interaction in Figure 2.5.

2.2.2 Loop-Level Amplitudes
The schematic form of an n-point g-loop amplitude of open strings has the form [120-122]:

N, N i -
Mb:/d N > 2@V (21, Q) - V20, Q)5

2.
det Vika (2.75)

Sy

(@p)

In this expression Z is the genus g partition function, i.e. the vacuum to vacuum amplitude.
The first integral in (2.75) runs over the moduli space of dimension N, as stated in (2.61),
the second one over the vertex operator positions on the boundary of the disk with g holes.
At g = 1 the volume factor of the conformal Killing group is taken care of by fixing one
position and including the corresponding ¢ ghost. For higher genus no position can be
fixed as dictated by (2.61).

The correlation function of the vertex operators factorizes again into correlators involv-
ing the fields X, the external RNS fields, internal fields and superghosts. Correlators of the
latter are well understood [123], whereas the internal correlation functions can be described
by some character valued partition function or elliptic genus [124-129]. The ghost charges
of the vertex operators must sum up to 2g — 2 in order to cancel the ghost background
charge (2.40).

In addition, g-dimensional vectors (d,b) with entries 0 or 1 enter the calculation of loop
amplitudes. They are called spin structures. Let us explain their meaning with the help of

-
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Figure 2.6: One-cycles ay and §; of a Riemann surface.

the RNS fields. The doubling trick (2.44) extends ¢™ and S4 to their counterparts of the
closed string. The chiral field ¢ (z) is only defined on the upper half-plane. Combining it
with the anti-chiral field 1™ (2) yields a new field that is defined on the full complex plane.
Therefore, the resulting RNS fields do not have support on the disk with g holes but in fact
on the sphere with g handles. Such a Riemann surface of genus g has 2¢g homology cycles a;
and 7, [ =1,...,9, as illustrated in Figure 2.6. The fermions must either be periodic or
antiperiodic if they are shifted around the one-cycles. These periodicity properties define
the entries of the spin structure vectors (@, l;) As we have learned before the spin fields
Sa create branch cuts on the world-sheet. The brunch cut extends all along the cycle if
these fields are shifted around. Hence, shifting the spin fields changes the complete spin
structure of the RNS correlator. Further details can be found in [130] and Appendix C.
The summation over different spin structures is a delicate business. In the RNS correlators
the spin vectors (a, 5) enter through generalized © functions. So the spin sum requires
various relations between © functions like generalized Riemann identities [121,131-135].

In this work we do not attempt to calculate a full loop amplitude. We concentrate on
calculating the analogs of the tree-level RNS correlation functions which are needed for
loop scattering. These are presented in Chapter 5.



CHAPTER 3

Ramond—Neveu—Schwarz Correlators at
Tree-Level

We consider in this Chapter correlation functions involving the RNS fields ¢* and S,, S
at tree-level in arbitrary even space-time dimensions D = 2m, m € Nj. As the Ramond
spin fields are of fermionic type we review first the Clifford algebra and spinors in higher
dimensions. Then we discuss the CFT and the OPEs which govern the short-distance
behavior of the RNS fields and show how correlation functions can be calculated therefrom.
Before we present special techniques how to calculate correlators in the dimensions D =
4,6,8 or 10 and give some results for general D, we comment on the index terms, which are
important ingredients in the RNS correlators. The work presented here has been published
in [1,2].

3.1 Prerequisites

Before we discuss RNS correlators at tree-level we have to lay the groundwork for their
calculation. The conformal field theory of the RNS fields plays an important role here, as
it provides sufficient input to calculate correlation functions. Additionally, we comment
on spinors in higher dimensions as the R spin fields are of this type. Further information
is found in Appendix A and in [36,136-138|.

3.1.1 Spinors in Higher Dimensions

Dirac spinors in D space-time dimensions form a complex vector space of dimension 2°/2.
They are representations of the Clifford algebra

(DH, T} = —2p | (3.1)

The 2P/2 x 2P/2 matrices I'* are known as gamma matrices. In even dimensions - as we
consider here - Dirac spinors can be decomposed into two irreducible Weyl representations.
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This implies for the R spin fields
Sy=S,®5%. (3.2)

We call the Weyl spinors S, and S¢ in the following left- and right-handed spin field. In
component notation the gamma matrices read

4% = (e 1) 33

with the generalized Pauli matrices v* and 4* as off-diagonal blocks. In terms of these the
Clifford algebra becomes

VAT AT = 20 A P = =28 (34)

The charge conjugation matrix C acts like a metric on the space of spinors. It is defined
in even dimensions by the equations

Ct=(-1)z ¢, (3.5a)

("t =-c7'rrC. (3.5b)

The chirality structure of the charge conjugation matrix depends on D because of the

representation theory of the associated Lorentz group SO(1, D—1). One finds in component
notation:

D =0mod 4 : (QB:<CM 0),

0 C%
g
D=2mod 4: (QB:<51 q§>. (3.6)
B

The inverse matrix C~! reads then

D =0 mod 4 : @ZUAB=:<“71W6 0 >,

0 (Cil)aﬁ
D =2mod4: (CHAB = <(C_01)d6 (COI)QB) : (3.7)

In the following we refrain from writing out C~! explicitly because the position and order
of the spinor indices distinguish C' and C~! from each other.

Equation (3.5a) states that C' is antisymmetric in four dimensions. For appropriate
representations of the Clifford algebra, in particular where v* are the standard Pauli ma-
trices o, it coincides with the € tensor. We adopt the same conventions and denote in the
following

agd = 75& D=4" €aB = Caﬁ’D:4 (38)

for the calculation of RNS correlation functions in four space-time dimensions.
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3.1.2 The Underlying Conformal Field Theory

The short distance behavior of the RNS fields is given by their OPEs [98,99,104]. As we see
below this is sufficient input to calculate RNS correlation function at tree-level. The OPEs
of the NS fermions and R spin fields have been stated in (2.13) and (2.24), we present now
their chiral versions involving left- and right-handed spin fields S, and S”.
The singular behavior of the fermions as well as the interaction between one fermion
and one spin field does not depend on the number of dimensions:
(Y n 39
PrE) 9 w) ~ (3.92)
1 .
P(2) So(w) ~ ——= (2 — w) 24", S8 (w) . 3.9b
@D()()\/ﬁ( )l S (w) (3.9b)
In contrast, conformal weights and therefore the OPEs of two spin fields depend on the
dimensionality. Furthermore, as the chiral structure of the charge conjugation matrix C'
depends on D, one encounters two distinct scenarios:

e D =0 mod 4:
Sal2) Sa(w) ~ (2 = )P/ g, (3.100)
() SHw) ~ 5 (2 =) PR (7€) ). (3.10b)

e D =2mod 4:
Sa(2) SP(w) ~ (z —w) P8 CLP (3.11a)
Sal2) S3(w) ~ —= (2 — w) P2 (31 C) iy (w) + .. (3.11b)

V2

Using these OPEs it is in principle possible to construct every correlator involving RNS
fields as we describe in Chapter 3.2.

The reader should note that in contrast to [1] the spin fields in (3.10) have been redefined
by a factor of ¢ to avoid proliferation of minus signs. In order to be consistent with the
original literature, we use (3.10) and (3.11) for the calculation of correlators in six, eight
and ten dimensions following [2], while in four dimensions we use the conventions from [1],

Sa(2) Sg(w) ~ —(2z —w) " eqp, (3.12a)
Sa(2) Sg(w) ~ +(z —w)"1/? Eaf s (3.12b)
Sal2) S3(w) ~ % o (). (3.12¢)

together with the identifications (3.8). It is easy to check that these OPEs are consistent
with (3.9).
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3.2 The Evaluation of Correlators

We now present various methods to calculate RNS correlators at tree-level. The starting
point for the evaluation are the OPEs of the RNS fields.

3.2.1 The Iterative Procedure

One possible way to calculate correlation functions involving NS fermions and R spin fields

(" (21) . P (2) Sy (1) -+ Sy () S (1) - - S (y)) (3.13)

with n,7, s € Ny is by considering the correlator in all possible limits z; — z;, 2 — ;,
2 — yj, ... and applying the respective OPEs from (3.9), (3.10) and (3.11), where we
only keep the most singular part. In this way (3.13) reduces to a lower-point correlation
function. If the expression for this function is known one can match the findings from the
different limits to construct the final result. Using this iterative procedure we can determine
higher-point correlation functions from already known correlators. As an example let us
discuss the correlation function (¥*(21) Sa(22) S5(23)) in four space-time dimensions. By
examining this correlator in all possible limits z; — 2z; we find with z;; = z; — 25,

(
7 (212 23) Ptz o,

<1W(21) Sa(22) 53(23» ~ 7 (212 213) Pt oz, (3.14)

xf

where the OPEs (3.9), (3.12) and the two-point functions of the fermions and spin fields
have been used. The result of the correlation function should reduce to these terms in the
respective limits. We therefore find

(2'12) 1 129 — 23,

1
<’l/1u Zl 22 SB 23> = ﬁ O'ZB (2212 213)71/2 s (315)

where we have replaced z;," by (212 213)7*/? in the limit 2z — z3 in (3.14). From this
result we can deduce the general structure of RNS correlation functions. They will always
consist of terms that carry all Lorentz indices of the involved RNS fields, in the case above
. We denote such expressions in the following as index terms. These are accompanied
by a coefficient which depends on the positions of the fields z;. The index terms play an
important role in the evaluation of correlation functions and are discussed in great detail
in Chapter 3.3.
As a more complicated example let us have a look at the correlation function of four
left-handed spin fields in four dimensions, (S,(z1)Ss(22)Sy(23) Ss(24)), which is known
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from [108]. With the OPE (3.12a) we find

Eapbqys (212231) Y2 120 = 29 or 23— 24,

<Sa(21) Sg(Zz) SA/(Zg) 55<Z4>> ~ § €ay EBS (213 224)_1/2 121 —> %23 Or 29— 24, (316)
Eas Epy (214 293) Y2 iz =z o oz 2.

Three different index terms arise in the limits and at this point it is simply impossible to

match the different contribution to obtain the final result. However, not all index terms
are independent, one can be eliminated:

EayEBRS = €aBE~s T EasEfr - (317)

Only with this identity it is possible to match the z coefficients in the different limits and
derive the following result:

(S0 Sa(e0) 5 () Syen)) = (202250 )/ (ffm - fota) o ay

213 %24 212734 214 %32

To check the consistency of this expression with the separate limits in (3.16) the z-crossing
identity
Zij Rkl = Zik 25l + zi Zkj (319)

proves to be useful. This four-point function is our first example of an RNS correlator,
where the possible index terms are not independent from each other. Determining the
number of independent index terms is a crucial task in order to calculate the correlation
function and we address this problem in Chapter 3.3.1.

Some care is required to incorporate complex phases which arise upon performing the
OPEs in the limits like (3.14) and (3.16). Since OPEs are defined by the action of the
involved fields on the vacuum state |0), it is necessary to “shift” the respective fields first
to the right end of the correlation function before applying the OPE. Commuting the RNS
fields with each other results in factors of i or —1 due to the different powers in (z — w) in
(3.9), (3.10) and (3.11).

Particular easy results can be obtained for the 2n-point function involving only NS
fermions in even dimensions and also for the correlator consisting of only left-handed spin
fields in 0 mod 4 dimensions. This is due to the OPEs (3.9a) and (3.10a) which state that
in these cases ¥* and S, are free fields and do not interact with the other RNS operators.
Such correlation functions can hence easily be determined by Wick’s theorem [139].

We come now to the proof that the matching procedure of the different limits indeed
yields the correct result for the correlation function. It relies on Liouville’s theorem stating
that every holomorphic bounded function has to be constant. Let R denote the result of
(3.13) which has been obtained by forming all limits, applying the OPEs and matching the
different results. In the following we keep all positions of the RNS fields fixed but arbitrary
apart from z; and consider the function

(1 (21) P Soy o Sa, SO S5 — R(z). (3.20)
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Poles in the correlator originate from the OPEs as z; approaches the position of another
RNS field. By construction R(z;) has the same poles and therefore (3.20) has no singu-
larities and is a holomorphic function. The correlator and R vanish both for z; — oco. In
fact they vanish with z; 2" as required by CFT, where h; is the conformal weight of ¥*1.
Therefore the function (3.20) is bounded. Altogether, Liouville’s theorem then implies
that the function vanishes. Repeating this argument for all other field positions instead
of z; completes the proof. Thus the iterative method indeed gives the correct result for a

tree-level correlation function.

3.2.2 From Fermions to Spin Fields

Another way of calculating RNS correlators is to reduce them to correlation functions
involving only spin fields. Indeed, by using the relation Tr{y*7*} = —2P=2/2pm the
equations (3.10b) and (3.11b) can be inverted:

P (w) = —28-D)/2 Jim (2 — w)P/EY2
Z—w

(Cc1 ) 5% Sal2) SA(w) :D=0mod 4,
(C7rAm)Pe S, (2) Sg(w) D =2mod 4.
(3.21)
Hence, every fermion * appearing in a correlation function can be replaced by two spin
fields S,, S” or S,, S5 depending on the number of dimensions. So the following correlators
can be calculated from the respective spin field correlators via (3.21):

e D=0 mod 4:

(P Sy Sy S 8P 5 (S Sy, SO ST (3.22a)

e D =2mod 4:

(A S S SPT LU SP) — (Say o Sy ST SPE) L (3.22D)

where also k,l € Ny. This method of reducing an arbitrary correlator to a pure spin
field correlator leads to higher-point expressions that seem at first to be more difficult to
calculate. Yet for D = 4 the correlators appearing on the r.h.s. of (3.22) can be calculated
for arbitrary many spin fields, while for D = 6 one can at least evaluate the correlation
function with the same number of left- and right-handed spin fields. The reason for this is
that such correlators can be expressed by index terms which are only products of charge
conjugation matrices but no vy matrices enter. In this sense replacing the fermions with
spin fields turns out to be a useful method. Furthermore, (3.22) provides nice consistency
checks if the correlation functions on both sides are known.

Let us discuss this in more details. In Chapter 3.4 it is shown that in the case of D =4
dimensions every RNS correlator can be reduced to the correlation function consisting of
2M left-handed spin fields:

<Sa1(21) N SOQM(ZQM)> . (323)



3.2 The Evaluation of Correlators 37

M D=4 D=8 (2M —1)!
1 1 1 1
2 2 3 3
3 5 15 15
4 14 106 105
5 42 981 945

Table 3.1: Number of independent index terms for the correlator (Sy, ... Sa,,,) in four

and eight dimensions, as well as the number of possible index terms of the type (3.24).

A solution for this correlation function can be derived by induction and hence we are able
to calculate every RNS correlator in four dimensions at tree-level. The only index terms
that enter the result of (3.23) are products of the charge conjugation matrix:

COJIOQ e COQ]M—IOJQJVI : (324)

The number of index terms of this type is calculated by simple combinatorics. Distributing
the 2M spinor indices to the tensors C' yields

Y G-I 52

possibilities. This must be divided by M! to account for permutations of the C’s. In
total one finds (2M — 1)!! terms of the type (3.24). These are sufficient because only
2M!/MV (M + 1)! are independent in four dimensions due to relations like (3.17) as we
show in Chapter 3.4.1. Meanwhile the situation in D = 8 dimensions is different. In
Chapter 3.3 it is discussed that more index terms then the ones from (3.24) have to be
taken into account for M > 4. The respective numbers are juxtaposed in Table 3.1. In
addition to the tensors (3.24) terms involving y-matrices like

(V7 Cas (Vu¥o C)re (3.26)

are now required, where the vector indices are contracted as pure spin field correlator do
not carry indices of this type. Therefore we are not able to directly construct an easy
expression for the correlation function of 2M left-handed spin fields in eight dimensions.
Even more complicated correlators, like the ones appearing on the Lh.s. in (3.22a), have
to be calculated by hand. Still, SO(8) triality, as we describe in Chapter 3.6, is a powerful
tool to relate different correlators in eight dimensions at tree-level.

In the case of D = 6 and D = 10 dimensions we encounter a similar scenario. Due to
the different chirality structure of the charge conjugation matrix C,? we consider here the
correlators

(Say (21) S%1(23) . . Sany (z201-1) 5% (2001)) (3.27)
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M D=6 D=10 M!
1 1 1 1
2 2 3 2
3 6 19 6
4 24 210 24
S 119 3514 120

Table 3.2: Number of independent index terms for the correlator (S, sh . San SPu )
in six and ten dimensions, as well as the number of possible index terms of the type (3.28).

from (3.22b) with r + 2k = s+ 2l = M. In D = 6 space-time dimensions one is able to
derive a general expression for these 2M-point functions, where only index terms of the
form

Cor .. Cy,, P (3.28)

enter. In total there are M! terms of this type, arising from permuting the 6 ’s while keeping
the a’s fixed. These index terms are sufficient in six space-time dimensions and thus we are
able to calculate (3.27). In contrast, for D = 10 the number of independent index terms is
greater then M! for M > 2 as discussed in Chapter 3.3. Apart from the expressions (3.28)
additional terms are needed which involve Lorentz contractions of v-matrices, like

(4" Cas (3. C)°. (3.29)

The respective numbers of index terms are summarized in Table 3.2. Thus, all RNS
correlation functions in ten dimensions have to be calculated by hand.

However, the situation in eight and ten dimensions is not as unpromising as it first
seems. We derive in Chapter 5.3 results for the correlation functions

(W S Sg), (g S, 87 (3.30)

with arbitrary many NS fermions and two spin fields in four, six, eight and ten dimensions.
These results even hold at loop-level.

3.2.3 Alternative Methods

In the literature RNS correlators have also been calculated using different methods. One
technique we like to mention is bosonization as described in Chapter 2.1. For this purpose
the fermion and spin fields in D = 2m dimensions are expressed through exponentials

YH(z) = ePHE) ¢ Sa(z) = ePHE2 (3.31)

of a vector H = (Hy, ..., Hy,,) with m free bosons and the m-dimensional lattice vector p
with entries 1. The free bosons fulfill the normalization convention:
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The factors ¢ in (3.31) are so-called cocycle operators which ensure that the correct (anti-)
commutation properties of the RNS fields arise. Bosonization of the RNS fields does not
yield results in manifestly Lorentz covariant form. For this purpose the cocyle factors have
to be related to the index terms via the OPEs (3.9), (3.10) and (3.11). This has been
achieved up to six-point level e.g. in [104, 140, 141]. In the following however, we pursuit
our method which directly yields results in covariant form.

Another possibility for the evaluation of tree-level correlation functions with several NS
fermions inserted at the same position on the string world-sheet is via the o(2m) current
algebra. The operators

T (z) = P (2) $(z) (3.33)
realize the SO(1, D — 1) current algebra at level k& = 1 [142], see also [98,99,104]. The
action of the current on the other fields is determined by the OPEs

T (2) 2 (1) ~ — —— 1P g )

JH(2) Sa(w) ~ = 7o Sg(w) (3.34)

I
2(z—w)

and the central term of the current-current OPE

1
T I w) s (10 = 0 )

[ J2(w) = 1 T (w) = 0 w) + 1 PNw)] . (3.35)

+

Z—w
Hence, any correlator including J*” can be reduced to a correlation function with one
current insertion less:

<JW( )7/0\1@1) o a, (2n) Sy (71) - - Sa, () SBI (y1) - - SBS (98>>

Z—Zj

x 5[“ <¢A1 20) . 0 (25) o, (20) Sen (1) -+ San (20) S5, (1) -+ S (ys))
-Zi IEEr R
X <¢A1 20) oo (20) San (1) -+ S(5) - S () S5, (1) - - S (y5))

X <1/1)\1 21) .. .1/1,\,1(2”) S (1) - Sa, (23) Sy (1) - Sey;) - S5, (ws)) - (3.36)

However, the goal of our work goes far beyond the application of (3.36). All the corre-
lation functions in the following will be derived in full generality without any coinciding
arguments. Of course, by a posteriori moving fermion positions together, one can obtain
nice consistency checks for the results in the following Chapters.
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3.3 The Index Terms

We have seen above that the index terms and their relations play an important role in the
calculation of RNS correlation functions. Therefore we discuss them in the following in
more detail.

3.3.1 The Group Theory Behind the Correlators

Let us have a look at the ¢—S correlators from a group theoretical point of view. The
NS fields ¢* transform as vectors under the Lorentz group SO(1, D — 1), while the R spin
fields Sy, S? as left- and right-handed spinors. Therefore an arbitrary correlation function
made up of these fields lies in the corresponding tensor product

(P Soy o Sa, S5, 85) € (V)E" @ (9)F" @ (9)%°, (3.37)
where (V) is the vector representation, (S) and (S) are the left- and right-handed spinor
representations of SO(1, D — 1). From the results of the correlators (3.15) and (3.18) we
conclude that the coefficients depending on the vertex operator positions z; transform as
scalars with respect to the D-dimensional Lorentz group. The index terms must then be
Clebsch-Gordan coefficients associated with the particular scalar representation.

The decomposition of the tensor product (3.37) does not help in finding the precise
expressions for the Clebsch-Gordan coefficients. Yet it is possible to determine the number
of independent index terms from the appropriate tensor product. This is simply given by
the number of scalar representations. If a correlator has no scalar representations, i.e. there
exist no Clebsch-Gordan coefficients, then the whole expression has to vanish!. This has
non-trivial consequences for full string amplitudes in which these correlators enter. Certain
string amplitudes involving bosons and fermions then simply vanish.

In Table 3.3 we state the number of independent index terms for certain correlators in
four, six, eight and ten space-time dimensions. For D = 4 these number can be calculated
analytically as we show in Chapter 3.4.1. For other dimensions these are difficult to
evaluate [143], so we have used the computer program LiE [144]. The cases D = 4,8
and D = 6,10 are treated separately because of the different chirality structure of the
spinor representations in these dimensions. One observes that the number of independent
Clebsch—Gordan coefficients for a given correlation function increases with the number of
dimensions. We comment on this circumstance in Chapter 3.3. This makes the calculation
of seven- and higher-point correlators troublesome as more and more index terms have to
be taken into account. We refrain from calculating any RNS correlation function beyond
eight-point level in D = 4 and six-point level in D = 6, 8,10, although this is in principle
possible with the techniques presented in this work.

'In bosonization or in the loop methods displayed in Chapter 5 conservation of Ramond charge ensures
that these correlators vanish as well
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D=4 D=8 D=6 D=10

(SaSp) 1 1 {S.S57) 1 1
(¥ Sa S7) 1 L (" SaSs) 1 1
(" S, Sp) 2 2 (pr ¥ S, SP) 2 2
(¥ P S, S7) 1 4 (YRS, Sp) 4 1
(Wr ¥ P P Sy Sg) 10 10 (ypryrryr S, SP) 10 10
(¥ A P T S, SP) 25 26 (Yryr Pyt S, Sp) 26 26
(Pr PP Tt S, Sg) 70 6 (YR YTt S, 8P) 76 76
(S, 8557 S°%) 1 2 (8,555, Ss) 1 2
(Sa S35 8s) 2 3 (S.S53575°%) 2 3
(Y1 S, S5 S, S0) 2 4 ('S, 858,5°%) 3 5
(¥ S, S5 S7S0) 4 9 (Y"y¥ S, SsS,Ss) 6 11
(W' ¥ 8o Sp Sy Ss) 5 10 (Yry” S, 8357 S%) 7 12
(Yryr S Sp.Sy S°) 10 24 (Y 5,558, 5%) 17 31
(o P P S, S5 57 S°) 25 68  (yryryryrS,SsS,S5) 45 88
(P YA P S, S S, S5y 28 71 (P i P Sa S5 8T S0 48 91
(84 S5, S5 S¢SC) 2 10 (S.Ss8S, 8585 4 16
(SaS35,558:5) 5 15 (S, S38,5°5°5¢%) 6 19
(" 5o Sp Sy S0 5€5) 4 24 (Y84 558,855 S) 9 40
(" So S5 S, Ss S S<_> . 5 26 (Y™ Sa S5, 55 5°5¢) 12 45
(pr o S, SpSy S5 5€5¢) 10 68 (Yr9¥ S, Sp Sy S58.5¢) 29 125
(Y S, S5 Sy S5 Se Se) 14 76 (YrYr S, 858,50 5¢5¢) 32 130
(Sa S5 S, 8555 S S 4 7L (SaSsS, 5555505, 14 175
(Sa S5 Sy 55855755 5 76 (SaS5Sy 85555 S 19 196
(Sa S35y 555559 S,) 14 106 (Sq S35, S5.5¢5¢5% 8% 24 210

Table 3.3: Number of independent Clebsch—Gordan coefficients for various correlation
functions in D = 4,8 and D = 6, 10 space-time dimensions.
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3.3.2 Relations between Index Terms

It was just explained how the number of independent index terms can be obtained from
the tensor product (3.37). In general it is possible to write down more Clebsch—Gordan
coefficients for a given correlator then there are independent index terms. The easiest
example of such a case is the already familiar correlation function of four left-handed spin
fields in four dimensions,

<Sa<21) Sg(Zz) Sfy<23) 55(24)> . (338)

The tensor structure of this correlator suggests that the result can be expressed in terms
of enpeys, €ayeps and eq5c3,. However, Table (3.63) for M = 2 tells that only two
independent index terms exist. Indeed, the identity

Eary €85 = Eaf Exs + €as Epy (3.39)

allows to reduce one index term. This relation is crucial for the calculation of this correlator.
Otherwise, deriving a result for (3.38) by analyzing its singularity structure and applying
the OPEs (3.12a) leads to inconsistencies as the contributions to the different index terms
cannot properly be separated. Therefore it is very important to start with a minimal set of
index terms and know how they can be related to the Clebsch-Gordan coefficients which
are not included in this set. This turns out to be also most important for the calculation
of RNS correlators at loop-level.

The identity (3.39) is easily derived by noticing that a Weyl spinor in D = 4 dimensions
has only 2P/~ = 2 independent (complex) components. Therefore, all expressions which
are antisymmetric in three or more Weyl indices, have to vanish. This is indeed the case
for (3.39) as it can be written as

Ea[g 875] =0. (3.40)

We want to stress that the same relations does not hold in D = 8 dimensions,
Cajp Chg) # 0, (3.41)

because a Weyl spinor then has eight independent components. Therefore all three index
terms Cop Cys, Coy Cps and Cy5 Cg, Will appear in the correlator of four left-handed spin
fields, which is consistent with the corresponding entry in Table 3.3. Hence, the number
of independent index terms for a given correlator increases in general with the number of
dimensions.

Additional relations for correlation functions involving fermions can be obtained in the
same fashion. The anti-symmetrization argument proves e.g. that in four dimensions

(0" G . ohn 1 5120 ) gy = 0, (3.42)

which is needed for the correlator involving 2n fermions and four left-handed spin fields.
This procedure can easily be extended to higher dimensions D. Then however, one has to
anti-symmetrize over at least (2°/27! + 1) Weyl indices as these run from 1 to 2°/271,



3.3 The Index Terms 43

Multiplying known equations with further v matrices gives also rise to new relations.
If (3.39) for example is multiplied with 6#% ¢, ; we obtain

agé Eoy = af{‘é Eap + 0h: 5y, (3.43)

which is needed for the calculation of the correlator consisting of one fermion, three left-
handed and one right-handed spin fields in four dimensions.

Further relations between different index terms can be derived from Fierz identities
[136,145,146]. The antisymmetric y-products [*1=#» form a complete set of 2P/2 x 2D/2
matrices. Therefore any bi-spinor 9, xs or ¥, ¥’ can be expanded in terms of these
forms. The expansion prescriptions are referred to as Fierz identities. One arrives again
at two scenarios due to the different chirality structure of the charge conjugation matrix
in different dimensions:

e D=0 mod 4:
D/2-2

1
Yaxp =277 3 | — (3" Cpa (¥ €7 s X)

n even
27D/2

+ W (272 O ga (¢ c Vup - X) 5 (3.44a)

. D/2—1 .
Ya X' ==27P7 % 0 = (31 O (0 C7 g X) (3.44b)
n odd ’
e D =2mod 4:
D/2—2 ]

Yo Xpg = — 2P/ Z nl (vt C)ga (¥ ct QT X)

n odd
27D/2 X
_ m (,yul...qu C)ga (1/1 Cc™ 7#D/2~~~H1 X) , (3.446)
. P21 .
Yo =270 Y (5 O (6O i X). (3.44d)

n even

Note that only forms up to degree D/2 appear as every n-fold product y#1-#» is related
to (D — n)-fold products via Hodge duality. By making clever choices for the spinors v
and x in (3.44) one obtains relations between various index terms. Choosing x, = €4+ and
X = €ps for D = 4 (3.44a) implies that

(0")a” (o), = 46560 — 860,67, (3.45)
while (3.44b) directly yields

(au)aﬁ (O-;L)A/{S =-2 Cay €44 - (346)
Equations (3.44) are discussed separately for D = 4,6,8 and D = 10 in Appendix A.
In eight dimensions there exists another way of deriving relations between different
index terms, namely SO(8) triality. Details on this can be found in Chapter 3.6.
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3.3.3 Manipulation of Index Terms

In the calculation of correlators it is sometimes necessary to manipulate Clebsch—Gordan
coefficients, especially interchanging vector and spinor indices. The Clifford algebra (3.4)
for the Weyl blocks v*, 4* plays an important role here. It can be used to interchange ~y
matrices in longer y-chains, e.g.

VAP = = =2 (3.47)

Relations of this type provide the basis to use only index terms with ordered ~-products,

where the Lorentz indices appear in ascending order. In the same way antisymmetric
~v-products like v*¥ can be reduced to ordinary ~-products and n terms.

Often it is also important to know how chains of v matrices like y#1#» C' and F#1-#» C

behave under interchanging their spinor indices. These 2™~! x 2™~! matrices appear as
blocks in the 2™ x 2™ matrix ['#1#2-+#» C,

e D=0 mod 4:

0 7#1 ()8 - peven,

M1 Hp 5
B ¥ . (v :podd,
(1et0 Y

0 fym b () B
(71 C)*g

(T C) 4 = (3.48b)

- tip
(2 Cas ] podd.
0 (" “PC)

By analyzing how these matrices behave under transposition one finds relations for the
(off-)diagonal blocks. From Chapter 3.1.1 we know that

(rmt=—-c'rec, (3.49a)
Ct = (=1)zmm+ . (3.49D)

(7

(THL#0 C) g = (3.48a)

e D =2mod 4:

: p even,

Taking these together the anti-symmetric I'-chains behave like
(D O = (_1)%[m(m+1)+p(p+1)] (DH -+ C) | (3.50)

We can translate this relation back to the level of Weyl blocks and find e.g. in four dimen-
sions for p=1 and p = 2:
(0" €)a’ = (3" ¢)’s, (3.51a)
(0"€)ap = (0"€) ga - (3.51Db)
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D=4 D=6

Cop = —Ca C. = +C%,

(1 C)o’ = (7" C)’q (" C)a/s = —(7“ C)pa

(7" Cap = +(1" C) pa (v C)o” (ﬁ“” C)a
(1 C)af = —(7 ), (12 Cap = +(v** C)pa
(1 C)ag = ~(1 ) (0 €Y. =+ O,
D=8 D =10

Cag = +Cga CaB = _CBa

(1 C)o’ = =(3 C)°a (" C)a/s = +(7* C)ga

(" Cap = —(v" C)pa_ (Y ) = +(3" C)’,
() C)al = +(7 O)F, (1" Clag = (" Chan
(" Clag =+ C) o (0% €)a? = (3 €

Table 3.4: Symmetry properties of certain tensors built from y* and C' in different
dimensions.

Together with the Clifford algebra (3.4) this implies
(O'Ma'ya?)ﬁa: (U“5V€)a5+2nwj€a5. (352)

Relations between index terms similar to (3.51) can easily be derived from (3.50) for higher
dimensions and higher p. The relevant cases for the following calculations are summed up
in Table 3.4.

We summarize that knowing relations between the relevant Clebsch—Gordan coefficients
for a given RNS correlation function is crucial for its calculation. These can either be ob-
tained by anti-symmetrization techniques, Fierz identities or multiplying known identities
with further v matrices. In Appendix B we give all necessary index term relations for
the correlators that are calculated in Chapters 4 and 5. Obtaining these relations can be
a very tedious task. We have checked these identities in all conscience and furthermore
tested them with Mathematica [147] for a particular representation of the Clifford algebra,
which is given in Appendix A.4.

In the remainder of this Chapter we present special methods how to calculate RNS
correlation functions in four, six, eight and ten space-time dimensions. Concrete results
follow in Chapters 4 and 5.

3.4 Techniques in Four Dimensions

Let us start the discussion with the case D = 4. Four-dimensional RNS correlators play an
important role in the calculation of string amplitudes, where ten-dimensional space-time is
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compactified to four dimensions. In such a scenario it is possible to connect string theory
with four-dimensional particle physics and string scattering amplitudes might describe
corrections to SM processes [66-68]. Before the calculations we shed some light on the
number of independent index terms.

3.4.1 The Number of Index Terms

In Chapter 3.3.1 we have seen that the number of independent index terms for a certain
correlator is given by the number of scalar representations in the respective tensor product
(3.37). This tensor product can be evaluated analytically in four dimensions. It is well
known that the Lorentz algebra so(1,3) decomposes into a direct sum of two su(2) subal-
gebras, a left- and a right-handed one. General representations of SO(1,3) with spins ji, jo
with respect to the left- and right-handed SU(2) are denoted by (j1,j2). The fermions y*

then transform as (%, %) under SO(1,3), whereas the spin fields S, and S 5 transform as

(%, 0) and (O, %) respectively. The tensor product then becomes
(M Sy . Sa, Sy - 85.) € (3,3)%" © (5,00%7 @ (0,3)%°, (3.53)
where as usual
0®;=3 and ;=G i>1. (3.54)

The product in (3.53) then reads

(WM Sy Sa, Sy - 85.) € (3,002 @ (0, 2)20 ) (3.55)

2 72

This is a first hint on the fact that RNS correlators in four dimensions factorize into
correlation functions that only contain left- or right handed spin fields. This is achieved by
replacing each fermions with a left- and a right-handed spin field as described in (3.21) and
then splitting the correlator up. We discuss this in more details below. For the moment it
is thus satisfactory to consider

(Say -+ Sax ) € (3,007 = (29¥ 0). (3.56)
Applying (3.54) this can be expanded as
v N
(2,0 =P a(i,N) (4,0). (3.57)
i=0

Finding the integer coefficient ¢(i, N) is a common counting problem in combinatorics
which is e.g. equivalent to a random walk with step size 1/2 on the positive real axis
[148,149]. Tt is obvious that ¢(0,0) has to fulfill

q(0,0)=1. (3.58)
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i

Following (3.54) the representation (1,0) in (3.57) stems either from the representations
( %, O) or (%, O) in the lower tensor product (%, O)®(N ~. Therefore, the second defining
equation for ¢(i, N) is

q(i, Ny =q(i —1,N = 1)+ q(i+1,N —1). (3.59)

By induction one can show that

, i+1 (N+1
q(i, N) = Nl ( N ) (3.60)
2

fulfills the defining equations (3.58) and (3.59). For (N —i) ¢ 2N the binomial coefficient
is not defined and in this case we set ¢(i, V) to zero. In Table 3.5 we list some values of
q(i, N). By replacing ¢ with n — k and N with n+ & (3.60) yields the standard form of the
numbers appearing in the Catalan triangle:

n+k)!(n—k+1)
El(n+1)!

ek =qn—k,n+k)= (3.61)

From (3.60) we can read off the number of scalar representations in the tensor product

(3.56). It is given by
1 N+1
N)=— .62
a(0, ) N+1<N/2)’ (362)

which is only non-zero if N is an even number. Then ¢(0, N = 2M) takes the well known
form of the Catalan numbers:

1 [(2M+1 oM |
0,2M) = ——— S R 3.63
a(0, 2M) 2M+1< M) MU (M +1)! (3:63)

We conclude that ¢(0,2M) yields the number of index terms of the RNS correlator in
four dimensions consisting of 2M left-handed spin fields. For an odd number of spin fields
there exists no scalar representation and hence this correlator has to vanish:

<Sa1 (ZL‘l) N Sa2ril(l‘2r_1)> =20. (364)

Together with (3.55) this yields that the following correlators vanish as well (n,r, s € Ny):

T (290 -1) Soy (T1) - - - S, (Tar) Sen (Y1) - - -
P (290 21) Se (Y1) - - - San, (Y2s) Say (1) -+
.. 1/}#2” <Z2n> Sa1 (551) s Sazr—l <x2r71) Sdl (yl) to Sds (ys

. -WQ"(Z%) Séq (yl) .- 'Sd2571 (y28—1) Scn (1‘1 (365)

Let us give two examples of tensor product decompositions and their help in determining
the linear independent set of Clebsch-Gordan coefficients. Let us start with the familiar
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Ni 01 2 3 45 6

0 1

1 1

2 1 1

3 2 1

4 2 3 1

3 D 4 1

6 5 9 ) 1

Table 3.5: Values of the coefficients ¢(i, V) in the tensor product (3.57).

correlation function in four dimensions consisting of four left-handed spin fields. The tensor
product
(S84 855, 55) € (3,0°=1(2,0)®3(1,0) ©2(0,0) (3.66)

contains two scalar representations and therefore the correlator can be written in terms
of two Clebsch-Gordan coefficients. This coincides with our previous result (3.18). The
correlator formed by three fermions and one left- and right-handed spin field each

(W't 8o Sp) € (3,3)% ® (3,0) ® (0,3)
1(2,2)®3(2,1)®3(1,
®9(1,1)®6(1,

2)$2(2,0)¢2(0,2)
0)®6(0,1)®4(0,0) (3.67)

can be written in terms of four index terms.

3.4.2 Replacing Fermions with Spin Fields

We turn now to the problem of finding a result for the correlation function

<1/1“1(21) c P (2,) Say (1) L San () Sp, (y1) - S, (ys)> (3.68)

with arbitrary many vector and spin fields. Luckily, this can be solved in full generality at
tree-level in four space-time dimensions. Applying (3.21), which reads in four dimensions

I3 __Lg,uf'm (2 P

it is possible to replace all NS fermions in (3.68):

<¢u1(zl)..,¢“"(zn)5al(x1)...Sm(xr)sﬁl(yl)...SBS(?/S)> = H <_5““’”“")

X (S (21) -« Sin(20) Say (#1) « .- Sap () Siy (21) - . Sk (20) Sy

=
—~
<
~—
e
%)
—~
<
vl
~—
~—
—~
w
~J
==}
~—
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We see that an arbitrary correlation function can be written as a pure spin field correlator
contracted with some o matrices. The next step is to systematically determine these
correlators.

The correlator consisting of two left- and two-right handed spin fields has been calcu-
lated in [108] to determine the scattering of four gauginos. It is given by the expression

(Sal21) Syl2) S, (25) Sj(0)) = —— b8 (3.71)

(2’13 224)1/2 .

One can identify this result as the product of the two-point functions

(Salz1) S5 () = =20 (S(20) Silea)) = 8. (3.72)

<13 294

We prove now that this factorization property holds for an arbitrary number of spin fields.
In order to do this it is most convenient to treat them in bosonized form. The left- and
right-handed spin fields in four dimensions can be represented by two boson H;—;2(2)

Sa=12(%) ~ eE5H1(2)+H2(2)] — ,ipH(2) 7

S

o19(2) ~ eERINEIRE] = () (3.73)

with the notation H(z) = (H(z), Ha(z)) for the bosons and the weight vectors p =
(£1/2,4£1/2), ¢ = (£1/2,F1/2). Note that the weight vectors of distinct chiralities are
orthogonal, pg = 0. The two bosons fulfill the normalization convention:

(Hi(2) Hj(w)) = 6;; In(z — w). (3.74)

Cocycle factors which yield complex phases upon moving spin fields across each other are
irrelevant for the following discussion and are therefore neglected. The necessary OPEs
and n-point functions are

eipH(z) equ(w) ~ (Z - ,w)pq ez‘(erq)H(w) , (375&)
G o T
k=1 k=1 11151

Hence the correlation function of r left-handed and s right-handed spin fields becomes:

<Sa1 (1) ... Su (2) Sﬁ'l<w1) o Sﬁs(ws» _ <H ePrH (z1) HeinH(wl)>
k=1 =1

r s r ] r s
Pipj qz q7
=0\ 2 met ) o) 12" 1] ws™ I 11 G —warm
k=1 =1 4,j=1 7,J=1 m=1n=1
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-5 (zpk) 1 =00 0 (z ql) [T wee
k=1 1 )

1]1 =

_ <H ez‘pkH(zk>> <H ez‘qu(wl>>

k=1 =1

— (Suy (21) S () (S5, (wr) . .. S (wy)) . (3.76)

v

From the second to the third line we have used that p,, ¢, = 0 and the d-function has been
split into the linearly independent p and ¢ contributions. So we see that a general spin
field correlation function in four dimensions splits indeed into two correlators involving
only left- and right-handed spin fields.

We would like to stress that this factorization property does not hold for tree-level
correlators in other dimensions. The reason for this lies in the fact that the weight vectors
p, q of left- and right-handed spin fields then do not satisfy anymore p ¢ = 0 and thus the
whole argument (3.76) breaks down.

Using the factorization property (3.76) our previous result (3.70) becomes:

(0 (21) - 0 (20) S (31) - S (@) S5 W) - S5, (05)) = H ( O-Mmmz)

=1

X (Sey(21) S (20) Say (1) . Sy (20)) (Siy (21) - - - Sk (20) Sﬁl(yl) Sy (ys)) . (3.77)

This formula shows how correlators involving NS fermions factorize into a product of
correlators involving only left- or right-handed spin fields. Hence, if the latter correlators
are known for an arbitrary number of spin fields it is possible to calculate in principle any
correlator. We address the calculation of these correlators in the following.

3.4.3 Pure Spin Field Correlators

It has been shown in Chapter 3.2.2 that pure spin field correlator in four dimensions can
be stated in terms of Clebsch—Gordan coefficients that are products of € tensors. For 2M
spin fields there are (2M — 1)!! possible index configurations of this type, whereas only
q(0,2M) = (2M)!/M!(M + 1)! are independent due to (3.63). The necessary relations
arise from generalization of the Fierz identity (3.40),

Elanas Cazaq - -+ Cagn—1aam] = 0, (378)

where we antisymmetrize over the underlined indices. Yet we will show that the results
assume a nicer form if we use a special non-minimal basis of M! index terms.

The RNS correlator consisting of four left-handed spin fields has previously been cal-
culated:

(Salz1) Sa(22) S, (23) Ss(21)) = (—)/ (5“5 0 Zed EW) SNER )

213 224 212734 214 232
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From the 3!! = 3 possible index terms we have eliminated the term &, €35 using the Fierz
identity (3.39). The remaining two terms are independent which coincides with (3.63) for
M = 2. For the six point correlator M = 3 there exist 5!! = 15 possible index terms,
however, only five are independent. Taking into account all possible OPEs one finds:

6
<Sa(2’1) Sp(22) Sy(23) Ss(24) Se(zs) SC<ZG)> = - H Zigl/Q [éaﬁ Eq6 Ee¢ 214 215 223 226 236 245

i<j
+ EaB Enc Ees 214 Za3 256 (215 226 234 — 212 235 246) + Eas E¢ € 212 213 223 245 246 256

+ Ead ExB Ecc 212 236 245 (215 226 234 — 13 %24 256) + Ea¢ E4p Ees 212 214 224 235 236 256

(3.80)

However, the result assumes a more symmetric form and has a less complicated z depen-
dence if we introduce a sixth index term e,¢ €45 €¢3:

1/2
212 214 216 223 225 234 236 245 256
(S0 Sa(e) 5 () Saln) 82020 Sca) = —
213 215 224 226 235 246
y <€a/3 €10E _ CapEr(Ceb | Ead€ncEeh _ Cadyp e | EacEypEes _ Eag Erd 566)
212 234 %56 212 236 254 214 236 252 214 232 %56 216 232 %54 216 234 252

(3.81)

Comparing (3.79) and (3.81) a number of similarities become visible. In both cases the
pre—factor consists of all possible terms of the schematic form (zoaq even Zeven Odd)l/ 2 in the
numerator and (Zodd odd Zeven even)l/ 2 in the denominator. Furthermore, the first index at
every ¢ tensor belongs to a spin field of position z,qq whereas the second index stems from
a spin field located at zeyen. Finally every e tensor comes with the corresponding factor
(Z0dd — Zeven) *- The overall sign can be traced back to (—1)" coming from the OPE
(3.12a), whereas the relative signs between the index terms can be understood as the sign
of the respective permutation of the spinor indices.

The results (3.79) and (3.81) suggest the following expression for the 2/ point function
of left-handed spin fields:

<SCVl <21> Saz ('ZQ) s SOQM—l(’Z?M*l) SCVQM ('ZQM)>

M M 1/2 M
:(_1>M <Hi§j ~2i-1,2j HZ<JZQZ’2]_1> Z Sgﬂ(p) H Ea2m71a9(2m) . (382>

M
Hk<l Z29k—1,21—1 22k,21 pE Sus m—] ~2m—1,p(2m)

We prove this expression by induction. For the base case M = 1 this gives correctly the
two-point function of left-handed spin fields. The inductive step makes use of the fact that
the 2M — 2 correlator should appear from the 2M correlator if we replace two spin fields
by the OPE in the corresponding limit z; — z;. As every spin field can be permuted to
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the very right in the correlator we study without loss of generality the case zop;_1 — 2o

<Sa1(21) s SOJ2JVI—2(22M_2) SOJQMA (ZQM—l) SaQM (ZQM)>

Z9M—1—722M

Ea 1
- 12/151 — <Sa1(21) s SOC2A172(22M_2)> + O(ZZM—LQM)

RoM—1,2M
HM*I ) ) HM*I 1/2
_ Cagmioom _1/2 M—1 i<j *2i-125 1licy ~2025-1
- et o (1)
- P 2M—1.2M M—1
2M—1,2M k<l R2k—1,21—1 22Kk,21

HM_1 5 ~ 1/2 M—-1 e
pe1 Z2p—1,2M Z2p2M—1 Q2m—1Qp(2m)
X ( M—1 Z sgn(p) H —— + O(22m-12M)

Hq:1 22g—1,2M—1 22¢.2M Z2m—1,p(2m)

N

pPESM-1 m=1

=14+0(zanr—1,2M)

1/2 M
ITi<; 22i-12i TTicy 2o Eozm 10y (2m
=(-1)™ ( <J J L la<cy =202 } : sgn(p) H 5P(2M)72Mw

M z
Hk;<l 22k—1,21—1 2k 21 2m—1,p(2m)

pESM m=1

+ O(ZQM_LQM) . (383)

The most singular piece of (3.82) in z9p_12a is the subset of permutations p € S,, with
p(2M) = 2M. This is precisely what we obtain by applying the OPE for S,,,, ,(zen—1)
and Sa,,, (z2n) and then assuming the claimed expression for (S,,(21) ... Sayy_»(2211-2))-
This completes the proof of (3.82).

The correlator of 2M right-handed spin fields can easily be read off from (3.82). The
factor (—1)™ drops out due to the different sign in the OPE (3.12b) and all & tensors carry
dotted indices instead:

<Sd1 (Zl) Sdz (2;2) s So'z2M_1 <22M*1) SO'ézM <Z2M>>

y " 1/2 M
_ (Higj 22i12j Hz<gz2z,23—1> > sen(p) ] Soamibpom (3.84)

H;]lil 29k—1,21—1 %2k 21 pESu m—] “2m—1,p(2m)
By plugging (3.82) and (3.84) into (3.77) it is now possible to calculate any RNS correlation
function involving arbitrary many fermions ¢* and spin fields S,, S; in four dimensions.

3.5 Techniques in Six Dimensions

Next we focus our attention on RNS correlators in D = 6 space-time dimensions. They en-
ter the calculation of string amplitudes, when ten-dimensional space-time is compactified to
six dimensions. Furthermore they describe the interaction of the internal fields appearing
in the vertex operators of scalars and gauginos (2.57) and (2.59) in the phenomenological
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interesting case of compatifications to four space-time dimensions. For this purpose how-
ever we have to switch from Minkowsian to Euclidean signature. Let us start the discussion
with the special class of correlation functions consisting of r left- and right-handed spin
fields:

(S (21) 5%1(22) . . . Sy (22r-1) 57" (200)) - (3.85)

In Chapter 3.2 it has been discussed how to relate these expressions to correlators involving
fermions. Indeed, using equation (3.11b) for D = 6

P (w) = ———= lim(z — w)1/4 (c1 f‘y“)ﬁo‘ Sa(2) Sp(w) (3.86)

and its complex conjugate, every fermion ¢* can be replaced by two spin fields of the same
chirality. Therefore the correlator (3.85) can be used to derive expressions for the large
class of correlation functions

(61 (20) - P4 (21) Sy (1) -+ Sy (Tr-28) P (1) .. 552 (o)) . (3.87)

Before giving a general formula for (3.85) we show the results for lower-point expres-
sions. In the case r = 2, i.e. two left- and two right-handed spin fields, one finds

(Sa(21) SP(22) Sy (23) 5 (24)) = (M)m(

213 224

Ca? Oy Ca cﬂ) . (3.88)

212 234 214 232

The correlator consisting of three spin fields of each chirality is given by

. . . 1/4
<Sa(21) SB(ZQ) Sy(z;»,) 56(24) 55(25) 54(26)> _ (212 214 216 223 225 234 236 245 256)

213 215 %24 226 <235 246

chcict ofcfolt ClCfop

212 %34 %56 212 236 %54 214 236 252
CLOPCE  OCFPCS  C,LC°CH
— + - . (3.89)
214 232 %56 216 232 %54 216 %34 252

These last two results have a similar structure as the four and six spin field correlators (3.79)
and (3.81) in four dimensions. They only differ in the chirality of the charge conjugation
matrix and the power of the overall coefficient due to the different conformal weights of
the spin fields. Hence, also the general formula for an arbitrary number of left- and right-
handed spin fields is very similar to the four-dimensional expression (3.82). It is given
by

M _ M M Ve, M
< H Se,; (22i-1) Sﬁi<22i>> = ( 29i—1,2j H 22572]11) ( H 22i-1,2j—1 z2i,2j)
i=1 i<j <7 i<j

M

X Z sgn(p) H M, (3.90)

29m—
pESum m—1 ~2m—1,p(2m)

—1/4
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where the proof proceeds in the same way as in Chapter 3.4.3. Note that the factor (—1)M

vanishes as the corresponding OPE in six dimensions (3.11a) comes in our conventions
with a plus sign.

In contrast to four dimensions, knowing (3.90) is not sufficient to solve all RNS corre-
lation function with arbitrary many fields. Therefore only the class of correlators (3.87)
can be evaluated in six dimensions using (3.90). Every other correlation function up to six
points is collected in [2]. As these have been calculated using methods for loop correlators
we present them in Chapter 5.3.2.

3.6 Techniques in Eight Dimensions

RNS correlators in eight dimensions are of less phenomenological relevance than their
relatives in four, six and ten dimensions. However, they come with a nice mathematical
peculiarity which we present in the following.

3.6.1 SO(8) Triality

The S3 permutation symmetry of the “Mercedes star-shaped” SO(8) Dynkin diagram in
Figure 3.1 — also referred to as triality — plays an important role for the RNS CFT. In eight
dimensions fermions and spin fields have equal conformal dimension h = D/16 = 1/2.
Therefore, the OPEs (3.9) and (3.11) become particularly symmetric and we will make use
of SO(8) triality to rewrite them in unified fashion.

Figure 3.1: Dynkin diagram of the group SO(8).

The short distance behavior of conformal fields is sufficient input to determine their
correlations on the sphere. This is why triality covariance of OPEs is inherited by tree-level
correlators. However, at higher genus, the different global properties of the ¥* and S,, S”
fields under transport around the world-sheet’s homology cycles will break this covariance.
Hence, triality does not hold for correlators at loop-level.

Before we apply SO(8) triality to RNS correlators we have to introduce some notation.
Firstly, it is convenient to work with generalized fields P?, @7, R* of conformal dimension
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h = 1/2 that can be cither ¢*, S, or S°:

(P, Q' B) = (p(4"), p(Sa), (7)) for p € S5 (3.91)

On the level of Clebsch—Gordan coefficients, we introduce a universal metric g

77“” :(i,j):(ﬂ,v), Nuv Z(i,j):(u,l/),
iy — Ca@ :(ivj):<a75>7 - Caﬁ 2<Z',j):<0é,ﬁ.), 3.92
TEVE =), YTy c-@s, O
0 : otherwise , 0 : otherwise,

and the three-point couplings G

@ﬂz{%wwmﬁ:@xm:ommmmmw»mmpe&,

0 : otherwise ,

(3.93)

where the general indices fulfill ¢, j, k € {u, «, ﬁ} The above definitions allow us to rewrite
the D = 8 OPEs (3.9) and (3.10) in unified fashion:

ij

Pi(z) Pi(w) ~ Zg_w, (3.94a)
Pi(2) @ (w) ~ (Zfﬁ gu Rl (w). (3.94b)

As before the OPEs are the only input that is necessary to calculate the tree-level correla-
tion function (P (xy)... P"(z,) Q7 (y1) ... Q7 (y,) R¥(21) ... R*(2,)). The arising index
terms are then built out of the metric (3.92) and the three-point coupling (3.93). Upon
specifying the generalized fields as in (3.91) we can derive from the generalized result the
six RNS correlators, written schematically as

<1/1" S" SS> , <1/1" S* ST> , <W’ S" SS> , W‘ S* S"> , <1/15 S Sr> , <1/15 S" S"> :
(3.95)
Triality can also be used to derive new correlators from known ones. Suppose the correla-
tion function

(i Sy S S S5 (3.96)

is known. The result can then be written in triality covariant form making use of the
generalized fields P! 7, R¥ and re-writing the index terms using (3.92) and (3.93). We
can then play the same game as above and re-assign (P, Q7, R¥) = (p(v*), p(Sa), p(S?))
for some p € S3 and thus obtain the missing correlation functions in (3.95). This method
of course fails for triality invariant correlators, i.e. n = r = s. Such correlators have to be
calculated by first principles.

Triality implies that correlators involving only one type of field, like (S"), are related
to (y"). Therefore each field ¢*, S,, S? by itself behaves like a free world-sheet fermion.
The respective correlators in eight dimensions can be calculated using Wick’s theorem and
are simply given by products of two-point functions.
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3.6.2 Examples

Let us apply the triality-based methods to the five-point functions (P P P () R). In Chapter
5.3 we show that in eight dimensions

v A [3 _ 1
<@/)“(Z1)¢ (22) ¥ (23) Salza) S (25)> - \/5(214 215 Zoa 2o 234 235 z45)1/2

uv . LA .
s [ L (P 0o 214 205 — L (77 O)o 214 235
212 213
77V)\ ﬁ 245 —U A B
+ . (V" C)o” 204 235 + o Y3y CYo | - (3.97)
23

By inserting the generalized fields P = ¢, Q = S and R = S this can be translated into
triality covariant notation,

1

(2’14 215 224 295 234 235 2’45)

(PP (21) P (22) P (25) Qi (24) R (25)) =

1/2

gilig o 1113 L
X | T G345 14 205 — G?23k5 24 235
212 213
gi2i3 . . Ly .
+ G21J4k‘5 Zo4 235 — Gllj4k gkk/Gujk i G137 ks Za5 | (3.98)

293

where we have replaced the index terms in (3.97) by (3.92) and (3.93). Note that
(737 C)ol” = =2 V2 G g GV g5 GIEs (3.99)

The minus sign arises from (3 C)7, = —(v"C)," = —G2I¥ . Choosing now another
configuration, e.g. P =S5, ) =5 and R = ¢ yields the new correlator
—1

212 Z13 214 215 225 235 245)

("(21) Sal(22) S5(25) S (24) S°(25)) = (

C, : c, :
X | =22 (Y1 O, 213 25 — =L (4 C)g° 214 205
293 224

1/2

C ; z )
+ 22 ()’ s s+ 32 (5 O (0, . (3.100)

In the same way, by specifying P = S, Q = S and R = 1), we can derive the correlation
function
—1

1/2
(212 213 214 215 223 224 2’25) /

(1#(21) Salz2) 87(25) S7(24) $*(25)) =

oLl . oLl .
X | — (¥ C)a5 214 293 — —— (V" C) o 215 223
234 Z35
7 B 212 v 54 3
+ o (v C)o 215 224 + 35 (A" C)YT (7, C)o” | - (3.101)
45

This exhausts all correlators that can be derived from (3.97) using triality.
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A further application of the triality techniques lies in the derivation of relations between
index terms. Using (3.92) and (3.93) one finds that the Clifford algebra (3.4) and the Fierz
identity (B.39a)

L 1 . : 1 . :
Cap O = S(7 C)al (3, O)5® + 5 (3 O (3 €’ (3.102)

are special cases of the triality covariant tensor equation
gl gz = Ghitky G2k g G GRIR g (3.103)
Further identities are found in a similar way. Generalizing
2" (P O)a” = =(" 77 C)o” = (" O (3.104)
which easily follows from the Clifford algebra, to
Gisgsk g GIK g Gildeks | qisisk g GURK g Gilitks g piaisks (3.105)

and then making the choice (j1,ja, j3) = (av, 8,7) and iy = p, ks = 4 yields

: 1 1 )
Cap (7" C),° = —5 (P gy (1 C)a’ = 3 (P F Cary (72 C)° . (3.106)

As a last application of triality let us discuss the correlation functions consisting of
arbitrary many fermions and only two spin fields in eight dimensions. In Chapter 5.3 it
is shown that results at loop-level for this large class of correlators can be derived. For
tree-level scattering the findings take the form:

n1 H2n—1 8 — 1 — <ZA_B>I
<w <z1> Y <z2n71> Sa(ZA) i <zB>> \/ﬁzil/; ?ZI_1<ZiA Z'@'B)l/2 =0 2
X Z Sgn(p) (f}/“ﬂ(l) 7}/“0@) L /7“9(21) fy“ﬂ(?l-H) C)aﬁ
P E San—1/Pny
n—i-1 nﬂp(21+2j)ﬂp(2z+2j+1)
X Zp(20+25),A Zp(21+25+1),B (3.107)

i Zp(204-25),p(204+25+1)

n—1 l
1 ZAB
¢M1(zl) cot @ZJMQH?Q (ZZn—Q) Sa(ZA) SB(ZB) = n— (—)
< > ZAB H?:12<ZiA zig)'/? —o 2
% Z sgn(p) (Vup(l) AMe@) | AyHe@i=1) Fhe(2) C) 5
pE S2n72/Qn,l
n—l-1 nup(21+2j—1)up(2l+2j)
X Zp(20+2j—1),A Zp(21+2§),B - (3.108)

jo1 Pe2lH2i=1),p(2042))
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Via triality these correlators can be related to the unknown correlation functions
<w2n—1 SS> o <,¢) SZn—l S> ’ <,¢)2n—2 SZ> o <,¢)2 SQn—2> o <SZn—2 52> ) (3109)

For this purpose we need the triality covariant versions of (3.107) and (3.108). In terms of
the generalized fields one finds

. . . 1 n-!
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The former gives rise to a new result by setting P =5, Q =, R = S:
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The latter yields two classes of correlation functions. First, we assign P = S and ) = ¢:

n—1

ZAB
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ZAB Hz 1 ZA ZBZ I—
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X H ZA,p(214-2j—1) ZB,p(21+25) -
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Secondly, one can specify P =5, Q = S-

(Sar(21) - Sas s (22n-2) S7(24) §7(25)) = 2 721 E i ( ZAB)
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X (7)\1 C)Oép(gl_l)él_l (7)\1 C)Oép(gl)’y

n—I{—1 C
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This completes our discussion of the powerful and far-reaching methods making use of
SO(8) triality for tree-level correlators in eight dimensions.

3.7 Techniques in Ten Dimensions

RNS correlation function in D = 10 are of importance whenever non-compactified string
theory is considered. This might not be directly relevant for four-dimensional physics, but
string amplitudes in ten dimensions are nevertheless useful and important when considering
formal or mathematical aspects of string theory.

However, in ten space-time dimensions it is not possible to derive a formula for the pure
spin field correlator (S, ... Sa,,,) as has been described in Chapter 3.2. Furthermore, there
are no tools like triality as in eight dimensions to relate different correlation functions. So
each RNS correlator has to be calculated separately. This has been achieved for RNS
correlators at loop-level in [2] up to six points. As tree-level expressions can be obtained

from these we postpone showing results to Chapter 5.3.
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CHAPTER 4

Results in Four Space-Time Dimensions

In this Chapter we present all tree-level RNS correlation functions in four space-time
dimensions up to eight points, as well as correlators with arbitrary many fermions but
only two spin fields. This work is based on [1]. The calculations have been carried out
using either the iterative procedure presented in Chapter 3.2.1 or applying the factorization
method from Chapter 3.4. The necessary relations between different index terms for each
correlator are collected in Appendix B.1. We restrict our calculations in the following to
correlators with equal or more left-handed spin fields than right-handed, i.e.

(M P Sy Sy SO S5 (4.1)

with r > s, because the results for the correlator with r and s interchanged can be obtained
by complex conjugation. In order to transform the index terms one has to use

(ap)” = €a> (UZB)* = O0pg (4.2)

In addition, we have to take into account a phase (—1)"~*)/2 that can be explained as
follows. The result of (4.1) comes with a sign (—1)"*+™"/2 due to (3.82), whereas (4.1) with
interchanged spinor indices accounts for (—1)¢+"/2, Hence they differ by (—1)"—*)/2,

We want to stress again that in four dimensions the index terms as specified in (3.8)
are used and that the OPE of two left-handed spin fields (3.12a) comes with a minus sign.

4.1 Review of Known Results

The four-point amplitude of one gauge field, two gauginos and one scalar has been derived
in [108]. Its Lorentz structure is determined by the correlators

—1 nNV 1

x LT
(z13 214 293 294 234)1/2 219 €ap 213 224 + 5 (J o 5)0{5234 ,
(4.3a)

(" (21) V" (22) Salzs) Sp(21)) =




62 4. Results in Four Space-Time Dimensions

1 kv

1
’ v Sd S = 2 . - FH VY
<1/1 (21) ¥"(22) Salz3) 5(24» (13 214 723 721 23002 | 21 Eap 713 224 T 2 (eoto )aﬁ Z34
(4.3b)

A more involved five-point amplitude involving three NS fermions and two R spin fields
has been worked out in [115]:

<wu<zl) wy<z2> wA(Zfs) SQ<Z4) Sﬂ<z5>> =

1

V2 (214 215 224 205 234 235) /2

7Y \ HA VA 245 \
X | —— 0", 214205 — —— 0 s 214 235 + —— 0", 2og 235 + — (c* 3" 0") 5| . (4.4
g Joh P14 F T 00 M4 285 D0 2 255 ( )as (4.4)
This correlator enters the computation of the six-point amplitude involving four scalars
and two gauginos or chiral fermions. In addition to these cases also some pure spin field
correlators with four spinor indices are known. These correlators are basic ingredients of
four-point amplitudes involving gauginos or chiral matter fermions [66, 108]. The correla-
tion function consisting of two left- and right-handed spin fields each is given by

<Sa<21) 53(22) S, (23) S(;(Z4)> _ _( 1

213 %24
while for spin fields of the same chirality one obtains

(Sulo0) S(22) Sy(23) S5(20)) = (—)/ (Co2 2t} (ag)

)1/2 Eary 865 ’ (45)

213 224 212 234 214 223
1/2 o .
212 214 %23 234 €ap €46  Cab€ps
(a(a0) Sylez) S0 Sy = (Z22mE) T (0TS (g

With the results (4.3) and (4.6) we can explicitly check how the correlators change if
the numbers of left- and right-handed spin fields are interchanged. Indeed, the index terms
are replaced by their complex conjugate as stated in (4.2),

(cap)” =43, (0707 €)ag" = (€07 0") 3, = (0" 0")sp, (4.7)

and the correlators capture a sign (—1)"~*)/2. From now on we only state the results for
correlation functions with pre-dominantly left-handed spin fields.

4.2 Five-Point Functions

At the five-point level the only non-vanishing correlation functions are (4.4) and the corre-
lator consisting of one fermion, three left-handed and one right-handed spin field. Either
by factorization or the iterative procedure we find for this five-point function in minimal
form
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\/5 (212 213 214 215 223 224 234)1/2

(¥ (21) Sa(22) Sp(23) S, (24) S5(25)) =

I "
X (O'as €By 214 223 — O-'y(; Eap 212 Z34> . (48)
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The non-minimal expression with all three possible index terms is given by
-1

\/§ (2’12 213 214 215 223 224 2’34)1/2

(PH(21) Sal(22) Sp(23) S,(21) Ss(25)) =

n
X <J'75 €ap 212 213 — 55 Eay %12 214 T U 5 EBvy 13 214) (4.9)

4.3 Six-Point Functions

The simplest six-point functions at tree-level are the ones consisting of only spin fields. In
the case of four left- and two right-handed spin fields one obtains

(Salz1) Sa(z2) Sy(23) Ss(24) Se(z5) S¢(26))
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213 %24 212 234 256 214 223 256

For the six-point function involving six spin fields of the same chirality we find
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(4.11)
Next, we consider the case of two fermions and two left- and right-handed spin fields each
for which we derive:
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This correlator is needed to compute the five-point disk amplitude of one gauge field and
four chiral fermions [67]. Actually, in this reference another variant of (4.12) has been
used,
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where only the index term containing n*” comes with a pole in z15. This makes the
calculation of the just mentioned string amplitude much simpler. For the correlator with

two gauge fields and four left-handed spin fields we obtain

(WH(21) " (22) Salz3) Sp(24) S, (25) Ss(26))
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This expression is relevant for the scattering amplitude of one gauge field and four chiral
fermions. In a slightly more symmetric representation with respect to the spin fields this

six-point function reads:
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Moreover, (4.15) may be cast into a form which is manifestly anti-symmetric under inter-
changing the two NS fermions *(21) <> ¢"(22):

(WH(21) " (22) Salz3) Sp(24) S, (25) Ss(26))
1

2 (213 214 215 216 223 224 225 226 234 235 236 245 246 256)
g

X P Eap Exo 236 245 (213 216 224 225 + 214 215 Z23 226)
12

1/2

jnz
+ P Eao €48 %34 %56 (213 214 225 226 + 215 216 223 224)
12
1
2
1 L
+ 3 (0" €)as 236 €3 234 256 (215 224 + 214 225)

(0" €)ap 234 €45 %36 2a5 (215 226 + 16 225)



4.4 Seven-Point Functions 65

1
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The last non-vanishing correlation function at six-point level contains four fermions and
two left-handed spin fields. Via the factorization method and reducing it to minimal form
we obtain as result
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4.4 Seven-Point Functions

The seven-point function built from one fermion and three spin fields of each chirality is
easily evaluated using the factorization technique. We directly get the result in minimal
form:
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The spin fields can also carry different chirality. The same method yields:
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By eliminating one of the Clebsch—Gordan coefficients this can be brought into minimal

form,
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However, the z dependence is more complicated in non-minimal form. The correlation
function consisting of three fermions, three left-handed and one right-handed spin field is

given by the expression
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This results may be also cast into a form where most of the 2,5 poles are absent:
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The most complicated, non-vanishing seven-point function is given by five fermions and
two spin fields of different chirality. Applying the iterative procedure explained before, one

finds
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4.5 Eight-Point Functions

At the eight-point level all correlation functions, apart from the pure spin field correlators,
have ten or more independent index terms. The expressions become rather lengthy and we
therefore do not proceed to higher-point level. Let us discuss the pure spin field eight-point
functions first. The expression for eight left-handed spin fields reads
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while the result for six left-handed and two-right handed spin field is given by the product
of the respective six- and two-point functions:

(Sa(z1) Sp(22) Sy(23) Ss(24) Se(z5) Sc(z6) S(27) Si((2s))
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We obtain for the correlator consisting of four spin fields of each chirality
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which is simply the product of the four-point functions involving only spin fields. Now we
concentrate on correlation functions involving also fermions. For the correlator given by
two fermions, four left-handed and two right-handed spin fields we obtain:

(PH(21) " (22) Sa(23) Sp(24) S (25) S5(26) Sel(27) Se(28))

1
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The spin fields can also be all of the same chirality. In this case the correlator, calculated
via the factorization method, is found to be

8
v 1/2 —1/2
("(21) " (22) Sal23) Sp(2a) S (25) Ss(26) Sel(z7) Sc(28)) = 215" [ [ 25
i<j
nv
X z— €ap [&yg E5e 256 278 T €46 Ee¢ 258 Z67} 214 216 218 223 225 227 Z36 238 245 247
12
nv
+ z— Easd [857 Ee¢ 247 258 — EBe E~¢ 245 278} 214 216 218 223 225 227 Z34 238 256 <67
12
nv
+ z— €ac [656 €6 245 267 — EB Ebe 247 256} 214 216 218 223 225 227 234 236 258 278
12

+

)

=
Q

12
€ )ﬁa [Evc €5e Z56 278 — E~5 EeC 258 267} 216 218 225 227 234 236 <38 245 247

_I_

0“ o’e 57 [€a5 Ee¢ 238 267 — Eal Ede 236 2’78] 216 218 223 227 234 245 247 256 258

+

55 [€a< E~6 236 258 — Ead Eq¢ 238 256 | 216 £18 223 225 £34 245 247 67 278

_I_

_I_

0“ o 5 So |EBy EeC 247 258 T EBe Eq¢ 245 2’78] 214 %18 225 227 234 236 238 256 267
-V
(U“ a 8)57 [€a¢ EBe 234 278 — EaB Ee¢ 238 247} 214 218 223 227 236 245 256 258 267

+
l\DIHN)Ir—‘l\DIHN)Ir—‘N)IHl\DIH

£}
=
Qi

12
5)& [Eaﬁ En¢ 238 %45 — Eal EBy R34 258} 214 218 %23 225 236 247 256 267 278



70 4. Results in Four Space-Time Dimensions

1
12
+ 5 (0“ g 5)@4 [556 E~6 245 267 — EBy Ede AT 256] 214 216 225 227 234 236 238 <58 278
1 o~
+ 5 (U g 8)@ [5(15 Ee 236 247 — Ead EBe R34 267] 214 216 223 227 238 245 256 258 278
1 o~
+ 5 (U g 8)46 [€a5 EBy 234 256 — EapB E~6 236 245} 214 216 223 225 238 247 258 267 278

(4.28)

Next we focus on correlators entering the string scattering amplitude involving two gauge
fields and four gauginos, which is discussed in Chapter 6. The eight-point function con-
sisting of four fermions and two spin fields of each chirality is given by:
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On the other hand, for the case where all spin fields are left-handed we compute:
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4.6 General Results

We come now to the class of tree-level correlators in four dimensions consisting of arbitrary
many fermions and two spin fields,

Y (21) o (29 1) Sal2a) S%(2))
Wy = (P (21) .. P2 (200-0) Salz4) SP(28)) (4.31)

for which some lower-point examples have just been presented. It is possible to derive
results for these correlators for arbitrary n € N. Equation (3.65) implies that these corre-
lators vanish if the numbers of NS fermions are chosen differently than stated above, namely
odd for w, or even for €2,, because then no scalar representations exist. The correlation
functions (4.31) enter the calculation of four-dimensional string scattering amplitudes with
an arbitrary number of gluons but only two fermions or scalars. Such amplitudes are uni-
versal to any string compactification. The mathematical reason for this lies in the fact
that only the fermion or scalar vertex operators (2.57) give rise to internal fields ¥ or ¥ in
the calculation. The arising two-point function is however completely determined by the
conformal weights of the internal fields and therefore the scattering amplitude does not
depend on the compactification details like geometry and topology. From a phenomeno-
logical point of view only Regge modes but not the KK /winding modes contribute to the
scattering process. The RNS correlators (4.31) hence play an important role for testing
perturbative string theory with a low string scale in collider experiments.

The results for the correlators (4.31) have been stated above for the cases n = 2,3 in
(4.3a) and (4.17) for w,, and in (4.4) and (4.23) for Q,,. They have striking similarities
in their structure. The prefactor consists in all cases of the terms (24 zip)~/? stemming
from the contractions between all fermions ¢** and the two spin fields. Additionally,
every Minkowski metric n#i*i is accompanied by the coefficient z;4 z;5/245. In contrast,
each o-chain 0% g# implies the factor z45/2. The sign of the separate terms depend on
the ordering of the Lorentz indices, whether they appear as odd or even permutation of
M1 ... Uop—1 O Uy ... U2p—2 respectively.

These properties lead us to claim the following expression for the correlator €2,,:

2n—1 n—1
1 z
Qn = ﬁ | | ZZA ZzB —1/2 E < AB) E Sgn(P) (O'Mp(l) oter@  ghe) O'MP(QZ‘H))aﬁ.

=1 =0 PES2m—1/Pn,

n-i-1 nHe(21+29) Fo(2L425+1)

x Zp(21+2§),A Zp(2042j+1),B - (4.32)
i Zp(21425),p(214+2541)

We postulate that the other correlator w, is given by

2n—2 n—1

-1 z
-1/2 ~AB - ) =
Wy, = RE | | zia %) Y E E sgn(p) (ot ghe@ . gheei-n a“f’(?l))aﬁ
B =1

Z =0 PES2am—_2/Qn,
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e
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Figure 4.1: The web of limits for the correlators €2,, and w,. Due to the OPEs in four
dimensions the correlators reduce to lower-point correlation functions in the respective
limits as indicated. ¥,, denotes the 2n-point function involving only NS fermions.

n—i-1 nﬂp(21+2j—1)up(21+2j)

X Zp(21425—1),A Zp(214+27),B » (4-33)
i Zp(204-25—1),p(21+27)

while its complex conjugate w with two right-handed spin fields reads

1 2n—2 n—1 .
_ —1/2 AB _ _ _ &
Wy = 1/2 H ZzA ZzB / E < ) E sgn(p) (0‘“0(1) ghe(2  gte2i-1) 0“0(21)) B

ZAB i=1 =0 pPESam_2/Qn

n-i-1 nﬂp(21+2j— 1) Hp(214-27)
X 2p(2042j—1),A Zp(214+25),B - (4.34)
i Zp(204-25—1)p(214-27)

These expressions can be proven using induction. We describe the idea of the proof, for
a detailed account the reader should have a look at Appendix C of [1]. As in the proof
of the pure spin field correlator (3.82) the expressions (4.32)-(4.34) must reduce to lower-
point correlators if any two fields in €2,, and w,, are replaced by their OPE. As an example,
consider the limit zy, 1 — zp in €,. Using the OPE (3.9b) it reduces to w,, and hence the
expression (4.32) in this limit has to reduce to (4.33). Examining all other possible limits
gives rise to the web of limits illustrated in Figure 4.1.

The permutation set Sa,—1/Pn, and Sa,—2/Qpy in (4.32)-(4.34) require some explana-
tion. We only consider permutations p such that the vector indices attached to n’s or
o-chains appear in ascending order, i.e. p(i) < p(j) for nte@He) and ote@ gteG). Further-
more, products of n’s are not counted several times. Once we get nteHe@) pHek)Fe®) - the
term e ke pHeHe@) is not allowed to appear. These restrictions of Sy, 1 and Sy, 5 are
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n 1 ‘SQH,Q/QM‘ terms ‘SQn,l/Pn,l‘ terms
o _ T
0 oo = 1 0 o — 1 o
2 v 3 VoA
2 0 o — 1 n et = 5 NYo
2 _y 3 Y
S0 = L ota som — 1 0td"o
4! VoA 5! VoA T
3 0 oz — o N ez — 10 o
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st — 60 nota? smgr — 10 ot alo
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Table 4.1: Number of index terms of the correlators 2,, and w,,.

summarized by the quotients P, ; and Q,,;. Let us give a more formal definition:

Son—1/Ppi={p € San—1: p(1) < p(2) <...<p(2l+1),
p2l+25) < p2l+2j+1)Vji=1,2,....n—1—1,
p(2l+3) < p(2l+5) <...<p(2n—1)}, (4.35a)
Son—2/Qni = {P€S2n2 p(1) < p(2) <...<p2l),
(2l+2]—1)<p(2l+2j)V]_1,2,...,n—l—1,
p(2L+2) < p(2l+4) <...<p(2n—2)}. (4.35b)

So the groups of permutations which are removed from S, 1, Ss,_2 are as follows:

(S : permute the (2 + 1) matrices o/ |

Pui Sp_i—1 : permute the n — [ — 1 Minkowski metrics , (4.36a)
[ (S2)"!71  : exchange the indices of one of the 7’s
(S : permute the (2[) matrices o#i

Qi Sp_i—1 : permute the n — [ — 1 Minkowski metrics , (4.36b)

[ (S2)"'71  : exchange the indices of one of the n’s .

Since the permutation group Sy has N! elements, one can conclude from (4.36) how many
terms remain in the sums over p in (4.32)-(4.34):

(2n —1)!
}SZn—l/Pn,l} = (2l n 1)' (n i 1)' o1 , (437&)
2n — 2)!

Summing up these numbers for all possible values of [ yields the number of index terms
that appear in the results for €2, and w,. These numbers up to n = 3 which we have



76 4. Results in Four Space-Time Dimensions

collected in Table 4.1 coincide precisely with the numbers of Clebsch—Gordan coefficients
in the correlators (4.3a), (4.4), (4.17) and (4.23). However, this does not mean that all
these index terms are independent. In contrast, one of the 26 terms appearing in {23 can be
eliminated by o 5” ¢* 3”67} = 0, namely the vanishing of the antisymmetric expression
in more than four vector indices. However, )3 in terms of a minimal set of 25 index terms
would have a more complicated z dependence. From this more complicated result it would
be impossible to generalize to €2, with arbitrary many NS fermions.

The expression for the eight point function wy due to (4.33) contains 76 terms, but
a group theoretic analysis determines the number of scalar representations in the tensor
product to be 70, as shown in Table 3.3. This difference is explained by the six independent
reduction identities ol & 025?07 58 = 0 and n*” 7€l = 0. Similarly, for higher point
examples (1(,>4) and w(,>5), one finds relations of both types.



CHAPTER 5

Ramond—Neveu—Schwarz Correlators at
Loop-Level

In this Chapter we look at correlation functions involving the RNS fields ¢* and S,, S”
at loop-level in arbitrary even space-time dimensions D = 2m. First, we introduce the
generalized © functions which capture the short distance behavior of the RNS fields as well
as their periodicity along the homology cycles of the genus g Riemann surface. Then, the
technique to re-express the RNS fields by m copies of an SO(2) spin system is presented. In
this formulations loop correlators are easy to calculate. We show how to construct Lorentz
covariant expressions from these results and evaluate correlators in D = 4,6,8 and D = 10
space-time dimensions up to at least six-point level. In certain cases it is even possible to
derive general formulas for correlators with arbitrary many external fields. The following
work is based on [2].

5.1 Prerequisites

Before we show how to calculate RNS correlation functions at loop-level we have to estab-
lish some essential concepts. We comment on generalized © functions that add the right
periodicity properties to the correlators. Additionally, SO(2) spin operators and their
relation to the RNS fields are introduced.

5.1.1 Generalized ©® Functions

Via the doubling trick the RNS fields of the open string can be extended to the full complex
plane. For scattering at g loops these fields have therefore support on a Riemann surface
of genus g. Such a surface has 2¢g one-cycles, oy and 57, I = 1,..., g, which are shown in
Figure 2.6. For loop scattering special attention must be paid to the change of the fields
when they are shifted around these homology cycles. Fermions ¢ can either satisfy periodic
or antiperiodic boundary conditions. These properties are encoded in two g-dimensional



78 5. Ramond—Neveu—Schwarz Correlators at Loop-Level

vectors @ and b with entries 0 or 1 /2:

Y(z+ ay) =exp(—miar) ¥(z), Y(z+ Br) = exp(miby) P(z2) . (5.1)

Together, @ and b are called the spin structure. Loop-level correlators have to respect these
periodicity requirements. Further details on the periodicity properties of the RNS fields,
can be found in [130] and Appendix C.1I.

The unique function which imparts the above behavior to the loop correlation functions
is Riemann’s © function [131-133]:

o) = 3 exp [2m’ (L7t Qi + i :E)]. (5.2)

ii €79
In this holomorphic function ¥ € CY and €2 is a symmetric g X g complex matrix whose
imaginary part is positive definite. The space of these matrices is called the Siegel upper-

half space. The © function is quasi-periodic on the lattice Z9 + 279, i.e. periodic up to a
multiplicative factor V3,t € Z9:

O(7 + &+ Q{]Q) = exp [—27ri (%mﬂﬁf)} o(7]Q) . (5.3)

The © function on Z9 can be generalized to © functions © [g} with rational characteristics.

These are simply translations of © multiplied with an exponential factor,

-

))

= Z exp [27?2' (3 (@+a) Qi

nezI

o M (7]Q) = exp [zm' (L' Qa+a'(F+ ] OF + Qa+5|Q)
+

a+@E+a) @), 64

for all Ei,g € CY9. The original © then is simply @m. The quasi-periodicity for the

generalized © functions becomes
© [g] (Z+ 51Q2) = exp [2mid’ 5] © [g] (7)),

@[;‘i‘} (& + QEQ) = exp [—27i B £] exp [—zm' (LeQi+ ﬁf)} @[;‘i‘} @9Q).  (5.5)

From these definitions we can now specify © functions on the Riemann surface with
genus ¢g. In order to do so we have to lift the complex coordinate of the two-dimensional
Riemann surface z to its Jacobian variety C9/(Z9 + Q2 Z9). This is done via the canonical
map 2z —» fpzcﬁ with some arbitrary reference point p which will drop out in the calcu-
lations below. The integrand & is a g-dimensional complex vector consisting of linearly
independent holomorphic one-forms. These integrals then are natural arguments for the
© function (5.4). The matrix €2 in this context becomes the period matrix of the Riemann

surface defined by
/ WJ:5[J, /MJZQ[J (56)
ar I
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for a normalized basis of one forms w;. In addition we can define the prime form

o] (fal0)

Flew) h H (2) h H (w)

, (5.7)

which is the unique holomorphic differential form with a single zero at z = w. In this
definition d@p and bo denote an arbitrary odd spin structure, i.e. 4 dy bo is an odd integer.
This ensures that E(z,w) = —FE(w, z). The half differentials in the denominator are given
by

iwi 8,0 H (0]9) (5.8)

i=1

>
—
glgl
[
—
N
~
Il

and assure that the E is independent of the specific choice of a, l;o. Given the leading
behavior in the arguments z and w,

E(z,w) ~ (z —w) + O((z — w)?) (5.9)

singularities in correlation functions are caused by appropriate powers of prime forms.
Tremendous simplifications occur for the case g = 1. In this case the Riemann surface
in question is a torus and the period matrix €2 becomes the modular parameter of the torus

7. The © functions © [g} reduce to Jacobi’s © functions

elz@[”z}, 9229[1/2], 93:@[0], 94:@[0}, (5.10)

1/2 0 1/2 0
and the prime form becomes

01(z —w|T)

E =
G0l = a0

(5.11)

5.1.2 SO(2) Spin Systems

In Chapter 3.2 we have shown how RNS correlations functions at tree-level can be cal-
culated directly from the OPEs of the RNS fields. At loop-level it turns out to be more
effective to decompose the RNS fields into smaller building blocks and calculate correla-
tors of these fields. For this purpose we introduce the simple system consisting of two real
Weyl fermions U* and corresponding spin fields s*. This system has SO(2) symmetry
and is hence called the SO(2) spin system. The spin fields s* create branch cuts for the
associated fermions. Both types of fields are conformal with weight A = 1/2 and h = 1/8
respectively. In addition, we assign Ramond charge £1 to the fermions ¥* and £1/2 to
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sT. The OPEs of these fields then can be calculated by bosonization,

U= (2) UF (w) ~ . _1 — (5.12a)
s (2) sT(w) ~ W : (5.12b)

T s (w)
U*(z) sT(w) ~ G (5.12¢)

Fields of alike charge exhibit regular behavior:

TE(2) U (w) ~ (2 — w) U (w) 0VF (w), (5.13a)
sT(2) sT(w) ~ (2 — w)V*TE (w), (5.13b)
TE(2) st (w) ~ (2 — w)Y? 55 (w) . (5.13c)

Here 5% depicts an excited spin field of conformal weight 9/8. From these OPEs we can
construct the short-distance behavior of the RNS fields given in (3.9), (3.10) and (3.11).
The Lorentz group of the RNS fields in D = 2m dimensions is SO(1, D —1). Therefore y*
and S, S? can be built from m independent SO(2) spin systems {UF s}, i=1,...,m.

We take the convention that the W5 are the Cartan—Weyl representation of the SO(1, D—1)
vector *,

(U7 (2) + 97 (2)) . (5.14a)

V() = —= (¥ (2) = Ui (2)) (5.14b)

S

Sa(z) = ®sii(z). (5.15)

Since each of the m Ramond charges +1/2 can be chosen independently, there are 2™ =
2P/2 such operators. This coincides with the number of components of a Dirac spinor
in D = 2m dimensions. We take the convention that operators with an even number
of s~ operators are left-handed, whereas those with an odd number are right-handed.
Analogously, the combination of the %’s in (5.14) results in 2m fields, which is the right
number of degrees of freedom of a vector in D = 2m dimensions.

The equations above determine the assignment between the Weyl indices o, 5 and the
Ramond charge vectors (£1/2,...,+1/2) of the R spin fields. We explain the details in
the distinct scenarios of four and six space-time dimensions which can easily be applied to
eight and ten dimensions as well. For D = 4 we choose

(a=1)=(+,4), (a=2)=(—,—-), (5.16)
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where for simplicity we have neglected all factors of 1/2. Inserting these together with

(5.14) into the OPE (3.9b)

V) Sal) ~ 5 (2 = ) 2% S, (5.17)

keeping in mind the action of U= onto s* from (5.12a) and using the precise representa-
tion of the gamma matrices in four dimensions given in Appendix A.4 we find that the
assignment of the dotted Weyl indices must be

(6 = 1) = (+7 _)7 (6 = 2) = (_7 +)' (518)

The same reasoning determines the ordering of the Ramond charge vectors in D = 8.

In D = 6 dimensions we encounter a different scenario due to the different chirality
structure of the charge conjugation matrix. We start by diagonalizing the off-diagonal
blocks of C which is easily achieved by permuting lines and columns of the matrix. Together
with S, = C,% S ; this implies that the ordering of the Ramond charge vectors for a and 3
are not independent from each other, i.e. if (& = 1) = (+, 4, +) then (3 =1) = (—, —, —).
Starting with these assignments we can recursively determine all others by using (5.17) as
before. We find from the representation of gamma matrices stated in Appendix A.4, where

we have made a change of basis such that C” is diagonal,

(=1)=(+,+,+), B=1)=(=—-),
(@=2)=(=,—+), (B=2)=(++-),
(@=3)=(+—,-), B=3)=(-+1),
(@=4)=(-+-), (B=4)=(+—,+). (5.19)

In exactly the same way one can determine the assignment of Ramond charge vectors to
the Weyl indices for D = 10.

5.2 Loop Correlators

After this introduction to generalized © functions and the SO(2) spin system we come
now to the calculation of RNS loop correlators. For this purpose we express the RNS fields
through SO(2) spin system fields as discussed above. The SO(2) spin system has been
completely solved on arbitrary Riemann surfaces with genus ¢ in a series of papers by Atick
and Sen. We review their results and apply them to our RNS correlators.

5.2.1 Correlators of SO(2) Spin Systems

Starting with the OPEs (5.12), (5.13) and demanding the correct periodicity conditions
under shifts of the SO(2) spin operators along the homology cycles of a Riemann surface
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with genus g Atick and Sen have been able to calculate all loop correlators of the SO(2)
spin system [130,150,151]. For the case of 2N spin fields they find

s e O[T D) (T, Bl s) Bl wy))
<£[18+(Zi)5 (wi)>g— @m ) ( ngﬂ B ) ) : (5.20)

This correlator is the key ingredient for deriving correlation functions of R spin fields. The
most general form with fermions ¥+ and spin fields s*, which is the starting point for
calculating general RNS loop-correlators, is given by

N1 N2 N3 Ny a . 1/4
(s I+ ) [T ITv ) - (Hlff (yﬁ) r][;(i() S))

=1

<HT<SE<ur,us> HTQE(vr,vs)) <H Eug, z) T <vl,yz>>”

k=1 ;V41 E<Ulv uk) H (uk‘a yZ) HN2 ;\21 E(Ulu zj)

< Jo[]@]” H(wa—-iﬂ—if’w;p 5), 521

j=17P k=1 P

Ramond charge conservation demands that %(Nl — Ny)— N3+ Ny = 0. Hence, the arbitrary
reference point p entering (5.21) through the canonical map drops out. RNS fields in
D = 2m dimension are expressed through m copies of an SO(2) spin system that do not
interact with each other. Hence, RNS correlation functions at loop-level factorize into m
SO(2) correlators of type (5.20) or (5.21).

In the following we use z; as arguments for the SO(2) spin operators and define the
shorthand notation E;; = E(z;, z;). Additionally, we abbreviate the generalized © func-
tions by

@H(%[fw+fw+ +fﬁ])£@g[;7{1fb] (5.22)
Note in particular that the factor 1/2 in the argument of @Z:, which is omnipresent for the
spin fields, is always implicit.

Considerable simplifications occur for ¢ = 0, i.e. scattering at tree-level. The spin
structure dependent © functions trivialize, @Z: — 1, and the prime form reduces to E(z) —
E(w) — z —w. In this way, by neglecting the generalized © functions and replacing the
prime forms E;; by z; one obtains the tree-level correlator from the loop result. The
prime forms in the coefficients of the index terms then mimic the tree-level behavior of the
correlation function.

5.2.2 Results in Lorentz Covariant Form

With the background on spin systems in mind, we can now calculate RNS correlation func-
tions (.. Pk Sy, ... S, Sh SBS> for specific choices of p;, a; and ; by formulating
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the RNS fields in D = 2m dimension in terms of m spin systems via (5.14) and (5.15). The
m spin systems do not interact with each other and hence the resulting correlator factorizes
into m separate correlation function of a single spin system. Then, using the loop correlator
formulas (5.20) and (5.21) for the individual SO(2) correlation functions we find a result
of the RNS correlation function for the specific choice of the Lorentz indices. However,
the final goal is to express the result in covariant form, i.e. in terms of Clebsch-Gordan
coefficients that are built from gamma and charge conjugation matrices. Due to the con-
servation of Ramond charge in (5.21) then index terms can be viewed as SO(1,2m — 1)
covarlant Ramond charge conserving delta functions, schematically Cop ~ d(a + ) and
(V" C)o” ~ 6(pn+ o+ 3) where p, a, 8, § are treated as Ramond charge vectors with m
components such as p = (0,£1,0,...,0) and a = (£1/2,...,£1/2).

As a starting point we make an ansatz for the correlation function with a minimal set
of Clebsch—Gordan coefficients. The cardinality of this set is determined by group theory
as described in Chapter 3.3.1. Each of the index terms is accompanied by a z-dependent
coefficient consisting of prime forms and generalized © functions. The results obtained for
special choices of yu;, a; and @ have to be matched with this ansatz. It is most economic
to first look at configurations (u;, a;, 6,) where only one tensor is non-zero. Then the loop-
level result (5.21) directly yields the coefficient for the respective index term. In some cases,
however, it is not possible to make all Clebsch—Gordan coefficients vanish except for one.
More than one index term then contribute for every choice of u;, a;, @ In this case it can
be helpful to switch to different Lorentz tensors that are (anti-)symmetric in some vector
or spinor indices. Otherwise Fay’s trisecant identity [131] has to be used to determine the
unknown coefficients. Sign issues can be resolved by calculating certain limits z; — z;
at tree-level using the RNS OPEs (3.10) and (3.11) and comparing the expression to the
result of the arising lower-point correlator. Alternatively, the signs can be read off from the
respective tree-level correlation function. As the prime forms FE;; reduce to z;; the signs in
the loop correlator must be the same as in the tree-level version.

Let us illustrate this procedure with an easy example, the calculation of the correlation
function (Y ¥ Y* S, Sﬁ)g in D = 6 dimensions. Table 3.3 shows that four independent
Clebsch—Gordan coefficients exist for this correlator. A convenient ansatz is

(" (21) " (22) ¥ (23) Salz4) Sp(25))5 = F1(2) (12 Cag
+Fy(2) 1" (7" Cag + F3(2) 1" (4" Cag + Fa(2) 1" (7" Cag - (5.23)
The task is now to determine F, Fy, F3, Fy by making clever choices for u, v, A\, a, 5. The
coefficient F} can easily be obtained by setting p = 0, v = 2, A = 4. As the metric 7 is

diagonal all index terms apart from v*** vanish for this configuration. Then, by means of
(5.14), the NS fermions in terms of the SO(2) spin system fields become

V0(z) = (U7 (21) + ¥ (21))

P (z) =

%\H&\H

(05 (22) + W5 (22))
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W (z) = —= (U5 (=) + U5 (2)) (5.24)

€
V2
and we choose for the spin fields

Sa=1(21) = s (24) 83 (24) 5§ (21),  Sp=1(25) = s{ (25) 53 (25) 53 (25) - (5.25)
Hence, we have to calculate
U+ 07)(21) 7 (24) 57 (25))5 (T3 + U3 )(22) 55 (2a) 55 (25))5
X (U7 + U5 )(z3) 55 (24) sg(z5)>z. (5.26)

Due to Ramond charge conservations in (5.21) ¥ (z;), U5 (22) and W3 (23) drop out and
we obtain the coefficient F} up to a sign:

1
m«

1

o1[11] 03 [32] 2 (1] £’
=+ ) g’ : (5.27)
22 [@a )" (Era Ers Esy Eos E3y Fss)'/?

The coefficient Fy can be determined in a similar way by setting 4 = v = 0, A = 2 and
a =1, B =4. No other tensors than 7" (y* C'),4 contribute as the metric is diagonal and
A totally antisymmetric. The NS fermions for this index choice are expressed through

B(z1) = —— (T () + T ().

2
Ve = o (U] () 4 W (32)
V) = 2 (U ) + 5 (). (5:29

while the spin fields are given by
Sa=1(21) = s (24) 83 (24) 8§ (21),  Sp=a(25) = s7(25) 53 (25) 53 (25) - (5.29)

This time the correlator
- + — - — a
9 \/— < (W7 + 07 )(21) (W) + Wy ) (22) 57 (24) 87 (25)>g
b

X (5 + 03)(2) 55 (24) 55 (25))5 (53 (24) 53 (25)) (5.30)

has to be evaluated. W, in the second correlator drops out because of Ramond charge
conservation, while in the first spin system the two in-equivalent fermion configurations
U (21) U7 (22) and Wy (21) U] (22) contribute. Consequently the total result for F, consists
of two terms:

o CEOUOI (BB OIS+ BB 0T
22 [@g(O)] Er (Evs Brs By Bos Esy Es3)'/? EyL
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The remaining coefficients F3 and F}j follow from F5 by permutation of the vector indices
and the labels (1,2,3) in the prime forms and © functions. The signs of the individual
coefficients are fixed by requiring that in the limit z; — 2 the expression

215 (V™ (23) Sal2a) Sp(25))y (5.32)
must emerge. Accordingly, the limit z4 — 25 has to give rise to
(77 C)ags 245 <¢“ )Y (22) P (23) wp(25)>§- (5.33)

Next we consider a second and more complicated example, the six-point function
(YH*(21) Y¥(22) Sa(23) Sp(24) Sy(25) 55(26»?. From Chapter 3.3 it is known that six inde-
pendent index terms exist for this correlator in six dimensions. We choose to work with the
expression (v* C)ap (77 C)4s and its five relatives coming from permutations of the spinor
indices. For this correlation function it is not possible to choose the indices for the spin
system correlator in such a way that all but one tensor vanish. By either using the concrete
representation of gamma matrices in Appendix A.4 or understanding the index terms as

Ramond charge conserving delta functions one finds that, e.g., for

W) = = (W) + ¥ ().
v=2 1 +
V' () = ﬁ (‘I’ (22) + W5 (2 ))7 (5.34)
and
Sa=1(23) = 57 (23) 53 (23) 53 (23) , Sp—3(z1) = 57 (24) 55 (24) 53 (24) ,
Sy=3(25) = 57 (25) 55 (25) 55 (25) , Ss=2(26) = 57 (26) 55 (26) 53 (26) (5.35)

the spin system correlator contributes to both z coeflicients of (v*C)ap (7" C),s and
(7" Cay (77 C)gs. The result of

5 f< (U} +07)(21) st (25) 5T (2) 7 (25) 87 (26) )5

x ((UF + W3 )(2) 55 (28) 55 (24) 55 (25) 53 (26) )}

x (53 (25) 55 (24) 55 (25) 53 (2) 5 (5.36)

must thus be split into two parts using Fay’s trisecant identity. Evaluating (5.36) we find
+07[118] 07 [323] OF 48] Bz Big B Eus, (5.37)
where we have taken out the pre-factor

1 (E13 E14 E15 E16 E23 E24 E25 E126)_1/2

0 5.38
2\/5 [@(5(0)}3 Fis (E34 E35 E36 E45 E46 E56 )1/4 ( )
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Now, using the version (C.8) of Fay’s trisecant identity with
X 1 [* 1 [*
= — 0+ = 0 5.39
JICEET (5.39)

TOI[1539] 9?[3%] 9?[32] Er5 B Eoz Fay

this becomes

+02[1148] ©7[21] ©%[38] By Eig By Ess . (5.40)

At this point we cannot decide which of these terms belongs to the tested index terms but
one has to do further calculations of spin system correlators. Making a different choice for
the indices, e.g. p =0, v =2, a =0 =4, f =3, v = 2, probes again (7" C)ap (77 C)res
but this times in combination with (v* C)gs (7* C)ay. Evaluating this configuration and
splitting the result as before yields

:F@@[%égg] @g[i%] @g[ii?] Er5 Erg Fas Fay
+O%[5532] ©F[24] O [38] Ers EBrs By Eog . (5.41)

From the comparison of (5.40) and (5.41) we can now conclude that the first term must
be the coeflicient of (7* C')ap (77 C)4s. The second expression in (5.40) is consequently the
coefficient of (v* C) 4y (7 C) s, while the Glebsch-Gordan coeflicient (v C')gs (7" C') oy has
to come with the second term in (5.41).

Progressing in this way it is possible to evaluate all loop correlators for which one fails to
separate the individual index terms in the spin system calculations by appropriate choices
for the Lorentz indices. In addition, one obtains the relative signs between the different
index terms. The over-all sign can again be determined by looking at certain limits or by
comparing with the tree-level result.

5.3 Results of RNS Loop Correlators

The discussion of the SO(2) spin operators and their correlation function at loop-level has
paved the way for the calculation of RNS correlators in four, six, eight and ten space-
time dimensions. We want to stress that certain methods that were available at tree-level
cannot be carried over to loop-level. Bosonization cannot resolve the spin structure of the
RNS fields at higher genus, but yields only averages [152-154]. Hence, the factorization
of four-dimensional correlators into left- and right-handed pure spin field correlators also
does not hold at loop-level. Furthermore, the uniform treatment of NS fermions and R
spin fields in eight dimensions via SO(8) triality does not carry over to loop correlators.
This is due to the different contributions in the © functions of the NS fermions and R spin
fields as can be seen from (5.21). Therefore, all loop-correlators in covariant form have
to be calculated using the method presented above or by replacing NS fermions with two
R spin fields as shown in Chapter 3.4.2 and then calculating pure spin field correlation
functions at loop-level.
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5.3.1 Results for D =4

The calculation of four-dimensional RNS correlation functions at loop-level has been the
main topic of [155] and thus constitutes the generalization to arbitrary loops of the results
given in Chapter 4. By expressing the RNS fields through two copies of an SO(2) spin
system the author has been able to calculate correlation functions at loop-level up to eight
points as well as the correlators

(Say -+ Sass Sa 55,05 (Say -+ Sanns Sa, Sg, S5, 5,07 (5.42)

with arbitrary many left-handed spin fields. By replacing one left- and one right-handed
spin field with one NS fermions as in (3.70) we can derive from the first correlator the
results for

(0" Sy -+ Sagny 1 Sa Ve (WP Sy v S )t (5.43)

while the second correlator can be used to calculate

<wu Scn s Saszl 531 532 533>§’ <¢“ dJV Sal T SOQM*? 531 SB2>(I§’
<1/}H 1/1V W Sal s SazM—s Sﬁ1>Z: ) <w,u W’ 1/})\ wp Sal T Sa21\/1—4>Z: :

We refrain from quoting any results but refer the reader to [155].

5.3.2 Results for D =6

In six dimensions three copies of the SO(2) spin system are needed and hence three © func-
tions will appear in the numerator and denominator of the following correlations functions.
The simplest ones involve four spin fields:

o OEI OFH OF 4] (Clas(,©)
a _ p b b a7 C)rs
<Sa(21> SB(ZQ) S’Y<Z3) S5<Z4)>E o 2 [@§<6)]3 <E12 E13 E14 E23 E24 E34>1/47
b
(5.45)
j i O3] (B3 Ey Eas By \ Y
Salz1) Sa(z2) S¥(23) SO(24))8 = —L-2 ( )
(5ata) S5 ') S0 = rek i (s
Ca’ C8° garare_ Ca’ C8¥ garyape
) lE13E24 pl2s] - F1a Fos CHEMEE (5.46)
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The only non-vanishing five-point correlator with four spin fields and one fermion involves
three alike chiralities:

N
a

(V"(21) Sa(22) Sa(z5) S (21) S (25));

_ 1 (Eos Es5 Eys)Y/*
V2 [@g(ﬁ)] 3 (B Er3 By By5)V/?2 (Eag oy Esy )/t
05 a a a
X (W“C)aﬁE—ZE]Em@g[%%%] O5[33] ©7[31]
" Cﬁs ar113 ar23 ar25
(7" C)ay Ess E1395[245] SAFEINCHEN
X g g a
+(7“C)57E—25E12@g[§i§] pl13] g[%‘é]]- (5.47)

At the six-point level there are two correlators involving only spin fields. The first one
consists of five left- and one right-handed spin-field:

(Sa(21) Sp(22) Sy(23) S5(24) Se(25) Sé(%‘»g
1 Eg Eas Eizg Fug Esg A
- >]‘°’( )

2 [@g(@ Erg Ehg By By Eos Eay Eos Esy Ess Fys
C(sé E45 a a a
X (" a1 Chye 75— =05 (3781 ©7 [538] ©5 (35 8]
Ey Esg
C C E a a a
+ (7" C)ap(1u C)es == =207 [136] ©Z[145] ©F [146]
E3§ Esg
C ¢ E a a a
+ (7" Cae(1u C)as == —2 0% [123] ©F[136] ©F[146]
E2§ Esg
Co Eis 4 a g
+ (7" C)es(1u O)rs — =20 [123] ©%[143] ©2[343] | (5.48)
Eig Esg

In addition, we have the correlator with three left- and right-handed spin fields each:

(Sal(21) Sa(22) S5 (25) S°(24) S%(25) S(26) 5

(E14 Eis5 B oy Fos Eag Eizy Ess Es@‘) 1/
3 By B3 oz Eys Eag Esg
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Co C5 O a4y @133 0
vy HC AL (5.9

Furthermore, two NS fermions can be accompanied by four spin fields, either with uniform

chirality,
(0"(z1) ¥ (22) Sa(z8) Ss(24) S5 (25) Sis(26))5.
— 1 (E13 E14 E15 E16 E23 E24 E25 E26)_1/2

2 [@‘g(ﬁ)} 8 Fhy (Esy Ess Fsg Eys Egg Fsg )/

X [(7“0)045(7”0% E15E16E23E24@“[%%§2] 2138l 5[32]

+ (1" C)ys(7" C)ap Brs Bra Eas Eos OF [5 53 4] ©2133] ©F [3¢]

— (7" C)ar (v C)gs Bra Erg Ens Ex; ©2[3548] ©F[38] ©F 18]

— (7" C)ps(V" C)ary Bra Ers By Exg OF [3533] ©F [24] ©F 18]

+ (1" C)as (7 C) gy Bra Ens Fas Fog OF [5 54 3] ©2 28] ©F [37]

+ (1" C)py (v C)as Brs Ere B Eos OF [5538] ©F 28] ©F[32] |, (5.50)

or with mixed chiralities:
(" (22) 1" (22) Sal23) Sp(24) 7 (25) S (26) )5
_ 1 (Ess Esg Eys Egg)Y* (E3q Esg)~1/*
[@g(ﬁ)] 3 (E13 By Er5 Erg Egs Eay Eos Eog)1/?

nlWC ‘KC &
75E13E14E25E26@ EEERIKCN Ik

Evo Ess Fye
7)‘“’6"505 ar1134 @r3 512
mE13E14E25E26@5[2256] 95[46]

1 v 6 @ @ @
+5 (1" Clas(¥ C)° EpOf[3122] 0F[13) ©7 (18]

1 4 CS a a a
+5 070" E—EME%@H[%,},%]@,;[%%] 5 [i5]

2 46 b

Lo 508 a a
—5(7“’7 C)aéE—%EME%@g[%%%] CHEFHINCAN

1 y -Cas i a
—5(7“’7 0)57@E13E26@g[i%%] AEFtIRCHN
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Lo 6 Ca’ i i i
+5 07 0)56—5E13E25@~[31%%] CHEFEICHVEIRE (5.51)

The seven-point correlator consisting of one NS fermion, four left- and two right-handed
spin fields is found to be

("(21) Sal(2) Sp(23) Sy (24) Ss(25) S*(26) S (21))5
_ 1 (Ea Exy Esg Esy Eyg Eyy Esg Esp) '/
V2 [@g(ﬁ)} 3 (Evrg Erg Evy Ers By Ei7)V2(Eys Eyy Eys Esy Ess Eys Egr)'/4

X | (7# C)ap Era B15 % [1143]

C,YGCé¢ @ a 05507( 5 .
T 5, 3381 67 (3391 - - OF (3391 ©F 3]
(0" O Bia Brs O[3 1231
Céécﬁé a a 06605< B .
(EE O [338) OF[314] - 5 - ©7 [137) €5 (324

Ea6 Esr FEor Esg b
+ (7" O)gs Era E1a O3 [3 55 7]
C.EC B, O Cyg’ . )
By By O 11581 O5[338] — - 05 (18] O (340
+(7“C)75E12E13@§H%%§]
CaéCB¢ P a CﬁECaC 5 .
(E26E37 OF 338 OF[338] - o5 OFl1381 673391 )| (5:52)

5.3.3 Results for D =8

Let us start the discussion of loop correlators in eight dimensions with the case of four spin

fields, firstly

<SQ(Z1) Sp(22) S;Y<23) 55(z4)>

Or (31 ©F[33]

2 [@Z:<O)] ! Enp B3y (Ens By Eay Eny)'/?

Sy
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X [(’Y“C)a;y (’Y;LC)BSEME% @g[§§]2+(7“0)a5 (’YuC)BA{El?) E24@§[§i]2 g

(5.53)
and secondly
a 1 Cap Cys a 2 ~a 2
(Sa(z1) Sa(22) Sy(23) Ss(24) )y = ———==3 CHEHRCEEE]
[@g (O)] FEip E3y
chcﬁé ar1212 oar1 412 0045057 ar1212 a1 312
E13E24 @[_;[34] @[_;[2 3] + E14E23@E[34] @[_;[24] . (554>

As one sees, the four required SO(2) spin systems needed to express the SO(1,7) RNS
fields in eight dimensions give rise to four generalized © functions. In the presence of an
additional NS fermion, we find for the correlation functions

(9(21) Sa22) S5(29) S5(20) S”() -
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Here we have chosen a different basis of tensors than in (3.100) in order to make antisym-
metry in S, (22) <> 5,(24) manifest. The triality symmetric tree-level correlator with two
fermions and two spin fields of each chirality generalizes as follows to higher genus:
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Using Fay’s trisecant identity, one can alternatively write the last two lines as
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The second non-vanishing six-point function with four spin fields reads:
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A more complicated case is the correlator where two left-handed spin fields are replaced
by right-handed ones:
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(5.60)

Seven-point correlators require a basis of at least 24 independent Lorentz tensors, so we
refrain from computing higher-point examples without systematics.

5.3.4 Results for D = 10

Ten-dimensional correlators with four spin fields only are given by
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In the presence of one NS fermion, we find:
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The identity (v, ¥* C)(a5 (7" C')pyy = 0 admits to recast the last two lines into the form
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The following correlator has been partially computed in [151] for the purpose of four fermion
scattering at 1-loop. Let us give the complete g-loop result here:

(0" (21) ¥ (22) Sa(23) Sp(2a) S, (25) 55(26)>g
(Esy Ess Esg Eys Egg E56)73/ 4
2 [@Z(O)} (Er3 Evg Evs Evg Eog Eoy Egs Eog)'/?

a3
B b
(E13E16E24E25@ [3 22]+E14E15E23E2 kY| %%%])
77“” a a
— = (07 C)as (1 Cy Bt Bsa O3] ©3137] ©5134P

(E13E14E25 Eas O [5324] + Eis Erg Eag E24@§[§5§z’1])

1 } .
+5 (7" C)ys (v Cas Bsa Bss OF [34)” O [1]

b
(E13E25E46@§[31é%] T[332] — Big B Ess OF [4 1 ¢] ‘E[%%‘é])
1 v a a
+5 (7" Cas (v C)p B3y Esg O[3 417 ©F[4 7]
(B Fas B O [354] ©F1338] — Eus Bas Eag 05 [118] ©F1322])
1 .
2 b
(E16E24E35@Z:[§}1§] OL[221] + Ei5 Eys Eys O% [} i%]@‘i[iéé])
1 .
+5 (1" C)ys (7 Cag Ess Bas Of | 617 o242

1 . .
Ty (7% C)ag (93 C)ys Baa Ese By O[3 4] ©7[3 6]
(E15E26@Z:[§i ] ©2[3%8] + Eis Eps O% [4 ]95[333])
1 . .
7 (72 )5 (72 C)ap Es Ess B4 OF [24] ©F [ 87?

(Fis B2 OF1143) OF[324] + B B O [414] ©2[332])



5.3 Results of RNS Loop Correlators 97

1 . _
1 (72 C)as (12 C)p Es Esy Esg OF [34]7 ©F[3¢]

(Bis P21 ©F1353) OF[324] + Fu Exs O [414] ©2[332])
1 _ _
~1 (72 )y (7 C)as By Fsy Esg OF [34]7 ©F [ 6]
(Fis 2o OF [142] ©F1338] + Fus By OF [118] ©

[

328])

F%aw] (5.65)

Sy
ow

— (Y C)ay (v C) g5 Erz Esy Fsg Eys s ©% [§522] ©%[3

SOt
o

This representation in terms of antisymmetric products v*** rather than v*5"~y* was chosen
in order to make the antisymmetry under the exchange of two spin fields Sy, (2;), and Sq, (2;)
up to a prefactor El-lj/ * manifest. If the four spin fields have mixed chirality, one has
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The correlator with five left-handed spin fields and one right-handed spin field has ap-
peared in the literature before, namely in [141] at tree-level for the purpose of six fermion
scattering. Let us give its loop generalization here:
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(5.67)

There is also a non-vanishing correlator with three left- and right-handed spin fields each:
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Note that also this result exhibits manifest antisymmetry when exchanging S, (z1) <>
S.(z3) and S¢(z5) > S¢(26) up to the powers (Fy3Es)'/%.
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5.3.5 Pure Spin Field Correlators

In Chapter 3.4 and 3.5 it has been shown that certain pure spin field correlator in four and
six space-time dimensions can be solved for arbitrary many fields. This is due to the fact
that only index terms built from e,5 and C,” are necessary. The tree-level results (3.82)
and (3.90) can also be generalized to loop-level. It has been shown in [155] that for D =4
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% Z sgn H Eagm— Ta2m—10p(2m) @a( ZZQ‘Z[ W — f W)

pPESM EQm 1,p(2m) #2i Zp(2m)
(5.69)

The proof of this formula by induction progresses in the same way as (3.83), but now also
the generalized © functions have to be taken care of. Details can be found in Appendix B
of [155].

The relative of (5.69) in D = 6 dimensions is given by

M a 294 — 3-M M 1/4
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< 3 sen(p H . ( Z f G- 1w), (5.70)

pPESM i=1 %2~ Zp(2m)

St

which is the generalization of the four- and six-point functions (5.46) and (5.49). In order
to check that the eight-point function calculated by SO(2) spin operators is consistent with
(5.70) for M = 4 one has to make heavy use of Fay’s trisecant identity.

5.3.6 General Results

We come now to a second class of RNS correlation functions for which one can derive
general results at loop-level. This are correlators consisting of arbitrary many NS fermions
but only two spin field:

(¥ (21) - 0" (20) Sal24) S”(28));
(W (21) . " (20) Sal2a) S”(28))5

0"1 ST 0"1 ST

(5.71)

In four dimensions at tree-level these have been discussed in Chapter 4.6. We generalize
these results to loop-level and furthermore evaluate the loop correlators also in six, eight
and ten dimensions.
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The different chirality structure of the charge conjugation matrix in D = 4,8 and
D = 6,10 dimensions imposes constraints on the number of NS fermions in (5.71). The
possible index terms for the correlators consist of products of n’s, v-chains and one C'. In
four and eight dimensions the charge conjugation matrix has the structure C,z. Therefore,
the number of fermions has to be odd for 2 and even for w, while in six and ten dimensions
with the charge conjugation matrix C,” it has to be the other way round. In the following
we thus examine the correlation functions

e D=0 mod 4:
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Wap = (W (21) . 22 (2a2) Sal2a) S5(28))5 | . (5.72)
e D=2 mod 4:

O = (09 (1) - (23 ) Sulza) S (28))7] .

wap = (44 (21) . 0 (zn) Sal24) S(20))5 | (5.73)

If the number of fermions is chosen differently no scalar representations exist and the
correlators hence vanish.

The correlation functions (5.72) in four dimensions have been determined in [155]. They
are given as follows:
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These results are the generalizations of the tree-level outcome (4.32) and (4.33). Here we
make use of the same notation regarding the summation over the permutations p as in
Chapter 4.6. The proof of (5.74) and (5.75) by induction proceeds in the same way as
the tree-level findings following the web of limits illustrated in Figure 4.1. However, now
one also has to take into account the generalized © functions. Details on the proof can be
found in Appendix B of [155].

The generalization of these results to higher dimensions requires only minor modifica-
tions. As one goes to higher dimensions the number of SO(2) spin systems increases. This
does not play a role for the NS fermions because we still can choose the Lorentz indices
for the calculation such that only the spin systems which were already present in the lower
dimensions, enter the calculation. The additional spin systems contribute nevertheless
through the R spin fields and hence €2 and w in various dimensions differ by powers of the
minimal spin system correlator:
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Following this argument €, and w, in D = 8 acquire two powers of (5.76) in contrast
o (5.74) and (5.75):
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Wn, D=8 = q_,[ ( W)] <2@“ ZACU))Z

[@z%(o)] Eag H2n 2( Eia Eip 1/2 1=0

X Z sgn(p) (fyl‘p(l) f_y“p(2) . fyl‘p(m—l) ,—Yup(gl) C)aﬁ H @2»(% fA (Ij n % fB u-j)
k=1

pPESan_2/Qn, Zp(k) Zp(k)
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n—Il—1
< |1

J=1

/’7/’l‘p(2[+2_j 1) Hp(21+25)

L/ Zo(20+2j-1) LA
a — —
Epeiraj-1),4 Epiv2)),8 OF [/ d+s5[d).

E (21425-1),p(21425) Zp(214-25) %B

(5.78)

We now come to the results of w, and €2, in six and ten dimensions. Due to the
different chirality structure of the charge conjugation matrix w, in six dimensions, is the
direct relative of €2, in four dimensions, where in addition one power of (5.76) has to be
taken into account:

3—n
a(l rza = n—
[@g<— 23)] L B Y
wn’D:6 = a 1/4 2n—1 1/2 2 (._.)CL ZA
\/_ [@ ( )] i=1 (EiA EiB) =0 ( w)
2+1 ) .
<X sl (e e ),, T[e8(3 7 5+ T o)
PES2m—1/Pn, k=1 Zp(k) Zp(k)
n-i-1 nup(zz+2j)up(zz+zj+1) a Zp(21+25) . 1 za
X H I3 Ep@142j),4 Ep@it2i+1),8 OF [ G+ [d).
jo=1 P(20425),p(2042j+1) Zp(21+25+1) ZB
(5.79)
Similarly, €2, p—¢ differs from w,, p—4 by one power of (5.76):
4—n
n,D=6 = g — 50a(l rza =\
[[68@)] Eié;‘ H2 W(Ein Bip)'? =5 \205(5 /5 9)
2l
. . ZA zZB
« Z sgn(p) (yww Flo@) || yteai-1) FHoce) C)aﬁ H ol (% [ &+ % Ji Q)
pE S2n72/Qn,l k=1 Zp(k) Zﬁ(k)
n—Il—1
Hp(21+25—1) Hp(214-25) L[ Fp(214+2j—1) zZA
X H g Eo@iv2j-1),4 Ep21+25),B @g( [ O+ % J w) .
je1 PRH2i-1),p(21+25) Zp(21+24) ZB
(5.80)

From the six-dimensional calculations it is easy to obtain the results in D = 10 dimen-
sions. They simply differ by two powers of (5.76):

GG 19)] S !
T T R [0t0)] B T (B Eip) 2 (26“ “w))

2041
o ZA ZB
Xy san(p) (M AR gt Ao O H@§<% [ é+5 ] ﬁ)
k=1

PE San_1/Pn Zp(k) Zp(k)

SRy

n—i-1 nPe(21429) Hp(21+2j+1) Fp2l+2i) LA
X | | Ei42j),4 Ep2i42j41),8 © [ d+5[d),
J=1 p(21+2j),p(21+2j+1) Zp(214-254+1) ZB

(5.81)
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6—n

[ett 159) \- |
Qn,p1o =——— ] (2 e1(4 /2 w))

[©2(0)]" EXp T12(Eua Eip) 2 15

21
X Z Sgn(p) ('yuﬂ(l) ﬁ/“ﬁ@) X 'yuﬂ(?l 1)7“0(21)0 ﬁ H@ < f w+ f )

PESan—2/9n k=1 Zp(k) Zp(k)
ni-l 77“0(21+2J 1) Hp(21+25) @ Fp242j-1) 1A
X H Epaiv2j-1),4 Epa1+2j),8 0% ] d+3/d).
(21+2] 1),p(21425) Zp(21+25) ZB

7j=1

(5.82)

The proof of these results for €2, and w,, in six, eight and ten dimensions can be carried
over almost literally from the four-dimensional case. The only explicit dependence on the
number of dimensions D lies in the pre-factors

. o D/2—n d’ _» D/241-n
[@g(% fz; W)] d [ g % ZB w ] (5 83)
> > 1D/2 _ an = D 2 :
[03(0)) 7" ERL CHON 7S

These are constructed such to match the leading behavior in the OPEs of the two spin
fields for z4 — zp and can be explained from (5.76).
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CHAPTER 6

A Full Amplitude

The previous considerations of RNS correlation functions in various dimensions enable us to
evaluate the tree-level amplitude of two gauge fields and four gauginos. The motivation for
considering this six-point amplitude lies in the fact that it can be related to the amplitude
involving two gauge fields and two RR moduli. We quickly recap the idea of mapping an
amplitude involving only open strings onto an open-closed amplitude [83] and present the
calculation of the open string amplitude. Mathematical details are deferred to Appendix
D. The calculations in the following constitute work in progress and are based on [4].

6.1 Open vs. Open-Closed Amplitudes

A generalization of the KLT relations [82] between open and open-closed amplitudes on
the disk has been achieved in [83]. In contrast to their open string counterparts the vertex
operators of closed strings are not inserted on the boundary of the disk I, but some-
where in the complex plane C. This makes the integration over the closed vertex operator
positions more involved and consequently the calculation of amplitudes involving closed
strings more difficult. These new relations between open and open-closed amplitudes pro-
vide an interesting approach to investigate the latter because pure open string amplitudes
are well-studied [113,115,156, 157].
A general amplitude involving N, open and N, closed strings assumes the form?

A= > / INId / ﬁld%jvcég<ﬁvo<xi>ﬁvc<xj,@>>. (6.1)

PESN,—1

The vertex operators of the open strings are inserted on the boundary of the disk and
are integrated along the real axis R. The closed strings, however, are inserted at points
inside the upper half plane H. As described in detail by Stieberger the integrals over
the holomorphic and antiholomorphic coordinates z and Zz in (6.1) can be deformed for a

!The upper half complex plane H can be obtained from C via a Z, identification z = Z.



108 6. A Full Amplitude

certain kinematic K in such a way that they also run along the real axis. The resulting
amplitude can be interpreted as a pure open string amplitude involving N, + 2N, open
strings. Polynomials in the amplitude of the form (z; — &;)%, where &; are new variables
for the z;, create branch points and one has to include phase factors from the contour
deformations.

In particular, the amplitude A of two gauge fields and two massless NSNS string
modes, as well as the amplitude A involving six gauge fields, has been considered in [83].
The vertex operator of the closed string mode reads in the (=1, —1) ghost picture

Valz, 2,6,q) = g € V*(2) @u(g) o 9(2) o= (2) iaX(22) : (6.2)

where the polarization tensor €, fulfills the on-shell constraint €,, ¢* = 0. Comparing this
with (2.57) shows that the NSNS vertex operator has twice the field content than that
of a gauge field. Assigning the polarization vectors ¢ and momenta k; of two gauge field
vertices in the following way to ¢ and ¢, in (6.2),

1

1
k1:§Q7 k2:§q7 §M®€I/:€uuu (63)

one finds that the open-closed and open amplitude satisfy the relation
. TS . . TS .
A(1,2;3,4) =sin (?> sin(ms) A(1,6,3,5,4,2)—sin (7> sin(wt) A(1,3,5,4,2,6), (6.4)

where s = 2a’k1 ks, t = 2a'k1 k3 are the Mandelstam variables. The focus of [4] will be the
extension of this formula to the amplitude involving two gauge fields and two RR moduli.
The vertex operators of the RR field strength F, 4 is given by [43]

1o ) s
Vi 27V (202 £,0) = Ge fugown (P-TV0 T
X Sa(2) S5(2) e 4)/2 9(B)/2 (iaX(z2) (6.5)

where the spin fields S, the ten-dimensional gamma matrices I' and the chiral projection
operator P_ = (1—T1";)/2 appear. The polarization tensor f,,. ,, is the Fourier transform
of the RR n-form potential ¢, and satisfies the on-shell condition ¢, ;.. 4, ¢* = 0. On
the open string side we must consider the amplitude involving two gauge fields and four
gauginos as can be seen by comparing the field content in (6.5) with (2.48). The calculation
of the pure open amplitude is presented in the following.

6.2 Prerequisites

In the following we consider compactifications of type I or type II string theory which yield
N =4 SYM in four space-time dimensions. The vector multiplet in this case consists of
the following massless fields [158]: one gauge field A, four gauginos A\! and three complex
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scalars ¢”. The vertex operators of these fields have been introduced in Chapter 2.2. For
gauginos A%, A* of negative and positive helicity these have the form

V(’l/z)(z, u, k) = gy T u® S () 21<2) o~ 9(2)/2 gikX(2) ’

a. T
Vi (2u k) = g2 Ty SP(2) £ (2) e9)/2 £ XE) (6.6)
In the following calculation of the tree-level amplitude involving two gluons and four gaug-
inos, we insert the latter in the —1/2 ghost picture. This is already enough to cancel the
superghost background charge of +2 on the disk. The gluons must therefore be inserted
in the 0 ghost picture. This vertex operator can be derived from the canonical vertex via
the BRST operator as shown previously. One finds:

VD (2,6, k) = ¢ jf)‘l 5 T8, [10XP(2) + 2! (k(2)) 9 (2)] X6 (6.7)

In the expressions above i) and S are the four-dimensional RNS fields, X is the bosonic
space-time coordinate and ¢ is a scalar bosonizing the superghost system. Furthermore,
T are the Chan—Paton factors accounting for the gauge degrees of freedom of the two open

string ends. The internal spin fields ¥ have an explicit realization as pure exponentials
[159]:

nl e%(H1+H2+H3) 2 _

% (Hi—H2—H3)
b b

€
Y3 = er CHitHa—Hy) g o3 (CH—HatHs) (6.8)

Y

The vertex operators (6.6) and (6.7) are BRST closed and the polarization vectors and
spinors are therefore subject to the on-shell constraints:

tansversality: k=0,

Dirac equation: Fu=}fu=0. (6.9)

As we are dealing with massless particles, k* = 0. The open string vertex couplings are
related by

ga = (20/)1/2 gy™m , g\ = (20/)1/2 O/l/A‘gYM- (6.10)

The four-dimensional gauge coupling gyy can be expressed in terms of the ten-dimensional
coupling g1 and the dilaton field ¢o through the relation gyy = gig €®°/? [36]. As derived
in [35], we also have to include the factor

1
Cp, = = -

= —— 6.11
G @ ( )

It has been described in Chapter 2 that the world-sheet of the tree-level scattering
process is equivalent to the upper half plane. The vertex operators of the respective fields
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are inserted on the real axis. The color-stripped partial amplitude then takes the form

6
A(Aal7 A2, )\137 5\147 )\157 5\16) = CBQI / Hdzk Vall(G

21<...<26 k=1

X <VAG1 (Zl) VAa2 (22) V)\a3,13 (23) Vj\a4,14 (24) V)\a5,15 (25) Vj\a6,l6 (26)> . (612)

The positions of the vertex operators are integrated over the real axis, where the cyclic
ordering z; < ... < zg is retained. The CFTs of the different fields appearing in the vertex
operators have been greatly discussed in Chapter 2. Only the four-dimensional RNS fields
interact with each other, all others decouple. Hence, (6.12) splits into separate correlators:

= 4a' gyy H dzy VCKG € Epuo UT, Upy g ug, U
21<<26 |1

v <€¢(ZS>/2 e—9(2)/2 —6(25)/2 e—¢><ze>/z> <213(Z3) 14 (2,) 575 (25) gze<26>>

6

X < H GikipiXpi (zi) [z@X’“ (21) + 20/ (k’ﬂ/}l) @/)’“(21)} [z@X“Q (2’2) + 20/ (kgwg) Q/}MQ(ZQ)}

i=1

Salz3) S%(24) S, (25) 55<z6)> . (6.13)

6.3 The Separate Correlators

Let us consider each correlation function in (6.13) separately. The ghost correlator which
only consists of exponentials is easy to calculate,

N n
<Heqz¢(zz‘)> — H Zi;qiqj’ (6.14)

i=1 i,j=1
i<j
where we make again use of the notation z;; = 2z, — z;.
The correlator consisting of the internal spin fields can be calculated from the pure spin
field RNS correlator in six dimensions (3.88):

5[3]4 51516 51316 5]4]5

<ZI3(23)Z_]I4(Z4) 215(25)216(26)> - <w)mx[ + . (6.15)

235 246 234 256 236 245

Here we have switched to Euclidean signature and replaced the charge conjugation matrices
C,”? by Kronecker deltas. The same result can be obtained using bosonization. For this
purpose (6.8) is inserted into (2.16) and the Kroneckers are tediously put in afterwards
by hand. This shows the elegance of our covariant approach to the calculation of RNS
correlators.
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ij o 2 3 4 5 6

1 S1 —81—82—|—t1 82+85—t1—t2 —85—86+t2 Sg

2 S9 —S9 — 83+ 1o S3+ S —tg — 13 —81 — S¢ +t3

3 S3 —83—84+1l3 S1+8s4—1— 13
4 S4 —S4 — S5+ 11

5 S5

Table 6.1: Kinematic quantities s;; expressed through sj and ¢ as defined in (6.17).

The bosonic string coordinate fields X* do not couple to the RNS fields ¢* and S,, S8,
The last correlator in (6.13) therefore factorizes into an RNS part and a string coordinate
part. The relevant correlators in the latter sector are nicely summarized, e.g., in Appendix

A of [67]:

n

<Hemix<zi>> _ ﬁ
V=
i<j

}ZU ‘
=1 i 1

(0x7(z, Hezk XY = (
(

2akk

(6.16a)

2ia’ ) —") <H ezkiX<Zf)>, (6.16b)
zar .
r=1 =1

40/22 kﬁk? /77M )<Heszzl>.

8xu 8XU ik X (z;) > —
< ’Zl H ¢ zlr 225

(6.16¢)
The powers of the z-coefficients in (6.16a) are given by the Mandelstam variables s;; =
o' (ki+k;)* = 2’ k; kj. The number of independent kinematic quantities for the scattering
of n massless particles is given by 1/2n (n—3) according to [160]. In accordance with [114]
we choose to work with the following nine terms:

81 = S12, S4 = 845, ty = (ki + ko + k3)?,
S92 = Sa23., S5 = S56 , ty = o' (ko + ks + k4)?,
S3 = S34, S¢ = S61 , ty3 = Oé/(l{?3 + ]{Z4 + k5)2 . (617)

The expressions for other kinematic quantities s;; in terms of these nine are found in Table
6.1. The correlator (6.16a) then reads:

n S1 59 S3 S4 S5
< H eikiX(zz')> | *12 %36 214 %23 295 234 236 %45 214 256
paiey 213 226 213 224 %24 235 235 246 215 246
S6 t1 to t3
216 225 213 246 215 224 226 235 (6 18)
215 226 214 236 214 295 225 236
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The sums over the momenta in (6.16b) and (6.16¢c) can be reduced using momentum

. .. . 5 ;
conservation. By eliminating k¢ = — ) ;_, k; we obtain
6 5
m
Z kr _ Z L Zr6
r )
p—1 far D1 Far b
6 5
kH kY Zr6 Zs6
E L5 = E kH kY —— (6.19)
R1r 225 Z1r 216 <25 226

=3
»

where once again the z-crossing relation
Zij Rkl = Zik 25l + zi Zkj (620)

has been used.

The last and most difficult correlators to calculate are the four-dimensional RNS cor-
relation functions. Out of (6.13) three distinct types arise, namely the pure spin field
correlator

(Sal2s) S3(24) Sy (25) S(26)) (6.21)

the two six-point functions consisting of two fermions and four spin fields,
(7 (21) 9 (1) Sa(z8) S5(24) S, (25) 5(20)) (6.220)
(72 (22) ¥ (22) Sa(23) Sg(2a) S (25) S(26)) (6.22b)

as well as the eight-point function

(P (21) Y (21) P2 (22) V2 (22) Salz3) S4z4) Sy (25) S5(z6)) - (6.23)

This last correlator is the most difficult to obtain and therefore poses the bottle neck of
the calculation of the complete amplitude. Nevertheless results for all these correlation
functions have been derived in Chapter 4. Using (4.5) one finds:

(Sa(en) S5(25) 5,(20) 5(20)) =~ 577 oo S35 (6.24)

The fermions ¥* and " in (6.22) and (6.23) stem from the same gauge boson vertex
and therefore come with the same world-sheet position z;. This leads to simplifications
as certain coefficients in the result will vanish due to z;; = 0. Further cancellations arise
if nP#i appears in the index terms. On account of (6.13) this gives rise to the Lorentz
product k; & which vanishes as a consequence of transversality.

Keeping this in mind it is possible to evaluate the correlators (6.22a) and (6.22b). At
first, the total expression seems to become singular when adopting the coefficients in (4.12),
i.e. zg — 2z for (6.22a) and z; — 2, for (6.22b). However, using the non-minimal form
(4.13) all terms remain finite while only the last term involving n*i*i becomes singular.
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Transversality causes this term to vanish and one obtains for the relevant non-singular
parts of the correlation functions:

—1

2 (213 214 215 216) (235 246)

(7 (21) ¥ (21) Salzs) Sp(2a) Sy(25) Sj(26)) =

1/2

P11 pL 1 P11 P11
X |0 0" z1a 215 236 — 0L 07, 215 216 234 — 0L 07 213 216 Zas — O L 07 L 213 214 2
( aps Tré #14 215 236 a6 Ty 715 216 234 6 7o 713 %16 245 6 Tab 213 214 56)

(6.25a)
1

2 (203 224 225 296) (235 246) />

(072 (22) V"2 (22) Sal23) Sp(24) Sy(25) S(26)) =
X (02% UZE 224 225 236 — Ugf; 05; 225 226 234 — Of/f; UZE 223 226 #45 — Uzg 05; 223 224 256> .
(6.25b)

Cancellations of the same type occur for the correlator (6.23), however the result remains
rather lengthy:

(P (21) 9" (1) VP2 (22) Y92 (22) Salz3) S5(24) Sy(25) Ss(z6))

2
— —1 X (npum pfPz — peie2 nmuz) <213 <14 225 226)
(2’13 214 %15 216 223 224 225 Z26)<Z35 Z46>1/2 212

1
— 5 [nplm (E oM 0'“2)55 + nullm (5 P! 002)85 _ nplm (E oM 002)85 _ anP2 (E FP1 UW)&;] Eary

2 2
% R13 Zo5 214 %26 246
212

1
2 [nplm (01 512 €) oy + 112 (071 672 €)ary — NP2 (04 377 €)ary — 07?07 012 5)0“/} €3é

2 2
% 214 R 213 225 235
212

1

M1 2 FP1 P2 .. H1p2 SP1 M2 .. pP1p2 M1 P2 pLp2 K1 P
- g o — (o —

+2 [7} (e )35 Eay — N2 (€07 1) g5 €0 + 1 0 i 0o = o—aﬁo—%}
X Z12 213 226 235 245 %46

+

p1p2 M1 2 Hip2 P1 P2 P12 M1 P2 pnip2 P12
g -0 - g .0 o -0 g .0 213 215 R24 %
[n op T +n 0i T — 1 ap Onp 1 af T~ | 718 715 224 226 235 246

+

P1 1 =pP2 2 . M2 1 =M1 2 .
[OQB (o"t g ot?) s — o' (o™ M o” )a5] 213 214 295 226 235 246

v B

+

1
_ _ 2 _ _ 2
(TP oM G2 01?) 35 Eam Zig 213 215 223 225 + — (071 M 0P2 GH2 €) 0y €55 235 214 216 224 226
B 4 B

=

_l’_
e I i o B S B e e ORI

QQ
S

1
2 1 =M1 2 n1
. (O'p O'M O'p ) 5214 216 223 225 235 R46 — — O

P2 2 1 .
1 %56 (o7 5" o) af 712 213 226 235 245 246

p1 - , p2 - )
o (" 372 01'2) 5 213 215 224 26 235 Za6 + — o5 (0Pt a1 0h'2) 5 212 214 Z25 235 236 246

VB o 4
(6.26)
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All z coefficients in the RNS correlators (6.24)-(6.26) appear with integer powers apart
from the factor (z35 246) /2. Combining this term with the ghost correlator (6.14) and the
expression for the internal spin fields (6.15),

1 §131a §1s16 Slsle §lals
( ; ),

235 246

F= (6.27)

%34 256 236 245
shows that in total only integer powers of z’s enter the amplitude. By careful bookkeeping
we find that in total every z; appears with two negative powers. This coincides with the
requirement that the amplitude must behave as z; 2" = 2,2 for z; — +o00, where h = 1 is
the conformal weight of the vertex operators.

This fact is important for gauging the residual SL(2,R)/Zy symmetry of the amplitude.
The volume factor of the conformal Killing group V., is canceled by fixing three positions
2i, 2j, 2, and inserting the c-ghost correlator

(c(zi) e(z;) c(z)) = 2ij zin Zje - (6.28)

For the moment we only fix 2z; at minus infinity, two further finite points z4, zp will be
specified later. Equation (6.28) adds two positive powers in z; to the amplitude. This
contains already two negative powers which we denote as (21, 21,) !, The powers simply
cancel in total:

Z1=00 Z1m Z1n 2100 Z1m “in

lim 4B iy <1 - ZA—’”) (1 . Zﬂ) = 1. (6.29)

This proves that under z; — —oco the amplitude remains mathematically well defined and
that no further cancellations appear?. One can then strike out all appearing z; terms in
the numerators and denominators of (6.16b), (6.16¢), (6.18), (6.25) and (6.26), but has to
be alert to potential minus signs. We are now ready to construct the full amplitude out of
the separate correlators.

6.4 A First Result

Combining carefully the various correlators calculated in Chapter 6.3 it is then possible to
obtain a first result for the partial amplitude (6.12):

6
A:40/3g§‘/M/ Hdzk 0(zi —24) 0(zj — zB) zap F
29< <26 o

s1 s s s s5 s6 t1 to t3

2
236 223 225 234 236 245 256 225 246 224 226 %35
226 294 224 235 235 246 246 226 236 225 225 236
236 246 256 236 246 256 225 226
X {ICl+—IC2+—IC3+—IC4+—IC5+—IC6+—IC7+—IC8
223 224 225 226 226 226 223 224

2All cancellations are thus due to transversality and momentum conservation.
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225 246 226 235 11 235 246 .11 236 12 1
+ 2+ N N (2 KP4 256 K1)

223 224 223 224 223 225 223 226
246 14 15 <56 16 17
+ (236 K+ 256 K ) + (236 P+ 246 K )
224 226 225 226
234 22
18 19 20 35 21
+ (236 K + 246 K10 4 256 K2°) + —2 K
293 294 223 225
245 22 23 24
+ 236 + 246 + 256 . (6.30)
294 295

In this result 24 kinematical terms K¢ appear. These consist of index terms of the four-
dimensional RNS correlators which are multiplied with momenta, polarization vectors and
spinors, like

IC18 = 2 (k’g 51) kQM SQV (Ug ot ﬂﬁ) (U5 o” ﬂ4) . (631)

Their explicit forms are collected in Appendix D.1. The delta function and the term zp
come into play from the two vertex positions that can still be fixed. It is useful to introduce
the following short-hand notation:

24
A= 4a'3g§‘/MZHZ~ K. (6.32)

i=1

The terms H; include the integrals over the vertex operator positions and the corresponding
z coefficient for each kinematic factor.

6.5 Gauge Invariance

Two gauge bosons enter the amplitude. Therefore A has to be invariant under gauge
transformations acting on these gluon fields, A, — A, +9,x. Consequently the amplitude
must vanish for pure gauge configurations of the gluons, A, ~ 9,x, as this cannot yield
any non-zero physical observables.

An on-shell gauge transformation is implemented in the form that the amplitude must
not change under shifting the polarization &* — &* 4+ k*. A pure gauge configuration
is then obviously given for £ = k* and hence the amplitude must vanish. Many of the
terms entering the kinematics K in this case coincide. If an independent set is chosen the
vanishing of the amplitude must then be due to relations between the integrals. This turns
out to be a powerful tool to check the consistency of the expression (6.30) and furthermore
yields relations between the integral terms which can be used to cast the amplitude into
shorter form.

The detailed calculation of inspecting gauge invariance for the first gluon field is given
in Appendix D.2. One sets & = k;, evaluates the kinematical terms K for this choice and
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deduces relations for the integral terms H;. The following identities are found:

0 =(1—s1)Hy+ (s1+ 82— t1) Hs — (89 + 85 — t1 — to) He + (85 + 6 — t2) Hr,
0 = —(sg—t1) Hy+ (51 + 82 —t1) Hs + (52 + 55 — t1 — t2) Hip — (85 + 56 — t2) His,
0 =(s1+s2+55—t1 —to) Hy — (so+ 55 —t1 —ta) Hs — (51 + 52 — t1) Hiy

— (85 + 86 — t2) Hs,
0 =(s1— 55— 56+ t2) Hi+ (55 + s¢ — to) Hr — (s1+ 52 — t1) Hig

+ (82 + 85 —t1 — to) Hi7,
0 =s1(Hy — H3) — (s1+ 82 — t1) Hig + (82 + 85 — t1 — ta) Hig — (85 + 86 — t2) Hag,
0 =s1(Hs — Hy) — (51 + 52 —t1) Hoo + (52 + 55 — t1 — t3) Hyz — (55 + 56 — t2) Hoy .

(6.33)
A similar calculation for the second gluon yields the following identities:
0 :(1—81)H1+82H2—(82+$3—t2)H3+(83+86—tg—tg)H4,
0 =8y Hy — (51 + 89) Hs — (82 + 53 — to) Hyy + (53 + 8¢ — 2 — t3) Hig,
0 = — (s2+ 83 —to) Hy — (51 — 59 — 53+ t3) Hg + 82 Hio + (53 + 56 — t2 — t3) Hy7,
0 :(83—|—86—t2—t3)H4— (81+83—|—86—t2—tg)H7+82H13— (82—|—83—t2)Hl5.
(6.34)

These equations provide important consistency checks for the calculation. Their correctness
can be checked directly by evaluating the integrals appearing in H; and expressing the
results in a minimal basis of hypergeometric functions [118]. Apart from these, we obtain
relations of a different type,

0 =Hy;— Hs — Hiy — Hig, 0 =Hyy— Hig— Ha,
0 =Hy— H; — His+ Hoy , 0 =H3— His — Hy,
0 =Hyy — Hig — Has, 0 =Hy — Hip + Hyr, (6.35)

where no Mandelstam variables appear. One can check easily that these are correct. We
only have to insert the correct expressions for H; from (6.30) and merge the partial fractions.
The last equation in (6.35) for example holds on account of

246( %5 _Z6 56 ):0. (6.36)

223 295 223 296 295 226

The equations in (6.35) simply state that we have not fully reduced the z coefficients in
(6.30), but another six can be eliminated. Nevertheless, they are strong consistency checks
and together with (6.33) and (6.34) can be used to cast A into shorter form.
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6.6 Spinor Products

It is well-known from field theory that compact expressions for (partial) scattering ampli-
tudes can be obtained when the spinor helicity formalism is used. Especially the MHV
amplitude of n gluons in field theory, also known as Parke-Taylor amplitude [119,161],
assumes a particular simple form in this notation. The spinor helicity formalism has first
been introduced in [162] to describe multiple bremsstrahlung processes in massless gauge
theories. Further details on the topic are found in [163,164] and in Appendix E.

In the spinor helicity formalism one considers interactions where the massless external
particles are definite left- or right-handed polarization states, i.e. helicity — or + respec-
tively. The key quantities are two-component chiral spinors which we simply denote by
kio and k;4 for the i = 1,...,n particles. Products of these spinors like

<’L]> = k’ia k:ja s [l j] = ]%id ];?jd (637)

appear as the new kinematic variables in the amplitude. In our conventions the spinors
are commuting and due to the antisymmetry of the ¢ tensor

(ij)=—Gi)y,  ligl=—ld, (d)=1[ij=0. (6.38)

Let us now discuss the origin of the spinors. Any four-vector k, can be contracted with
the matrices o# = (-1, —0"), 64 = (—1,0%),

koo = kyoty kS =k, ot (6.39)
where ¢" are the standard Pauli matrices. If k, is the on-shell momentum of a massless
particle and therefore satisfies k% = 0, it is possible to show that the expressions in (6.39)
factorize as

koo = ka ks, K= kYK, (6.40)

The spinors ke, kg are therefore called momentum spinors. If the particle with momentum
k, is a fermion the momentum spinors additionally satisfy the Dirac equation and we can
identify

ua (k) = ke, (k) = kg . (6.41)

In the spinor helicity formalism the polarization vectors of left- and right-handed gluons
with momentum k& are given by

13" Tk 1 gtk
v2 o [kr] V2 (rk)

where r is an arbitrary reference momentum. One can derive that &* is shifted by an
amount proportional to k* if the reference momentum is changed. This corresponds to an
on-shell gauge transformation and therefore the choice of r is in fact a gauge choice.

In the following we apply the spinor helicity formalism to the expression (6.30). We
choose the two gluons in (6.12) to have different helicity. Then the amplitude can be related

) £“+<l€,7“) ==

e (k,r) = — , (6.42)
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via SUSY Ward identities to the six gluon NMHV amplitude [165,166]. It is convenient
to choose negative helicity for the first gluon and set its reference momentum to k4. The
second gluon then has positive helicity and we take ks as reference momentum. Many of
the kinematics K’ then vanish due to (i) = [jj] = 0 as shown in Appendix D.3. The
remaining ones are

a1 1y 120121015 (35) 20146

[14](52) ’
K2= —2 % ((15)(23)[24] n (13)(56)[46]) :
o = o LR (saae) + (s
7 2 LI (1) 14+ (35) ).
s — 2 B EIR (G + i)

Ko — ﬁigg (G1)04] + (53)[34)) ({5112 + (53)[32])
KU = ﬁ?g;; (<51>[14] n (53)[34]) ((52)[26] + (54) [46]) ,
15 _9 [<1145]><[:§; ((31)[14] + <35>[54]> (<52>[26] + (54) [46]). (6.43)

Together with the integral terms H; this constitutes the result of the partial amplitude for
a specific helicity choice.

6.7 The Field Theory Limit

In order to discuss the integral terms in more detail it is necessary to fix the two remaining
vertex operator positions in (6.30). For z; = 0 and z3 = 1 the integration region of the
remaining positions is

T=Az4,25,26 ER: 1< 24 <25 <25 <00} (6.44)

Performing the change of variables z4 — 1/x, 25 — 1/xy, 2z — 1/xyz, where z,y, z run
from 0 to 1, the integral terms H; assume the generic form [118]:

a,bde,g] _ [* ! ! a b e .
F[c,f,h,j] :/0 d:z:/0 dy/0 dz 2%y’ 2 (1 —2)* (1 — ) (1 — 2)7
(1 —2y)? (1 —y2)" (1 — zyz)’. (6.45)

The function F' can be expressed through triple hypergeometric functions [118,167-169],
where the powers a, . .., j are some combinations of the nine Mandelstam variables (6.17).
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Expanding F' with respect to these powers yields the momentum expansion of the integral
which is given by a Euler-Zagier series [170]. The lowest-order terms correspond to the
field theory limit of the amplitude, whereas higher-order terms, coming with powers of o/*
and (multi-valued) zeta factors of order k, are stringy corrections to the interaction. For
simplicity we state in the following only the field theory limit of the integral terms H; that
we have calculated for the choice I3 = I, = I; = I of the internal spin fields. The term F
in (6.30) then becomes:
1

234 236 245 256

F = (6.46)

Performing the momentum expansion of the integrals corresponding to the kinematics
(6.43) yields at lowest order?:

1 1 1 1 1 1 1
H, = — _
$153S5  S1Saly  S1S5t1 Sys3gts  S1Sats  S1S183 S15154
_ 1 82/81 82/81 86/81 86/81 tQ/Sl
515155  S1854t1  s185t1 Si1s3ls S1sgls 518385
1 1 1 1 1 1 1
Hy =
S1 83 Sy S9 54 Sg S1 54 tl S9 S4 tl S1 Sy tl S9 Sp tl S9 Sp tg
1 1 1 1 1 1 1
S3 Sy tQ S92 Sg tQ S3 Sg tg S1 S3 t3 S1 84 tg 53 Sg tg S4 Sg t3 ’
1 1 1 1 1 1 1
H3 - )
S15385 S3Ssla  S3Sela  S1S3t3  s184l3  SzsSely  SasSets
1 1 1 1 1
H5 - ’
S1 583 S5 S1 84 tl S1 S5 tl S1 83 t3 S184 t3
1 1
H7 = ;
s153t3  s184l3
1 1 1 1 1
Hyy = v
S92 84 Sg S9 Sg tg S3 Sg tQ 53 Sg tg S4 Sg tg
1 1 1 1
Hyy = )
S3 S5 t2 S3 Sg t2 S3 Sg t3 S4 Sg t3
1 1 1
15 — .
S3 Sg tQ S3 Sg t3 S4 Sg tg

(6.47)

The kinematical quantities s; and ¢; are defined with a power of o’ in (6.17). The prefactor
403 gdy in (6.32) cancels all powers of o in the denominators as required in the field
theory limit.

3Here we have absorbed the term (s; — 1)/s; appearing in K! into H;.
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The results presented in this Chapter are the starting points for further investigations
[4]. Dual-Ward identities [163], Kleiss—Kuijf [171] and BCJ identities [84] between different
partial amplitudes can be checked as well as their generalizations in string theory. Most
important, the exact mapping between (6.32) and the amplitude of two gauge fields and
four RR bulk fields can be studied as proposed by [83].



CHAPTER 7

Conclusion

Scattering amplitudes in string theory enjoy a great range of applications. Compactification
scenarios of string theory with a string scale in the TeV range are natural realizations of
the ADD proposal to address the hierarchy problem of the SM. String amplitudes in such
a model with perturbative string coupling predict signals which can be detected at LHC
and future hadron colliders. From a conceptual point of view scattering amplitudes can
also provide new insights into the “gravity side” of string theory via the KLT relations and
the recently discovered duality between open and open-closed amplitudes [83].

7.1 Summary

There are four main results obtained in this thesis. In the calculation of scattering ampli-
tudes in the RNS formalism correlation functions of NS fermions and R spin fields must
be evaluated, but their interacting nature forms an obstacle. In Chapters 3 and 4 we
focused on the calculation of such correlators at tree-level. We showed how these n-point
functions in four, six, eight and ten space-time dimensions can be evaluated in general by
analyzing their Lorentz structure and singular properties dictated by the underlying CFT.
Another method, which we presented, rests on replacing NS fermions by spin fields and
then evaluating the pure spin field correlator.

In the separate dimensions we could profit from special properties. In four dimensions
one is able to completely solve the RNS CFT at tree-level. Fermions can be replaced by spin
fields and the resulting spin field correlator factorizes into a left- and right-handed part,
for which a general formula could be derived by induction. In this sense (3.77) and (3.82)
are important results of our work. Explicit expressions for all non-vanishing correlators in
four dimensions up to eight-point level were presented as well. Although the factorization
feature does not carry over to higher dimensions, we were able to calculate large classes
of tree-level correlators in six dimensions and find relations between distinct correlation
functions in eight dimensions via SO(8) triality.

Another focus of this work was the evaluation of RNS correlators for arbitrary loop
order. The necessary methods, in particular re-expressing the RNS fields in terms of
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SO(2) spin systems and calculating their loop correlators, were presented in Chapter 5.
We calculated all n-point functions up to at least n = 6. Of particular interest are the
findings for the correlators 2 and w as given in (5.74)-(5.82). Such correlators in four
dimensions are the essential ingredients for string scattering amplitudes involving arbitrary
many gluons and at most two chiral fermions or gauginos. For string compactifications
with low string scale and weak string coupling these amplitudes give corrections to SM
processes which can be measured at hadron colliders. Most important, these amplitudes
are completely independent of the compactification details.

The index terms consisting of gamma and charge conjugation matrices play a key role
in the calculation of RNS correlators. Apart from carrying all space-time indices and
thus determining the Lorentz structure of the string interaction they can be regarded as
Clebsch—Gordan coefficients associated with a particular scalar representation in the tensor
product of the correlator. From this perspective the number of independent index terms is
simply given by the number of scalar representations. Determining this number via group
theory and then deriving relations between different terms was one of the most important
steps in the calculation of the RNS correlation functions. All identities which we derived
for the evaluations are collected in Appendix B.

While ten-dimensional RNS correlators enter the calculation of scattering amplitudes
in the non-compactified theory, the cases D = 4 and D = 6 apply to phenomenological
purposes, where they describe the interaction of the external and internal RNS fields.
Equipped with the previous result we were able to calculate the partial string amplitude
involving two gauge fields and four gauginos. The result (6.30) is gauge invariant which
yields various relations for the hypergeometric functions after integration over the vertex
operator positions. The kinematical terms in the partial amplitude were expressed through
spinor products for certain helicity choices and the field theory limit was presented.

7.2 Outlook

The findings in the last Chapter of this work are the starting point for further investigations,
especially matching the integrals to those stemming from the amplitude of two gauge fields
and two RR moduli. It will then be possible to explore the relations between open and
open-closed amplitudes as proposed in [83] in more detail and furthermore express the
brane-bulk couplings of the latter amplitude in terms of pure open couplings. This is the
main topic of [4].

A further issue worth exploring are RNS correlators that arise from the scattering of
chiral scalars and fermions. In type II these states stem from strings stretching between
different brane stacks near their intersection. The vertex operators involve internal spin
fields that have an explicit representation in terms of bosonic and fermionic twist operators.
Their conformal weight depends on the intersection angle, which makes their correlation
functions more difficult to evaluate. In particular it would be interesting whether one can
also calculate general classes of correlators as it was possible for the standard fermions and
spin fields in six dimensions.



APPENDIX A

Gamma Matrices in D Dimensions

Gamma matrices I'* play a key role in the interplay of vector- and spinor representations
of the Lorentz group SO(1,D — 1) in D dimensions. First of all, they can be viewed as
operators acting on the space of spinors whose anti-commutation relations are given by the
Clifford algebra. On the other hand, antisymmetric products I'**-#» of p gamma matrices,
multiplied by the charge conjugation matrix C, appear as Clebsch—Gordan coefficients in
the decomposition of bi-spinors to p forms. The tensor structure of an RNS correlation
function is expressed in terms of these products (I'*1-#» C). Many of their properties, which
we present in the following, are needed for the calculation of RNS correlators. For further

information on Clifford algebras and spinors in higher dimensions the reader might refer
to [36,136-138].

A.1 Notation and conventions

First of all let us fix our notation and conventions. In contrast to [172] we use the sign
convention of Wess & Bagger [21] for the Clifford algebra

(DH, TV} = —2p | (A1)

The Minkowski metric contains “mostly plus” entries, " = diag(—1,+1,...,+1). A
concrete representation of the Clifford algebra is not necessary for the following general
discussion. However, we state the gamma matrices which were used in the calculations of
the correlators in Chapters 4 and 5 at the end of this Chapter.

Dirac spinors furnish a representation of the Clifford algebra (A.1) and form a complex
vector space of dimensions 2P/2. In the case of even space-time dimensions D = 2m this
representation is reducible and can be decomposed into two irreducible representations of
dimension 2P°/271 each. These are referred to as left- and right-handed, their elements are
called Weyl spinors of positive and negative chirality. Generic Dirac spinors = live in the
direct sum of both irreducible subspaces and are written in component notation as
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Ea= <X3) , 1o = left-handed , x® = right-handed . (A.2)

The gamma matrices transform left-handed spinors into right-handed ones and vice versa.
Therefore one can write them as

(M) 4" = (75@5 “Ygg) : (A.3)

where the off-diagonal matrices are known as ‘generalized’ Pauli matrices. The Clifford
algebra (A.1) translates then into

Yoy A AT = 200 A+ = <205 (A

The action of I' on a Dirac spinor = in index notation reads

(0 Y (s X
(M)a"E5 = <vﬂdﬁ 05) (XB) N <f‘w0'% w) ' (45)

Products of an even (odd) number of I" matrices carry alternating products of v and ¥
matrices in their diagonal (off-diagonal) blocks:

<<f}/ﬂ1 f—ylu o '7”17)&[3 0 )
:peven,

0 (7 )
(D Tk Th),5 = g (A.6)
0 By k2 o k)
i A ™ag) L sad,
<fyu1 2 .fyup)aﬁ 0
Totally antisymmetric products of I' matrices are defined in this work as
1
[rate = — Z sgn(p) [He) . THew) | (A7)

P PESp

The I' matrices alone obviously have the wrong index structure to serve as Clebsch—Gordan
coefficients for bi-spinors, especially for such constructed from spinors of the same chiral-
ity. Some kind of metric on spinor space is needed. This metric is known as the charge
conjugation matrix C:

(PM)ABCBD = (FMC)AD. (AS)

The chirality structure of C depends on the number of dimensions D due to the representa-
tion theory of the associated Lorentz group SO(1, D—1). In dimensions D = 0 mod 4, only
spinor representations of alike chiralities contain a scalar in their tensor product whereas
for D = 2 mod 4 dimensions opposite chiralities are required to form a singlet. Therefore
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the charge conjugation matrix written with spinor indices becomes

Cag 0 0 (0)”
D = 4 . = .z F‘u = . o
0 mod CAB ( 0 Caﬁ) ) ( C)AB ((,}/P« C)aﬁ 0 )

_ : (0 Cf H (" C)agp 0
D =2mod4: CAB = (Cdﬁ 0 ) s (F C)AB = ( 0 (ﬁ/ﬂo)dﬁ . (Ag)

The inverse of the charge conjugation matrix C~! is then denoted by

D=0mod 4: (ChHAB = ((C_Ol)aﬁ (Col)dg) ;
(7P = ((Clow)aﬁ <C_1gu)a5) ,
D=2mod 4: (C™1)AB = (wq)f (C_J)QB) :
(C-1 T)A = ((C—1 (;-w)“ﬁ (C‘lg“)ds) ' (A.10)

A.2 Symmetry properties

The transposed gamma matrices I'* also satisfy the Clifford algebra (A.1). Schur’s lemma
guarantees that I' and I'"" must be related by a similarity transformation. This transfor-
mation is given by the charge conjugation matrix and its inverse!

C'THC = — (™). (A.11)

On the level of chiral blocks this leads to two different scenarios. For D = 0 mod 4 (A.11)
intertwines the two classes of matrices v*, ¥, while in D = 2 mod 4 dimensions one obtains
a consistency condition:

D =0mod 4: fygd = _(C_l)d"y 7“77 C’yﬂa 7#604 = _(C_l)a'Y 75&, C"YB’

D=2mod4: Al =—(C"N~C, = —(CH el (A1)

We now give a unified way of understanding these conditions: The symmetry property of
(I'"C) is opposite to that of the charge conjugation matrix,

C'=ppC = (THC) = —pp (T C), (A.13)

In even dimensions D = 2m, the signs in (A.11) and (A.13) are a matter of convention due to the
freedom to redefine C — I'P C, where I'” is the chirality matrix. The absence of a chirality matrix in
D = 2m — 1 dimensions, leads to a unique choice.
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where p is a dimension-dependent phase which we determine later. Applying this argu-
ment iteratively we can determine the symmetry properties of general gamma products. As
these fulfill (T'*1...T# C)" = pp(—1)? (T*» ... T C) antisymmetric chains of I' matrices
satisfy

» + r#-#C) :p=0,3mod 4,
(F‘ul""up C)t = pp (_1)§(p+1) (F,ul...up C) — o ( ) b <A14)
—pp (Pt C) :p=1,2mod 4.

In order to fix the phase pp in (A.13) one has to make use of the fact that in D = 2m
dimensions the set {(F“l"'“PC) :0<p< D} forms a basis of the 2 x 2™ matrices. In
particular, there must be 2™ (2™ — 1)/2 antisymmetric matrices, and this fixes

+C :D=0,6mod38,

(A.15)
—C :D=2,4mod8.

=i s o=

The equations (A.11) and (A.15) can be used to explicitly construct the charge conjugation
matrix for a given representation of the Clifford algebra.

To avoid over-counting of the independent symmetric matrices, one should be aware of
the self-dualities of D /2-fold products:

(D/2)!

(D/2)!

(y#a-Hp/2 C)aﬁ = ght-HD/2V1--VD/2 (7u1...VD/2 0)0‘5 )

(1002 C)38 = — L D (5, L, O (A1)

Here ¢p denotes a phase that depends on the number of dimensions.

A.3 Fierz identities

Antisymmetrized gamma products I'*1#» with 0 < p < D form a complete set of all
2P/2 % 2P/2 matrices. Therefore, it is possible to expand any bi-spinor in terms of forms.
The expansion prescriptions are referred to as Fierz identities. Within the chiral blocks
y#, A#, it is sufficient to consider forms up to degree D/2 since any p-fold product ~#1-#»
p < D, is related to (D — p)-fold products via Hodge duality. Weyl bi-spinors can therefore
be expanded in the following way [136, 146]:
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e D=0 mod 4:
D/2—2 !
B = 2723 D (e O g (1 C A X)
peven ¥
27D/2 .
+ 2 (D/Q)' CYMMMD/2 C)ﬁa (’17/) C_ ’YMD/Q---MI X) )
' D/2—1 1 .
VaX'==270 % 0 S (31 O (0 O Yy X)
podd
e D —=2mod 4:
D/2—2 !
Ve Xs = — 9-D/2 Z — (,.yul...,up C)ﬁa (1/} o1 /7,up~~~u1 X)
podd *°
27D/2 )
_ 5 (D/Q)! (7u1...uD/2 C)ﬁa (¢ o ’S/ND/Q---NI X) ,
' D/2—1 .
U = 2P YD (O (6 € ).
peven ¥

(A.17)

(A.18)

(A.19)

(A.20)

The proof of this identities relies on the fact that the matrices v#*#» are orthonormal with
respect to the trace as inner product, up to the subtlety that in some traces the symbol

(A.21)

(A.22)

(A.23)

(A.24)

ghtkorz, o, ., appears. Let us display the Fierz identities in D = 4,6, 8,10 dimensions
explicitly:
o D=4
Yo Xp = % Coa (O™ X) + é (7" C)ga (WO ux)
Yux = =5 (3 OPu (9O %)
o D=6
Yaxs = =7 (" C)aa (O 500 = 22 (0" Cpa (6 C™ )
Yax? = O (@O D) + 5 (7% CVa (b €750 %),
e D=28:
o X = é Coa (WO x) + % (7" C)ga (¥ C™ Y x)
+ 22 (V7 C)ga (0 C7 Ypan X)

384

: 1 : 1 ;
wa Xﬁ - g (ﬁu C)ﬁa (Q/J C_l Vo X) o @ (’7“”)\ C)ﬁa (’17/) C_l Tvp X) )

(A.25)

(A.26)
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e D =10:
YaXs = = 76 (1 Osa (6 C7 3u0) = o5 (1% Caa (4.0 Ao )
— 25 " C)aa (0O eprn ) (A27)
Yax = 2 OB O )+ 35 (7 OV (6O 3 )
21 (Y Va0 O ). (A.28)

Fierz identities allow to derive relations between different SO(1, D—1) Clebsch-Gordan
coefficients by making appropriate choices for 1,, x5 and ¥°. Two examples of this method
have been shown in Chapter 3.3. This techniques is further used in Appendix B where we
collect all necessary relations for the correlators calculated in this work.

A.4 A Concrete Representation

The results for the RNS correlation functions stated in Chapters 4 and 5 are written down
in Lorentz covariant form and are therefore valid for all representations of the Clifford
algebra. However for some issues in the calculations, e.g. checking relations between dif-
ferent Clebsch—Gordan coefficients and especially for obtaining loop results, an explicit
representation of the gamma matrices is helpful.

It is well-known that the gamma matrices in D = 2m dimensions, I'},, and the Pauli
matrices o’ can be used to construct I}, ,, the Dirac matrices in D + 2 dimensions. It is
easily verified that for k=0,...,D —1

I, =0 @l%, Ip,=ic' @Iy, Iy =i0” ® Lom (A.29)

satisfy the Clifford algebra (A.1) in D + 2 dimensions, if '}, satisfy the Clifford algebra in
D space-time dimensions?. The matrix ' is the chirality matrix defined as

D—-1
rp= (-1 ] 1. (A.31)
=1

We start in D = 2 dimensions with

01 , 0 1
MN=o'= <1 O)’ MN=io?= <_1 0). (A.32)

2The product ® in (A.29) is the Kronecker product which takes an m x n matrix A and a p x ¢ matrix
B to the mp x ng matrix

anB alnB
A®B= : : : (A.30)

amlB s amnB
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The Dirac matrices for D = 4,6, 8,10 can then be constructed by recursively using (A.29).
Our construction is chosen such that we obtain the I'},’s in Weyl basis, i.e. I'D always has

the form
D ]12m—1 O
'y = ( 0 Lyt (A.33)
The charge conjugation matrix Cp is determined from the equations (A.11) and (A.15).
This yields
CQI’iUQ, 64212(862, CGZ—’i02®C4,
Cg = 12@66, ClO = —’i02®68. (A34)

As 1 is diagonal and o2 off-diagonal, this results exactly in the diagonal and off-diagonal
structure stated in (A.9).
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APPENDIX B

Relations between Index Terms

In this Appendix we collect relations between different index terms, that enter the cor-
relators calculated in Chapters 4 and 5. The numbers of independent Clebsch—Gordan
coefficients for each correlator are summarized in Table 3.3. As we have explained be-
fore these relations can be derived from Fierz identities given in Appendix A, multiplying
known equations with further v and C' matrices, as well as demanding that a tensor in
D dimensions, which is anti-symmetric in 2°/2=1 4 1 Weyl indices of the same type, has
to vanish. We have checked the validity of the following relations by (anti-)symmetry ar-
guments and furthermore by explicit verification using the representation of the Clifford
algebra given in Appendix A.4.

Before we start listing the relations we recap our conventions. The Clifford algebra
establishes that

T VA = 20 A e = 205 (B.1)

These can be used to interchange Lorentz indices in expressions where chains of v matrices
appear. Antisymmetric products of v matrices are defined with a normalization factor 1/p!
in contrast to [21],

et = =S () 4 T T e (B:2)
pl pru) f‘wp(?) . ,f‘y“p(m I peven.

" pESY
On the right hand side of this equation we can interchange the Lorentz indices with the
help of (B.1). Then the antisymmetric «-product can be written as an ordered ~-product
and further n terms. Let us illustrate this for the simplest case p = 2:

=5 (M=) = (B.3)

DO | =

In deriving the following relations the behavior of tensors under interchanging their spinor

indices is very important. These can be derived by employing the identities from Table
3.4.



132 B. Relations between Index Terms

Contractions of v and C matrices in the following should always be understood as
matrix multiplications. We refrain from explicitly denoting C~! in index notation. This
matrix differs from C in the positioning of its indices and hence can be distinguished in
the respective contexts.

B.1 Relations for D =4

In the following we state relations that allow to reduce the number of index terms for a
given correlator in four space-time dimensions. We adopt the widely used notation in four
dimensions and denote the blocks of the I matrices and the charge conjugation matrix C
by ot and e,5. The Fierz identity

Eary EBS = EaB € + Ead €8y (B.4)

is a good starting point for deriving further relations.

Correlator (¢ 9" S, S5 S, S5)

The relevant index terms for this correlation function up to permutations in the spinor
indices are 20" €4 €45, a”ﬁa s (010" €)ay€gs and (£6% 0")55€0,. The latter two terms
can be eliminated by multlplymg (B.4) with € 5 01 g a” and treating the anti-chiral
version of (B.4) in the same manner:

n =v R 1 M v
(0" 5" €)arps = Tos 05— 00505, (B.5a)
(e0"0")g5€ary = ZB o5 — 055 ol (B.5b)
By symmetrizing in the vector indices p, v we arrive at:
ng R I v 1 v M v.o_ M v
20" CanEps = 05005+ 0l 005 — 0005 — 0l 0 (B.6)

Correlator <¢“ WYY Sa Sp Sy Sg>

This correlator can be expressed in terms of 7" e,5 €45, (0% 0¥ €)ap €45 and permutations
in the spinor indices of these terms. Forming antisymmetric combinations of the latter,
where one spinor index of the o-chains is kept fixed, yields three independent relations:

(00" €)asepy = —(0" G €)apeys + (0" TV €)ayEps s (B.7a)
(O“u o’ 6)55 Eay = —(O“u o’ 5)a5 ) + (0’“ o’ {5)5,y Eas — 2’/]“” EaB €6 (B?b)
(0" 6" e)vscap = —(0" 0" €)ayeps + (0" 7€) gy Eas — 20" €apEns - (B.7¢)

The Fierz identity (B.4) can be used to eliminate n*” e, egs from the calculations and
hence one arrives at five independent index terms. In order to write the correlator in terms
of antisymmetric o-products the following equation is of use:

(0" €)aperys — (0" €)as v + (0" €)rs€ap — (0" €)ypEas = 0. (B.8)
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Correlator <1,Z)“ P P Sy Sp Sy 55>
The anti-symmetrization argument can be used also for this correlator to derive relations
between different index terms,

(095" 0™ gs€ay = (075" ™) 56, + (075" %) 5205, (B.9a)
N0y = 10t sy + 01 0¥ eas (B.9b)

In the second equation it is possible to permute the Lorentz indices u, v, A in order to derive
two additional equations. Furthermore, applying (o*d")," 5[H50 = 0 yields identities
that mix different o configurations:

ey (015 0M) 5 = (075" €)ar 02‘5 — (0" 5" €)up afy‘g , (B.10a)
Eap (0" T” 0-)\)75 = (0" 7" ¢€)p, 025 — (0" €)ay 025 — 20" eap ‘7:\,5 : (B.10b)

Hence, the triple products (6#6Vc?) can be completely eliminated. By permuting the
Lorentz indices in (B.10) one obtains four linearly independent relations:

20 0¥ ey — 20" 0 segy = (075" €)ap 055 — (0¥ €)uy 0;5
—(0" " €)up cri‘s + (6" 7" €)any 02‘5, (B.11a)

2 0l5Eap — 20" a“ Eap = (075" €)ay Zs — (05" €)p, ol
+(0" 5" €)py 005 — (0757 €)ay 02‘5, (B.11Db)

27" orepy = (015" €)ag afy‘g — (0" 6" €)any 02‘5
+(0" 52 €)p ol — (0" 7€)y i (B.11c)

2t a s€ap = (075 €)gy 0" — (05" €)ay o
+(0¥ 5 €) s, ofs— (0" 7€)y UZS. (B.11d)

Another relation is necessary in order to reduce the number of Clebsch—Gordan coefficients
to ten. This is achieved by multiplying (B.5a) with g e55. After a further permutation
in the spinor indices one finds:

(05" €)ap 00 = (0" 07 €)ay 0 + (07 57 )5, 0% = 0. (B.12)

Correlator <¢“ SaSp Sy Ss Se S¢>

The starting point for relating different index term for this correlator is

EaB Exs Eec — EaB Enc Ees + Eab Exc EeB — Ead ExB Eec + Eac ExpEes — EacEvs€ep = 0, (B.13)

which stems from 4 5y 0 = 0. Contracting this equation with g o ylelds the only
needed relation for puttmg the correlator into minimal form:

cri‘C- Eap Exs + ai‘é Eas Epy + O'ZC- Ege €5 + agé Egy Ese + 05¢ Eap Esc — 054- Eas€pe = 0. (B.14)
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Correlator <1,Z)“ P P apP Sy Sﬁ- Sy 55>

This correlation function can be expressed in terms of permutations in the spinor indices

of n 0_35 ‘755’ (af‘ {?”e)m (e JP)B:(;, (ot a” U/\)qﬁ' {755 and ‘(a“ 7" 0% 7€)y €45 The two
expressions containing four o matrices can be eliminated with the help of (B.5):

(075" 07 G €) oy €s5 = (00" o/\)QB 055 — (0" 5" o) 5 "55 , (B.15a)
(ea* 0¥ 0”) 35 €ary = (0" o o). O'ZB — (05" 0") 5 056-. (B.15Db)

Relations between the Clebsch—Gordan coefficients consisting of three o matrices are found
by decomposing terms of the type (0 7€) (€ d o) using (B.5). Applying these relations either
to the first or the second o-chain results in

bV sA) L P [T A AR N
(046" Vo (et o)y = 4 T T N3 = (07070 )5 00 (B.16)
“ po (0¥ 6* o) ;0" . — (c" 5 o) ;07 .
%) aB ad 75"

Now we can write down relations between the terms on the right hand side of (B.16):

(c"a” a)‘)aﬁ- af{s = (0¥ 5" o). UZB — (0" 5" 0") 5 0y + (076" 0") 05 ai‘ﬁ- : (B.17a)
(0" 5" o) 5 O'SB = (0¥ " o”),z00 s — (0" o 0”)ap 05 + (0" 0" 07) o5 aj\/s : (B.17Db)
(o*a” O')\)M'; UZB = (075" 0") g 055 — (o* & o). 5005+ (0" 0”) g o5 (B.17¢)
(ot 0)‘)75- ofo = (0" 5 0") s 056- — (0" & 07)5 005+ (00" ") 5 026- (B.174d)

The last three equations were found by permuting the spinor indices in (B.16). However,
one can also perform permutations in the Lorentz indices. This yields

20 (05005 = 035005) = (0707 0") 45 UraCE 7" 0")500
+(o" 5  0”) .5 05— (o* & 07)15 00 (B.18a)

20" (ops5005 — 0500 ,) = (0757 07) 500 — (0" 5% 0f), 5 0%
P o) = (P o)y (BS)

—21 (OZB 055 - 055 Ugg) = (0" o Op)'VS OZB — (0" 6A Up)’yﬁ' OZS
+(o* 5™ 0”)p 005 — (0" 5 0") s ol (B.18c¢)

—2n™ (055 ohs— 055' o’ = (0¥ ") i 055 — (0" 5% ") 5 055'
+(cr“c’r)‘op)75<7;6—(cr“c’r)‘ap)w 0(‘;5, (B.18d)
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and
2 (p o af{s — ol o’ — n”)‘aZB af{s + A crf:B o)
=— (05" 0") 4 056 + (0¥ & o). a“B + (o " 0”) 5 ‘735 (0" 5" 0”) s 0a57 (B.19a)
2(77“/\0;5056—77“’\076 —n” a cr +n O'M(Sdpﬁ)
=— (0”& ap)aB ol + (0" & UP)VBO' : + ("% 0”) s 0:\/5 — (0" 0") 5 ots,  (B.19b)
2(77”)‘0“60’)6 n”’\a:(S vﬁ) TIVPUZBUV(;*TI ot " ’)Y\ﬁ)
=— (0" a’\ap),ﬂga“g + (o O')\Up),YBO' + (05" 0") a’\ (0" 3" 0") 5 JW, (B.19¢)
2(7]”)‘0“60’)6 n“’\a“ﬁa’) n”pa“ o s/ a )
= — (0¥ ) g 075 + (0¥ 5" 0") 5 U’yB + (o*a” 0”)75 023 —(0"6%0") 5 025. (B.194d)
In addition the following relations hold,
2 (nupg " cr)‘ o nup o? Y cr)‘ 77Vp Uuﬁ % + 77 B 26 nAp ggB 01715 + nAP 056 OZS)
= —(o" a’\a”) BU + (o a’\a”)aéaﬁ/‘ﬁ (a”a’\a’))vsag‘s—i-(0”6’)‘0’))7302‘5

—(o" & crp)aﬁ-cr s+ (0" o o). 5005+ (05" crp)aﬁ- cr)‘- — (" " a”) B-cr)‘- ,  (B.20a)
Q(nupgaé Oi/\ﬁ nNP 0-76 aﬁ nVPO- 0 +77 U’y U +77>\P Mé VB nApgijé ozﬁ)

= (0”& a”)aﬁ- of's — (0¥ gt o) Uvﬁ' + (0¥ & ap)w; UZB — (0¥ & o”),500
A o+ (" & 07)5 005+ (075" 0") O«A/B —(0"6%0") 5 026- , (B.20b)
as well as
2P )y, 000 1 0y 4P 00k 0%
= (076" 0”) 5 af:ﬁ- — (o*5* ap),yﬁ- aag + (0" & ap)aﬁ- 0:\/5 — (a“a a’\)aﬁ- Uf,{s' (B.21)

Using the identities stated above it is possible to arrive at a set of 25 independent index
terms for this correlator.

Correlator <1,Z)“ P YA apP Sy Sp Sy 55>

The index terms n* 0 eop €45, N (07 5P €)ap Es, (0757 €)ap (027 €),s and the four o-
chains (0% " 057 €)ap .5 arise for this correlator. Additionally, permutations of these
terms in the vector and spinor indices appear. Again, the Fierz identity (B.4) can be
used to eliminate terms of the type nne,, €35. Further eliminations can be accomplished
by applying (B.7). In particular (B.7b) gives rise to new relations between the terms
n(ocaoe)e:

M (01 G° €)ageqs — N (01 GF €)py €as + 1M (0757 €)p5 Eary

P (01 GY €)apEqs — M (07 5V €) gy Eas + 17 (01 T¥ €) g5 Ear -
(B.22)

-2 nuu nAP Eaf Eqs = {
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Tensors consisting of two separate o-chains satisfy
(0% 5" )45 (0767 €)as — (0" 5" €)ap (07 07 )15
= Eay [(a“ G 02" €)ps + 20" (0767 €)ps | (B.23a)
(0% 6" €)as (0767 )y — (05" )15 (07 7 €)ag
= Eay [W 0" 07" e)gs — A" 0 egs + 4" 0" s
-9 nu)\ (0” 5P 5)65 + 2nup (cr” PR 6)55 ) n)\p (cr“ v 5)65
-2 an (o’“ 5-)\ 5)66 +92 nu)\ (o’“ aP 8)55] , (B23b)

which stem from (0% )" €[5 (01 07 €)5 = 0. Applying the same technique to the four-o
terms, namely (o* &” o 6 €)alp €49 = 0, yields the equations

—UV

("G 0257 €)aycps = (05" 0" G €)apeps — (07" 0157 €)as s (B.24a)

((7“5”0')‘5p8)558a,y = (O’ﬂﬁ'VUA@'pé)M;éaﬁ— (Jﬂﬁ'yaA@'pé)ﬂ{g&m;. (B.24b)

From permutations of the spinor indices in the relations above we find

A A A

(075" 0257 €)apers — (05 0GP €)aseqp + (0" G 0157 )y as — (075" 0 57 €) s €ap
= —¢cgs [2 N (0267 &)y — 21" (07 5P €)ay + 217 (07 5 €) 0y
+2 nA” (076" €)ay — 20" (" o €)any + 2 77” (0" 57 €)ar

AN Eay — AN oy H AT E0s | (B.25)

Note that the spinor indices attached to the four-o term can be interchanged by

(0" 6" 0267 €)pe = —(0° 50" 5" €)ap

= —(0"G" 0" G"€)ap — 20" (67 G €)ap + 21" (07 57 €)ug — 21 (0¥ &
2 (00" )i+ 2077 (0 5 )y — 20 (0% 07 o

_ 477;11/ nAp Eap + 477;1)\ nVP Eaf — 4nﬂp n’»‘ €aB <B26)

5)a6

where we have successively made use of the Clifford algebra (B.1). Finally, poles in 213 294
in the result of this eight-point function can be removed by the following identities:

20" (0" G €) oy Eps = (015" €)ap (0157 )5 — (075" €)as (07 G €)p
+(0" 57 €)ap (027 )5 — (0757 ) as (075 )5, (B.27a)

20 (0" 07 €) g5 Cary = (0107 €)ap (0707 €)5 — (07 5" €)y5 (07 57 €)as
+(02 6" €)ap (0757 )5 — (075" )5 (0" 5F €)as (B.27b)

4 77M)\ N can€ps = (0" 5% €)ap (U)\ 07 €)ys — (0" 5" €)p (OA 0° €)as
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Correlator <1,Z)“ WYY S Sg Sy S5 Se S<>
The index terms appearing in the calculation of this correlation function have either the

form n* €4p €5 €cc OF (0 0¥ €)ap Exs €sc. The former can be reduced to five terms by virtue
of (B.13). For the latter terms we use (B.7a):

(0" 0" e)ayepscec = (0" 0 €)apersccc — (0" 0" €)asEqpEcc - (B.28)

Permuting the spinor indices in this identity provides, together with the Fierz identity
(B.4), enough relations to reduce the index terms down to a minimal set of 14.

B.2 Relations for D = 6

In six dimensions, tensors with four spinor indices are severely constrained by Fierz iden-
tities presented in Appendix A. In the following we list the relevant relations between
different index terms which are needed for our calculations of RNS correlators in six di-
mensions.

Correlator <Sa Sp Sy 55>

The most important relation between (7" C)as (7, C)4s and permutations in the spinor
indices of this tensor arises from (A.23) with ¢, = (7" C)ay and xg = (7, C)ps. After
some manipulations, one arrives at!

(V' Cay (1 Css = (V" C)pa (1. C)rs - (B.30)

Together with the antisymmetry of (7* C)ag = (7" C)jag), this implies that the contraction
(7" C)ap (74 C)4s is totally antisymmetric in the four spinor indices and therefore propor-
tional to the e tensor in the four-dimensional chiral spinor representations. Normalizing
€1234 = 1, we get

(7" Cas (1w C)ys = —2€apys - (B.31)

1Useful tools in the derivation are

repvrm L = (=1)™"1 (D — 2m) [V-vm | (B.29a)
e pAAn D, = (D — (D —2m)?) T2 (B.29b)
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Correlator <Sa Sp S S‘;>

The choices ¢, = C,7 x5 = 055 in (A.23) and ¢, = (V*C)ar, Y= (%C)B‘; in (A.24)
yield the set of equations:

(7 C)ap (7, C) = 2(C.7 Cs° — C.° CsY) (B.32a)
(1" Yo’ (u O)5° = 2047 Co® —8Co° 7, (B.32b)
A CY s (Fn O)F = 24 (08 O + CLY C5°) (B.32¢)

B\ B B

Hence, only Ca‘;Cﬁ'y and C,7 C’g‘g remain as independent Clebsch-Gordan coefficients.

Correlator <¢“ SaSp S, 55>
For this correlation function equations of the type

(3 C)* (1 Clas = 2(4" C)py Co =24 Cer, C5° (B.33)

prove to be useful which can be derived by multiplying (B.32a) with yf/ﬂ-/.

Correlator <Sa S5 Sy S5 Se S£>

As Weyl spinors in six dimensions only have 26/2~! = 4 independent components, the
relation

(7" Oiap (1 C)1s Cg" = 0 (B.34)

holds for this correlator.

Correlator <1,Z)“ Y S Sg Sy S(;>

This correlator can be expressed in terms of 7" (v* C)ap (74 C)rsy (77 C)ap (77 C)-s and
permutations in «, 3,7, thereof. These are related by the equation

1" (7 Cag (1 C)ys = —(7" Ciag (7 C)rgy - (B.35)

Correlator <1,Z)“ P Sa Sp Sy 55>

In this case ten index terms appear. They are of the form n* CY 055, (7" Cap (7* C’)A";,
(7" Clap (37 C)°, (497 Ca” Ca°, (1477 7% C)ap (4 C)7° and (349" 71 C)¥ (71 C)ag in-
cluding permutations in «, 8,%,0. Applying (B.32a) to (7 C)(y1 C) in the terms above
yields
(V37 Clasg (MO =2(1#7" C)a’ C5° =2 (17" C)a’ Gy, (B.36a)
(749" 7 ) (1 Chag = 2(1# 7" C)s" Col —2(1*5 €)™ Cs°
+ 40 C,° CgY — A C,V O’ . (B.36b)
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A further relation is obtained by making the previous result antisymmetric in the spinor
indices «, [3:

20" Co® C" = 2™ Co¥ C5° = (7% Oap (7 C)° + (7 Oas (3 O)° =
(77" C)a™ C5® — (77" )’ Cs — (4#5” C)57 Co® + (1# 47 O Co¥ . (B.3T)

Correlator <¢“ SaSp Sy Ss S¢ SL'>

The relevant index terms for this correlator are (3 C')“ qpys, (7" C)apCy Cs* and permu-
tations in «, /3,7, 0. By replacing ¥, ¢ with ¢, i in (B.37) and multiplying with (v, C'),s they
turn out to be related:

2 (’7“ C)éi Eafys = —(’}/“ C)[ag Cﬂfé C(;]L . (B.?)S)

B.3 Relations for D = 8

Certain tensor equations in eight dimensions can be related by SO(8) triality. In addition,
the Fierz identities from Appendix A.3 are very useful to derive new relations. In the
following, we list the identities needed for the calculations of correlation functions with
four or more spin fields.

Correlator <Sa Sp S S‘;>

Here, the choices ¥, = (v*C)a7, x5 = (W 0)55 and 1, = Cyy, )25 = O% in the eight-
dimensional Fierz identities (A.25) and (A.26) yield

Cos O = 2[4 01 OV + (4 O0F (0)57] . (B3ow)
(1 Cag (T O)% = 2 [(1" C)a’ (3, C)s" = (1 C)a? (1, C)5)] (B.39)
(7)o (Y €)= 18(1" C)a* (14 O + 24 (4 C)a’ (1, C)s 7, (B.39c)

such that this correlator can be expressed through (v C),” (7, C) 55 and (y* C),° (7. C)57.

Correlator <Sa Sp Sy 55>
The Fierz identities for ¢, = Cy, and xg = Cps lead to

(v Cap (Y C)ys = 8 (Ca’y Css — Cas Cﬁ'y) ) (B.40a)
(’YMV)\p C)aﬁ ('YMV)\p C)yé = 192 (Cav 055 + Cm; Cﬁv) — 48 Cag Cy(s . (B40b)
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Correlator <1,Z)“ Sa S35y 55>
Multiplying (B.39a) with 7%, gives

Cos (7 O)F = =2 [ 4 Ol (1 O)5* + (5 Oy (0 Oa? ] (BA1)

Hence, it is possible to eliminate two out of the six tensors arising from permutations in
the spinor indices of Coz(v* C),° and (Y* ¥ C)ary (72 C)5°.

Correlator <1,Z)“ Y S Sg Sy S(;>

Possible Clebsch-Gordan coefficients for this correlator are (v#5* C')as(71 7” C')4s and per-
mutations in «, 3,7, § of this tensor. However, these are not independent as multiplication
of (B.41) with ~7; shows:

(7 s (137" Ohs =~ T Chan (0T s — 21" 7 Oos Cy. (BA2)

Permuting the spinor indices in this identity and making antisymmetry in the vector indices
manifest, one finds the following relation:

(P Cag (12 C)rs = Cas (4" Oy = Car (1" Cip — Cs (4" Oy + Co (1 Csa
(B.43)

Correlator <1,Z)“ P S Sp Sy 55>
This is a triality invariant index structure for which the tensor identities are particularly
interesting. The result of this correlator is given in (5.56) in terms of nine index terms.

There we only keep the antisymmetric part in p, v of (745 C)ag (7°* C)* because the
symmetric piece can be reduced to

(11 Clag (1P O =1 (10 Chia” (7 C)at® = (7% C)a™ (1 O + (1 C)a’ (7 C)”
—(7"C)s" (1" Ca” + (1" C)s” (1 O)a” (B.44)

This can be derived by multiplying (B.41) with 4*77. Triple products of v matrices can
be eliminated as follows:

(37 C)ad (1 C)a® = =3 Chas (PO = (12 Chia® (11 C)gf® = 0™ Gy C7°
= (1" C)a” (77 C)s” + (1 C)a’ (17 O + (7 C)s” (7 C)a”
~ (" C)s" (1 C)a’ + (2" C)as € = Cp (7 . (B.45)

Observe that upon adding the relations where o and § and/or 4 and § are interchanged
one obtains for the antisymmetric v-products (y*4* 4):

(1 C)a (I C)s* + (72 C)5" (1 O)a” + (1 C)a’ (1 O + (372 ) (1 C)a” = 0.
(B.46)
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Correlator <Sa Sp Sy Ss ¢ 5¢>

The novel tensors here are of the type (v C)o¢ (72, C)gy (77 C )s¢. The antisymmetric piece
in the indices ¢, ¢ can be expressed in terms of simpler combinations:

(7 C)al (129 Oy (W )5 = Coary (12 C) 15 (7 ©)sy + Cisy (1 Ot (7 O

— Cop (M CO)p S (P C)sf — Cs5 (M O)p,* (¥ C)a}é — Cos (M C)s* (7 C)z]é : )
B.47

B.4 Relations for D = 10

Many of the following tensor identities can be traced back to the fundamental relation

(7 Cap (Vu Crs + (7 Oy (11 Cas + (77 C)ya (7. C)gs = 0, (B.48)

due to the fact that (5)®*®(S) does not contain any scalars. Here (S)®* denotes a totally
symmetric threefold tensor product of the left-handed SO(1,9) spinor representation (.5).
In general, correlators in D = 10 dimensions involve more independent Lorentz tensors
which enter more difficult relations compared to their D = 6 relatives. Observe, for
instance, that no direct analogs of the relations (B.31) and (B.32) hold.

Correlator <Sa Sp Sy 55>
The Fierz identity (A.27) with ¢, = (7* C)ay and xg = (7, C)gs admits to eliminate

('YWA Cap (VWA Cys = 12 ((7“ C)as ('YM gy — (V" C)ay (7# 0)55) ) (B.49)

and (v* C)ay (7, C)ps is redundant on account of (B.48).

Correlator <S Sﬁ S S‘;>

Setting ¢, = C,7, xp = Cg' and v, = (" C)d7, X = (Vw C)5° in (A.27) as well as

Yo = C.7, ¥° = Cs” and ), = (1 C)arys YA = (9, C)?° in (A.28) gives rise to the following
identities:

(1" C)a’ (3 )5 = ~2Ca™ G —=8Ca’ " +4 (7 Chag (3, C), )

(7" C)ap (un €)= 48 (Ca¥ C° = C €YY, )

(72 CVo (g O = =48 Ct C® + 288 Co? Cy¥ 4 48 (v C) s (7, €)', (B.50¢)

(Y27 Cap Fuaner C)1° = 1920 (Co” C° + Co® C57) = 240 (1 C)ag (3, C)*° . (B.50d)

Hence, the three different tensors appearing on the right hand side of the previous equations
are sufficient to express (S, S5 S7 S%).
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Correlator <1,Z)“ Sa S35y 55>

The six tensors C,y° (v gy, (77 A* C’)ag(% C)py and permutations in «, 3,7 can be used
to express this correlation function. However, (B.48) multiplied by (%)% admits to elimi-
nate one of them:

(17 C)a’ (1 Chy + (13 O)* (3 O + (77 7€), (1 Clap = 0. (B5Y)

Correlator <1,Z)“ P S Sg Sy S(;>

Among the fifteen index terms obtained from n* (v* C)ap (72 C)ss, (77 Cap (77 C)4s and
("2 ) g (72 C')4s including permutations in «, 3,7, d, there are four relations. We choose
to work with antisymmetric y-products because in this case the tensors involving n*”
decouple from the others in the following relations. Equation (B.48) directly implies

1" (7 Oag (1 C)rs + 1" (7 Cay (1 C)ps + 0 (7 Cas (12 C)yg = 0 (B.52)

and from (B.51) we derive:

(7" Cag (1. Cas + (" Casy (92 Cas + (1 Cas (1. C) g5
+ (7% )5 (17 Clag = (7 Clag (77 C)rs + (v C)ps (77 C)ary
= (V" Clay (0" C)ps + (0" )y (77 Clas = (7" Cas (77 Oy = 0. (B.53)
Further relations of the last type can be found by permuting the spinor indices in (B.53).
In the result (5.65) for this correlator, we have used only two out of the three independent
permutations to eliminate (v C),, (74 C)gs and (7"* C)gs (72 C')ar- The missing third
identity can be written as

('YWA Cag (12 C)rs + ('YWA Cas (10 C)yp + (VW)\ C)yg (12 C)as
+ (1" C)ys (1 Cag =4 (11 C)ay (11 C)ps = 0. (B.54)

Correlator <¢“ VY Sp S5 S7 55>

This correlator can be expressed in terms of the Clebsch-Gordan coefficients n** C,,” Cg ,
v (A Cas (”yA C)¥, (4 C)ag (v C)V‘S (7 C)ap (3 €)%, In addition we have to consider
(3 C)oY Cg?, (YA C) o (7% A1 C) 5°, permutations of all these terms in o, 3,4, 9, as well
as the three-y-chains (v*5” 7 C)ap (92 )" and (4~ 3> C)3 (7, (')ap. However only
twelve of these fifteen index terms are independent. One relatlon is found be replacing v
with A and g with v in (B.51) and multiplying with 4#77, another by treating the complex
conjugate of (B.51) in the same manner:

(32 Clas (1 OV = =21 C)as (1 O = (17 C)a¥ (773 €
o (7“;7)\ C)a (,Y Fx C) “/ (B55a)
(37" 7 O (1 Clag = =2+ Cas WWW—MWVQW%S
+2(1"7"0)a” Cs" =2(1"77 O)s" Co’ +2(1*7" C);s ol
— ("7 )t (A C)s" = (7 )5 (47 A C)a’ . (B55D)
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A third equation is found by symmetrizing the previous result in the vector indices p and
v:

("7 0)’ (11 Cha™ =20 (v Clap (1 C)° =2 (4" Cas (7 €)'
—2(7" Clag (7' C)° = ("7 O)a" (1" N C)5°
("7 )’ (N C) = (A CO)T (O’ (B56)

Correlator <Sa Sp Sy S5 Se Sé>

The relevant index terms for this correlation function up to permutations in the spinor
indices are (7" C)aps (74 C)s Cy (7, Cap (1w C)rs (757 C).. Using (B.48) one can elim-
inate six out of the fifteen tensors of the first type. Changing the index ¢ in (B.51) to ¢
and multiplying with (v, C')s. gives rise to the relation:

(75" Yol (14 Oy (0 C)sc + (7 €5 (4 C)ary (7

+(1"7 )5 (9 Clag (3 Cse = 0. (B.57)

AN
Q

~—r
&

By permuting the spinor indices in this equation one obtains eight further independent
relations that can be used to eliminate in total nine tensors of the second type.

Correlator <Sa Sp Sy 59 5¢ Sé>

For this correlations function we have to consider the 24 tensors built from C’O/g Cs* C’yc.,
(V" C)ap (7, C)¢CL, (747 C)o’ (7, C) gy (7, C) and permutations in the spinor indices.
However only 19 of these are independent. By multiplying (B.48) with 4% (%, C)° and
proceeding in the same way with the complex conjugate one obtains the equations

(77 C)a’ (4 Oy (3 OV + (1477 C)6° (4 Oy (7 C)%

+ (17" C) (3 Cag (3, C)€ = 0, (B.58a)
(77" C)a® (1 C) gy (30 €Y + (47" C)a (7, €y (5 C)¢

+ (13" C)a® (3 C)py (3, €)% = 0. (B.58b)

Upon permutation in the spinor indices these identities yield in total five independent
equations which are sufficient to reduce the number of index terms to 19.
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APPENDIX C

Generalized ® Functions

In this Appendix we demonstrate some techniques and our conventions regarding gener-
alized © functions. These enter the calculation of RNS correlators at loop-level. For a
scattering process of open strings with g loops the underlying CFT of the RNS fields has
support on a genus g Riemann surface. The generalized © functions then ensure that the
correlation functions satisfy certain periodicity properties under shifting the NS fermions
and R spin fields along the homology cycles of this manifold. We present in the following
the methods necessary to check the periodicity properties as well as a class of very useful
identities going under the name of Fay’s trisecant identity. We follow [155].

C.1 Periodicity Properties

Correlations functions of RNS fields at the g loop-level have to satisfy certain periodicity
conditions if the fields are transported around the 2g homology cycles ay, §r of the genus
g Riemann surface. The sign configuration are encoded in the spin structure a, b,

(P"(z1 + ap) @a(22) ... On(2n))p = €™ (P (21) a(22) . . . dn(2n)) (C.1a)

a
b
a
b

<1/1M(21 + B1) ¢2(22) - - -¢N(ZN)> = et <¢“(21) $2(22) ... ¢N(ZN)>

Sl ol gy

(C.1b)

where ¢; are some other RNS fields. The situation is different for R spin fields. These fields
create branch cuts on the Riemann surface and the NS fermions change sign when going
around these points. If the spin field is translated around a homology cycle, the branch
cut is extend along all the way and therefore the whole spin structure of the correlator
changes:

(Salz1 + ar) ¢a(z2) ... o (2n))g ~ (S4(21) da(22) - Ox (), o (C.2a)
(Sal(z1+ Br) 6a2(22) .. o (2n))5 ~ (Sy(21) $a(22) . .. o (zn) e (C.2b)
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For checking that the presented loop correlators satisfy these properties the © function
identity

QT + 5+ QI]Q) = exp [— ir (B QT+ (27 +b+2 5‘))} 0Tl (7]0) (C.3)

is handy. The prime forms change under z — z 4+ o or z — z + 3 like
E(z+ ar,w) = E(z,w), (C.4a)
E(z + fr,w) = exp [— iWQH—Qm'fw[} E(z,w). (C.4b)

w

C.2 Fay’s Trisecant Identity

We now list some versions of Fay’s trisecant identity. These are relations between general-
ized © functions @g and the prime forms E;; = E(z;, z;) defined in Chapter 5.1.1. From our
perspective they can be understood as the loop generalization of the tree-level z-crossing
identity

213 224 = 212 234 1 214 223 - (C.5)

The most general form of Fay’s trisecant identity is given in [131]:

R Nmk . N-1 NE{L‘Z,ZL‘E iy Yi
@g( u_}, o 6_,) [ %(éj:| Hl<j N( j) (y y])
k=1 Y% Hi,j:l E(i, yj)
= (0¥ o [ Bl e Ta-e)] (C6)
1,] yj

Here z;,y;, 4,7 = 1,2,..., N, denote arbitrary positions on the Riemann surface of genus g
and € € CY with @‘g(g) # 0. The particular choice €= 1 S [y & — A yields (C.6) in its
most convenient form for the manipulation of loop correlators:

i N Tofodam Y By By
@%(l ch+A) {@@(l f&—A)} i
b 2;%@ b 2;91% Hf\’gzlE(xz,y])
N .
= (_1)N(N—1)/2 det |:E(ZL‘Z,y])_1 @g(- %Z fku_j‘F flu_j‘|‘&):| . (C?)
b k—1 Yk Yj

These identities are of great use when determining and manipulating the coefficients of
the different index terms in a loop correlator. First, they are needed when one changes
the basis of Clebsch—Gordan coefficients and different z coefficients have to be summed
up. Second, they are required in the opposite way for the derivation of loop correlators in
Lorentz covariant form as presented in Chapter 5.2.2, especially when the contributions to
different index terms have to be separated.
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We now present various versions of (C.6) for different N. In the case N = 2 and
(21, 22, 23, 24) = (21, Y1, T2, y2) We obtain the loop generalization of (C.5):

E13E24 <fw+ fw+A) g(%fW*F fw— )

24

—E12E34@<‘[Jj+% ﬁ+&)@§<§f@+%fw—A)

z3 Z4 z3 z4

+E14E23@§<§ &+ 3 w+&)@g<§m+§m—&). (C.8)
29 23 z2 zZ3

Indeed, this reduces to (C.5) for g = 0 because then E;; — z; and @‘g — 1. The next
order version N = 3 becomes relevant for correlators including at least six fields:
Ers Ens Ess Eay Eag Eyg
Ers Eng Erg Eog B3y E3e Eos Eys Esg
2
o 21 23 25 5 N
x@%(%fﬁ+%f&+%fﬁ—A) [ g(%fw+ fw+ fw+ )}
22

z6

1 al 1
- Qi-Llig+ifas+ifa+A
By B3y Fsg b( 2f f zfe )

x@‘g(%flﬁ——fw+ fw+A)@“(1fw+%ch %5 +&)

1 e )
- 0L+l o+l o+A
Evo Esg Esy b( 2f2 zfe f
a1~ 17 N 1 125 1%, R
x@%ifw——fw §IW+A @a f +§fw—§ W+A
29 26 zZ4 zZ2 Z6 zZ4
1 . 25
+——— O [F+ [T+ [T+ )
Ehy Esg Esy b( 2 { 2 fe 2zf2

x@“(lfw——fw+ fw+A)@“(1f +17a —gziwﬁ)
_ 1 4
FEi4 Esy Esg

x@g(giw—gfw §f6w+A)@a(1{ +§Zf2 —%fﬁ+A)

22

S @l

(%Zf+fw+ fw )

22

1 ) I
+——— O [F+ [T+ [T+ )
FE16 B3z Esy b( 2 f6 2 fz 2z{1

x@g(%flﬁ——fw+ fw+A)@“(1f +%f3 -3 ﬁ+&)

1

e — lzw+ S+1Mo+ )
Eig B3y Eso ( 2f6 f f

Z4

S @l
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if1%F = 123 12 6121—» 1P 1F =X
zZ6 Z4 22
We do not display the case N = 4 in full beauty as it contains 26 terms with four ©
functions each. It has the structure
Fh3 Ers Frp B By Eisy Eoy Eog Eog Eus Eus Ees
Ehg Ery Ere Erg Eog Eos Eor Esy Esg Ess Eys Eyr Fisg Fiss Fgr g

X@Z;( [fw+fw+fw+f} *)[b( [fw+fw+fw+f} )r

1
By B3y Fsg Ers
x@g( [fw+fw+fw—f7w}+&) ‘g(%[fw+fw—fw+f} &)
x@g(g[zm—sz+sz+sz]+&)@g(§[ wa+sz+fw+f} )
_ 1
FE13 E34 Esg Frg
x@gi( [fw+fw+fw—fw}+&) g(%[fw+fw—fw+f }+ )
x@g(g[m—mﬂwﬂw}+&)@g(§[ fw+fw+fw+f} )
+ 22 further permutations in (23, 24, 26, 23) - (C.10)

This relation is highly important for calculating the six-dimensional loop correlator consist-
ing of four left- and right-handed spin fields each. Only with this version of Fay’s trisecant
identity we have been able to generalize this correlator to (5.70) with an arbitrary number
of left- and right-handed spin fields.



APPENDIX D

Details of the Amplitude Calculation

In this Appendix we collect details for the calculation of the open string amplitude pre-
sented in Chapter 6. In particular we state the kinematical terms entering the expressions
K? and show the necessary steps for checking gauge invariance or giving results in spinor
product notation.

D.1 The Kinematical Structure

The index terms appearing in the correlators (6.24)-(6.26) are multiplied in the calculation
with the momenta of the gauge bosons, ki, ko, their polarization vectors &1,&; and the
polarization spinors of the gauginos, us, us and g4, g. Taking these expressions together,
the terms entering K’ take the form:

R' = 4 (ki kz) (1) (35) [46], R = 4 (k&) (k1 &) (35) [46],

R? = 4 (k1 &) (ko &) (35) [46], RY = 4 (ka&) (ks &2) (35) [46],

R® = 4 (k&) (ks &2) (35) [46], R = 4(ks&) (ka&2) (35) [46],

R = 4 (ko &) (ka2) (35) [46], R = 4(ks&) (k5&2) (35) [46],

R = 4 (k2 &) (ks &) (35) [46], RY™ = 4 (ks&) (k1 &) (35) [46]

R® = 4(ks&1) (k1 &2) (35) [46], R = 4 (ks &) (ks &) (35) [46],

RT = 4(ks&1) (ks &2) (35) [46], R = 4 (ks &) (ka&2) (35) [46],

R® = 4 (ks&1) (ka2) (35) [46], R = 4 (ks &) (ks &) (35) [46],

R = 4 (ks &) (ks &) (35) [46], (D.1)
St = 2 (ki ko) &, & (Us e 57 0" Ug) (35) = 2 (k1 ko) &1y &o (ug 0t 0¥ € us) [46]
S* = 2(& &) ki ko (s e 5" 0 1) (35) = 2(& &) ki kay (uz 0t 67 € us) [46]
S* = 2 (k1 &) &1y ko (Us e 5" 0 Ug) (35) = 2 (k1 &) &1 Koy (uz 0t 67 € us) [46]
S* = 2(& ko) ki &y (s e 5% 0" Ug) (35) = 2 (& ka) ki &ou (uz 0t 67 € us) [46]
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U' = 2 (ki ko) &1y oy (uz ot ig) (us 0" i), V' = 2 (ki &) k& (ug o i) (us 0¥ iy)
U? = 2(&1&) kry kay (us 0 i) (us 0" ), V? = 2 (kg &) kry &1 (us 0 ) (us 0¥ 1) ,
U? = 2(k1 &) &upkay (us 0 i) (us 0" ), V> = 2(ky &) Fry &1 (us 0" ) (us 0¥ 1)
Ut = 2 (ko &)k Cau (uz 0 i) (u50" ), V' = 2 (ks &) b1y &1 (us 0" 1) (us 0¥ Ua)
U 2 (k1 &a) k&1 (u 0 1) (us 0¥ 1) Ve = 2 (ko &1) kap &au (ug 0 ) (us 0¥ 1y)
U = 2 (k3&) k1w (us 0" 1) (us 0¥ 1), VO = 2 (k&) koy Ea (us 0™ i) (u5 07 Ua) ,
UT = 2(ks&) knpEry (uz 0 i) (u50" ), V7 = 2(ka &) oy Ea (us 0" ) (us 0¥ 1a)
U® = 2 (ks &) kb (us 0% i) (u5 0" ), VS = 2 (ks &1) oy Eau (ug 0" ) (us 0¥ 1)
U° 2 (k2 &) Koy &ou (ug 0 a) (us 0" )

U 2 (k3 &1) koy &ou (ug 0 a) (us 0" )
Ut 2 (k4 &) ko Eou (ug 0 uy) (us 0” Gg)
U = 2(ks &) ko Eau (us 0¥ 1iy) (us 0 1) (D.3)
W = 2(k1 &) k1 €1y (us 0™ y) (uz 0’ i), X' = 2(k1 &) ki €1 (us 0 ) (uz 0¥ i)
W? = 2 (ks &) ki & (us 0 g) (uz 0¥ tg), X° = 2 (k3 &) ki &1y (us 0 i) (uz 0 i)
W3 = 2 (ky&) ki & (us 0 y) (uz 0¥ tg), X° = 2 (ke &) ki 1y (us 0 tig) (uz 0 iy)
W = 2 (ks &) k1 & (us 0 ) (uz 0¥ g), X' = 2 (ks &) ki &1y (us 0% g) (uz 0 i)
WP = 2 (kg &) ko o (us 0" y) (uz 0¥ g), X° = 2 (ko &) oy Eau (us 0 1) (uz 0 i),
WO = 2 (ks &) ko o (us 0" y) (uz 0¥ tg), X°® = 2 (k3 &) oy Eau (us 0 1) (uz 0 iy)
W7 = 2 (ks&1) kop o (us 0 g) (uz 0¥ tg), X© = 2 (ka&y) oy Eau (us 0 1) (uz 0 i),
WS = 2 (ks &) ko o (us 0" y) (uz 0¥ tg), X° = 2 (ks &1) ko Eau (us 0 tig) (uz 0 ),
(D.4)

Y, = kmflukz)\fzp( o'c’ o U4) (U50pU6)7

Yy = kl,u IS fzp (U o &* ot U4) (U5 o UG) )

Y; = klu S1v ko §2p (UsU o UpUG) (U5 ot 4) )

Yy = ki & ko &op (uz 0t 6% 0° ) (us 0™ Uy)

Y; = kl,u IS fzp (U50' o o” 6) (U3 ot 4) )

Yo = k1, &1 kon&op (us 0 " o u6) (us o uy), (D.5)

Zy = (35) k1 &1 kox &op (g € 5% 07 67 0P 1)

Zy = [46] k1, &1y Kox o, (uz 0¥ 67 02 67 2 us) . (D.6)
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These terms combine as follows into the kinematical factors &t
K' = R'/s, — R?,
K2=R+R —-U'—U°—UY 4+ V24 V5,
K3¥=R'+ R4+ 8-S+ U —U3—V3-V5
+ X+ XYYty Y21
IC4 — R5—|—R17—|—W4—|—W5+W8—X4—X5,
K= —RE R +UP+US+ UV -V —V2,
ICG — —RlO—R12+V1+V3—X1—X3+Zl,
IC7 — —R14—R17—W1—W4—W8+X1+X4
K = — R'+ R?,
=8-S U+ U3+ Y2 -y —YS4+Y",
Ko — —Tl—T2+T3+T4,
KM = 52—54—U2+U4—Y2+Y3,
]C12 — Rll - Ull - V2 +X2
’C13 — R15 _ U12 +W2 _X2
’C14 — RS—U7+V3—Y1+Y4,
]C15 — R16—|—W3—X3+Y1—Y4
K =R U+ VA4 WE,
K" = RY -V W™+ X*, (D.7)
For a homogeneous notation in (6.30) we have introduced
IClSZVG, IC19:V7, ICZOZVS, ICQl—ZQ,
K*? = X°, K#=XT. K = X5, (D.8)

D.2 Gauge Invariance

Checking gauge invariance of the amplitude is achieved by setting the polarization vector
of one of the gluons equal to its momentum, &* = k*. This corresponds to a pure gauge
configuration and the amplitude must then vanish. In the following We demonstrate the
steps for checking gauge invariance in case of the first gluon, i.e.

arbitrary. The kinematical terms (D.1)-(D.6) then become

(R?, R°, R, R") = L' (512,813, 514 515) , (U°,U"°, U™
(R*,R",R",R") = L? (s12, 513, $14515) » (V" VO, V",V
(R4,R R, R'%) = L? (819, 813, 510 515) , (W>, WO, W7,
( , R R', R”) =11 (512, 513, S14 515) , (X5 X¢ X7

U12)
V)
we)
)

XS

Il
S

P2
P3

4
P” (812, 513, S14 S15 )>

N
= kY, while & is
512, 813, S14 815) )

(

(812, 513, 514 815) )
(812, 513 514 815) )
(

(D.9)
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where we have defined

L= % (K1 &2) <35> [46] Pl = é Koy §ou (ug 0 Ug) (us 0 Ug)
L? = 2 (ks&) (35) [46], P? = L kg & (us 0 ) (us 0™ tg)
L3 = % (k?4 gg) <35> [46] y P3 = é kQM ggy (U5 ot fL4) (Ug ot ﬂ@) 5
L4 = % (k?5 gg) <35> [46] s P4 = é kQM ggy (U5 ot fbﬁ) (Ug ot ﬂ4) . (DlO)
Additional simplifications occur as the following terms coincide:
Rl — R2 Tl — T4 U5 — Xl Vl — Wl
st =5 T = T° U’ = Xx? V=W
52 — S3 Ul — U4 U7 — X3 V3 — W3
U* = U?, Ut = X*, Vi =W, (D.11)
Further concordance is found when we imply the formula (B.6). One obtains:
U5:X1:V1:W1, U9—|—X5IV5+W5,
U6:X2:V2:W2, U10+X6:V6+W6,
U7:X3:V3:W3, U11+X7:V7+W7,
UP = X* =Vt =W, U2+ X8 = Ve W8, (D.12)

Let us now discuss the three- and four-o-chains (D.5) and (D.6). The terms Y!, Y4 Y¢ 7!
and Z? vanish as a result of

Rk (07 572) 05 = Kk [(0772) 05 — ™). (D.13)

The first term disappears because o#” is antisymmetric in the vector indices, but k, &, is
symmetric. The second term simply vanishes due to k% = 0. The remaining expressions
Y are not independent. Upon using the formula (B.16) in the form of

(077" €)ay (65" 0") 35 = (075" 0") 5075 — (077 0") 50",
(0" 5" €)ay (e 0”)g5 = (0" o o). O'ZB — (0" 5 o) . o (D.14)

we find for the leftover kinematic terms

Y2 =Y 4+ U —Uy— S+ 855, Y3 = Y%, (D.15)



D.3 Results ins Spinor Product Notation 153

These results taken together lead to tremendous simplifications for the K’s:

S (1-— 512) , KY¥ = 515 L2,

K? = (s12+ s13) (L* — P® + P*) — 5153 P, K% = s13(L* + P%),

K3 = (s12+ s14) L* — 819 (P? — P%), K = sy (L* + P3),

K* = (s12 + s15) (L* 4+ P?) — 515 P*, K8 = 5,5 P2,

K? = —s5 (L' + L* — P? — P> - P%), KY = s14 P2,

K = —siu (L' + L?), K2 = 545 P2,

K" = —s15 (L' + L* — P%), K22 = 515 P,
IC122814(L2—P2—P3+P4), IC23:814P4,
IC132815(L2—P2—P3+P4), K2 = 55 P*.

KM = si3 L7, (D.16)

In terms of these kinematical structures the amplitude must vanish on account of the pure
gauge configuration of the first gluon. The seven terms above L', L?, L3, L* and P?, P3, P*,
are independent. The vanishing of the amplitude must therefore be due to cancellations
between the integral terms H;. This circumstance yields precisely the equations in (6.33),
while similar calculations for inspecting gauge invariance of the second gluon lead to (6.34)

and (6.35).

D.3 Results ins Spinor Product Notation

The first gluon is chosen to have negative helicity and reference momentum k4. The second
has positive helicity and we take k5 as reference momentum. The polarization vectors
become for this choice:

_ 1 (ﬂmakl ];34' 1 5_,uc'vak,5 EQ'
m_ _vlama e —_ - wama D.17
ST Y TTA @ A7
Multiplication of the polarization vectors with another four-momentum results in
_ 1 (14) [#4] 1 (54) [12]
k; e —— , ki E5H = —— D.18
ST "= ) (DAY

Together with k, o, = k, ks the kinematic terms (D.1)-(D.6) can then entirely be written
in terms of spinor products. Due to (ii) = [jj] = 0 many of these terms vanish. The
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remaining ones are:

(7% R RY) =2 <<§’25>> (51)012], (53)[32), (54)[42])
(7R RY) =2 <<§25>> (51)(12), (53)[32], (54)[42])
(R“ R Rlﬁ> - <<§25>> ( 3)[32], (54) [42])
(U5,U6 7) - 5515; ( 3)[32], (54) [42])
<X5,X6 8) - <<:§>> ( 3)[34], <15>[54]>
(52 T? U2> - ((12)[26](35)[41], (13)[12](25)[46], (13)[14](52>[26]).
(D.19)
Additionally, it turns out that the following terms coincide,
R' = R*, wt=0°, WP = X5, Y3=-Yi=Y%=02,
St =52, w?=U°, W = X6,
=17, W?=U", wWh=X", (D.20)

while all other expressions in (D.1)-(D.6) vanish. With these findings the kinematics K
simplify considerably. The results can further be reduced with the help of the relations
found from gauge invariance. Ultimately, only eight factors contribute to the amplitude:

K' = (1/s1 — 1R, K" = —R" - U?,

’C2:R3+R7—U6 IC13:R15+U6

K* = R* + X7, KM =R -U>-U" + X%,

Kb = —-RC -~ R +U°+US, K¥ = R+ U* 4+ U™ 4 X5, (D.21)

Inserting the respective expressions above yields (6.43).
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Spinor Helicity Formalism

In this Appendix we present further details regarding the spinor helicity formalism in four
space-time dimensions [162-164]. The following presentation is inspired by [165,173].

E.1 Clifford Algebra

First, let us present our conventions which follow [21]. The metric in our discussion takes
the form 7, = diag(—1,+1,+1,41). Gamma matrices, representations of the Clifford
algebra

{TH TV} = =20, (E.1)

are for example given by!

m _
PM=<(_TOM ‘70> r5z—z‘r°r1r2r3=<01 ?) (E.2)

with o# = (=1, —0"), " = (—1,0") and ¢* the standard Pauli matrices

O PR U DR (A B

i

In component form the matrices have the index structure Tl "% and behave under

complex conjugation as
() =t (@4 =g, (B.4)
Spinor indices can be raised and lowered using the diagonal blocks of the charge conjugation
matrix e,4, €%’. These are antisymmetric 2 x 2 matrices, whose inverse is denoted by £
and €, respectively. We use €15 = g2l = —1. With the help of these matrices o* and o*
are related via ,
by = €ap €4 ghhB (E.5)

IThis representation is very convenient to use in the following, but does not coincide with the repre-
sentation constructed in Appendix A.4.
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E.2 Momentum Spinors

Any four-momentum k, of a particle with mass m can be contracted with o/,

0 3 11 212
kK°+k° k zk) (E.6)

= no—
W=ho <k1+ik2 kO — kP

In index notation this reads kas = k, ok, and k% = k,c"%. Applying the identity

B aa
Tr(o* ") = —2n" these relations can be inverted
1 Py1NeTe1 1 aa
k“: —5 kad(f’u = —§]€ O'gd. (E?)

For real momenta the matrix & is hermitian and can therefore be written as
2
k= Z Ki ViV (E.8)
i=1

where v; are the eigenvectors and r; the corresponding eigenvalues [174]. The determinant
of k yields
detk = —k, k" = —m?. (E.9)

In our work we are dealing with massless particles. Therefore the determinant vanishes
and hence k has only one eigenvector v and eigenvalue A. Following (E.8) the matrix in
component notation can be decomposed as

kad - ka kd 5 (ElO)

where we have defined k, = VK Vo. The quantities kq, k4 are obviously related by complex
conjugation, k, = (k4)*. The same decomposition holds for

ko = k% k~ (E.11)
with k% = (k%)*. Due to (E.5) these are related to the previously introduced ko, ks by
ko = €ap K° ke, = €45 EP. (E.12)

The commuting quantities ko, and kg carry spinor indices and are therefore referred to as
momentum spinors. Note that we have not made use of the Dirac equation and hence, the
introduction of momentum spinors is possible for massless bosons and fermions. In the
latter case k, and k, are chiral solutions of the Dirac equation, i.e. solutions with definite
helicity 4. This fact lends its name to the formalism.

We prove this by directly constructing chiral, plane-wave solutions of the massless Dirac
equation

Fu(k) = <Z‘éﬁi fz) ~0, (E.13)
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where u(k) = (Ao, X%)! and A, x are two-component Weyl spinors. Due to the block-
diagonal form of I'; in (E.2)

ww=(5) ww=(5) (B.14)

P:t ui(k) = ui(k) s P:t qu(k) =0 (E15)

satisfy the identities

with the projector PL = %(1 +I's). Hence, for appropriate )\, and \* the spinors u
are solutions to (E.13) with definite helicity +. We define the Dirac conjugate of u(k) by
u(k) = —u(k)'T° Then

u-(k) =(0,x), (k) =(A*0), (E.16)

where (\o)* = g, (A%)* = A%, Indices can be raised and lowered in the same fashion as

in (E.12). The four-momentum entering (E.13) can be parameterized in polar coordinates

asQ

k' = (E, E sinf cos ¢, E sin 6 sin ¢, E' cos ¢). (E.17)
Then (E.6) becomes
A sce da s —sce™

with the abbreviations s = sin (/2) and ¢ = cos (0/2). The eigenvalue of k.4 is k = 2F
and the corresponding eigenvector v = (ce™*, s)!. As before we set k, = V2FE v, and find

ko = V2E (Cef) , ko = V2E (ce™, s),
k= 2E ( ° ) , k* = V2E (s, —ce ™). (E.19)

—cei?
With the explicit expressions (E.18) and (E.19) one can now check that indeed
koo = ko ke kO = kY k”. (E.20)
Additionally these satisfy
koo K* = k*“ky =0, ko kO = k%kaa = 0. (E.21)

By comparison with (E.13) this proves that u. (k) satisfy the Dirac equation if one identifies
Ay = ko, and \¥ = k4.

2In the following we attach vector and spinor indices to the quantities in order to distinguish them from
each other.
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E.3 Spinor Products

Using o, 0,55 = —2€ap€,p and the fact that k, k; are commuting quantities we can
write the Mandelstam variable s;; in terms of momentum spinors:

| e
sy = (ki + kj)Q =2k k; = 5 k; k]@ﬁ als 0,85 = (ig) [i7] - (E.22)
Here we have introduced the bracket notation for spinor products

Pae) =1"da,  [pd=0ad" (E.23)

as in [108] and the short-hand notation (k; k;) = (ij) and [k;k;] = [ij]. In the case of
fermions the bras and kets can be associated to the Weyl spinors (E.14) and (E.16):

Fl=aek),  Ky=u k), Kl=a(k), |k=uk). (E.24)
The antisymmetry of €,4 establishes that the spinor products are also antisymmetric,
(ij)=—Q@a, lij=-ld = () =[]=0. (E.25)

For real momenta the different brackets are related by complex conjugation, (i j)* = —[ji].
In the manipulations of spinor products the following relations are helpful. The Fierz

identity
Eary EBS = EaB € + Ead €8y (E.26)

yields upon multiplication with momentum spinors the Schouten identity

(i) (k) = (k) G 1) + (1) (kJ) . (E.27)

For n-particle scattering momentum conservation )., kI = 0 can be formulated in terms
of momentum spinors. For this purpose we apply (E.6) and (E.10) and multiply with two

further spinors in order to find
n

Z[j i (ik)=0. (E.28)

=1
ik

E.4 Polarization Vectors

The polarization vectors entering the calculation of amplitudes through the gluon vertex
operators with momentum £* and reference momentum r* become in the helicity formalism

1 "%,k 1 519 ko 7

§+“(ka7“):—7§wa ffﬂ(kﬂ“):—ﬁw7

(E.29)
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where £ comes with a right-handed, £~ with a left-handed gluon state. Upon contraction
with o¥, these yield

ka fo'z
[kr]

k) = V2T k) = V2

ad

(E.30)

It is easy to show that
g, =1, rgr=E"1¢, =0 (E.31)

if the polarizations have the same momentum and reference vector. Multiplying a polar-
ization vector with the momentum of another particle gives
1 (ri) k1] _ 1 (ki) [ri]
ki &0k, r) = — ", k; Mk,r)= ————. E.32
Then it is clear that these products vanish for k;, = k, or k;, = r,,.
The reference momentum 7 entering (E.29) can be freely chosen. It shifts under the
change r — s by an amount proportional to the momentum of the gluon,

€80 (k) = €74k 3) = 5 T (e o oy
1 To Sg

== "7 _(co¥d" +eo" ")k,

V2 (rk) (sk)

=2 % kH . (E.33)

In the last step we have used the Clifford algebra (E.1). In the same way one can show
that

[r 5]
[kr] [k s]

Shifting £ by an amount proportional to its momentum corresponds to an on-shell gauge
transformation acting on the gluon. The choice of the reference momentum is therefore a
gauge choice.

EMk,r) — Mk, s) = —V2 Kt (E.34)



160 E. Spinor Helicity Formalism




1]

2]

[10]

[11]

[12]

Bibliography

D. Hartl, O. Schlotterer and S. Stieberger, Higher point spin field correlators in
D=4 superstring theory, Nucl.Phys. B834 (2010) 163-221 [arXiv:0911.5168].

D. Hartl and O. Schlotterer, Higher loop spin field correlators in various
dimensions, Nucl.Phys. B849 (2011) 364-409 [arXiv:1011.1249].

D. Hartl, Spin Field Correlators in Various Dimensions, to appear in Nucl.Phys. B
- Proceedings Supplements.

D. Hértl, O. Schlotterer and S. Stieberger, Couplings of brane & bulk string states
vs. pure brane couplings, to appear.

S. Glashow, Partial Symmetries of Weak Interactions, Nucl.Phys. 22 (1961)
579-588.

S. Weinberg, A Model of Leptons, Phys.Rev.Lett. 19 (1967) 1264-1266.

A. Salam, Weak and Electromagnetic Interactions, Proceedings Of The Nobel
Symposium (1968) 367-377.

M. E. Peskin and D. V. Schroeder, An Introduction to quantum field theory,
Addison-Wesley (1995).

P. W. Higgs, Broken symmetries, massless particles and gauge fields, Phys.Lett. 12
(1964) 132-133.

F. Englert and R. Brout, Broken Symmetry and the Mass of Gauge Vector Mesons,
Phys.Rev.Lett. 13 (1964) 321-322.

G. Guralnik, C. Hagen and T. Kibble, Global Conservation Laws and Massless
Particles, Phys.Rev.Lett. 13 (1964) 585-587.

P. Langacker, Introduction to the Standard Model and Electroweak Physics,
[arXiv:0901.0241].

S. Weinberg, Implications of Dynamical Symmetry Breaking, Phys.Rev. D13 (1976)
974-996.



162

BIBLIOGRAPHY

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

E. Gildener, Gauge Symmetry Hierarchies, Phys.Rev. D14 (1976) 1667.

L. Susskind, Dynamics of Spontaneous Symmetry Breaking in the Weinberg-Salam
Theory, Phys.Rev. D20 (1979) 2619-2625.

Particle Data Group Collaboration, K. Nakamura et. al., Review of particle
physics, J.Phys.G G37 (2010) 075021.

J. E. Kim and G. Carosi, Azions and the Strong CP Problem, Rev.Mod.Phys. 82
(2010) 557-602 [arXiv:0807.3125].

WMAP Collaboration Collaboration, E. Komatsu et. al., Seven-Year Wilkinson
Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation,
Astrophys.J.Suppl. 192 (2011) 18 [arXiv:1001.4538].

R. Peccei and H. R. Quinn, CP Conservation in the Presence of Instantons,
Phys.Rev.Lett. 38 (1977) 1440-1443.

R. Peccei and H. R. Quinn, Constraints Imposed by CP Conservation in the
Presence of Instantons, Phys.Rev. D16 (1977) 1791-1797.

J. Wess and J. Bagger, Supersymmetry and supergravity, Princeton University Press
(1992).

R. Haag, J. T. Lopuszanski and M. Sohnius, All Possible Generators of
Supersymmetries of the S Matriz, Nucl.Phys. B88 (1975) 257.

S. R. Coleman and J. Mandula, All Possible Symmetries Of The S Matriz,
Phys.Rev. 159 (1967) 1251-1256.

S. P. Martin, A Supersymmetry primer, [hep-ph/9709356].

H. Georgi and S. Glashow, Unity of All Elementary Particle Forces, Phys.Rev.Lett.
32 (1974) 438-441.

H. Fritzsch and P. Minkowski, Unified Interactions of Leptons and Hadrons, Annals
Phys. 93 (1975) 193-266.

A. Einstein, On the General Theory of Relativity,
Sitzungsber.Preuss. Akad. Wiss.Berlin (Math.Phys.) 1915 (1915) 778-786.

R. M. Wald, General Relativity, The University of Chicago Press (1984).

S. M. Carroll, Spacetime and geometry: An introduction to general relativity,
Addison-Wesley (2004).

S. Weinberg, The Cosmological Constant Problem, Rev.Mod.Phys. 61 (1989) 1-23.



BIBLIOGRAPHY 163

[31]

32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

J. D. Bekenstein, Black holes and entropy, Phys.Rev. D7 (1973) 2333-2346.

S. Hawking, Particle Creation by Black Holes, Commun.Math.Phys. 43 (1975)
199-220.

M. B. Green, J. Schwarz and E. Witten, Superstring Theory. Vol. 1: Introduction,
Cambridge University Press (1987).

M. B. Green, J. Schwarz and E. Witten, Superstring Theory. Vol. 2: Loop
Amplitudes, Anomalies and Phenomenology, Cambridge University Press (1987).

J. Polchinski, String theory. Vol. 1: An introduction to the bosonic string,
Cambridge University Press (1998).

J. Polchinski, String theory. Vol. 2: Superstring theory and beyond, Cambridge
University Press (1998).

G. Veneziano, Construction of a crossing - symmetric, Regge behaved amplitude for
linearly rising trajectories, Nuovo Cim. A57 (1968) 190-197.

T. Thiemann, Lectures on loop quantum gravity, Lect.Notes Phys. 631 (2003)
41-135 [gr-qc/0210094].

E. Witten, String theory dynamics in various dimensions, Nucl.Phys. B443 (1995)
85-126 [hep-th/9503124].

D. Tong, String Theory, [arXiv:0908.0333].

F. Gliozzi, J. Scherk and D. 1. Olive, Supersymmetry, Supergravity Theories and the
Dual Spinor Model, Nucl.Phys. B122 (1977) 253-290.

M. B. Green and J. H. Schwarz, Anomaly Cancellation in Supersymmetric D=10
Gauge Theory and Superstring Theory, Phys.Lett. B149 (1984) 117-122.

J. Polchinski, Dirichlet branes and Ramond-Ramond charges, Phys.Rev.Lett. 75
(1995) 4724-4727 [hep-th/9510017].

R. Blumenhagen, B. Kors, D. Liist and S. Stieberger, Four-dimensional string
compactifications with D-branes, orientifolds and fluzes, Phys.Rept. 445 (2007)
1-193 [hep-th/0610327].

A. Strominger and C. Vafa, Microscopic origin of the Bekenstein-Hawking entropy,
Phys.Lett. B379 (1996) 99-104 [hep-th/9601029].

e. Erdmenger, Johanna, String cosmology: Modern string theory concepts from the
Big Bang to cosmic structure, Wiley-VCH (2009).



164

BIBLIOGRAPHY

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

T. Weigand, Lectures on F-theory compactifications and model building,
Class.Quant.Grav. 27 (2010) 214004 [arXiv:1009.3497].

S. Raby, Searching for the Standard Model in the String Landscape: SUSY GUTs,
Rept.Prog.Phys. 74 (2011) 036901 [arXiv:1101.2457].

N. Seiberg and E. Witten, String theory and noncommutative geometry, JHEP
9909 (1999) 032 [hep-th/9908142].

D. Liist, T-duality and closed string non-commutative (doubled) geometry, JHEP
1012 (2010) 084 [arXiv:1010.1361].

R. Blumenhagen and E. Plauschinn, Nonassociative Gravity in String Theory?,
J.Phys.A A44 (2011) 015401 [arXiv:1010.1263].

J. M. Maldacena, The Large N limit of superconformal field theories and
supergravity, Adv.Theor.Math.Phys. 2 (1998) 231-252 [hep-th/9711200].

S. Gubser, I. R. Klebanov and A. M. Polyakov, Gauge theory correlators from
noncritical string theory, Phys.Lett. B428 (1998) 105-114 [hep-th/9802109].

E. Witten, Anti-de Sitter space and holography, Adv.Theor.Math.Phys. 2 (1998)
253291 [hep-th/9802150].

J. Erdmenger, N. Evans, 1. Kirsch and E. Threlfall, Mesons in Gauge/Gravity
Duals - A Review, Eur.Phys.J. A35 (2008) 81-133 [arXiv:0711.4467|.

S. A. Hartnoll, C. P. Herzog and G. T. Horowitz, Building a Holographic
Superconductor, Phys.Rev.Lett. 101 (2008) 031601 [arXiv:0803.3295].

S. A. Hartnoll, C. P. Herzog and G. T. Horowitz, Holographic Superconductors,
JHEP 0812 (2008) 015 [arXiv:0810.1563).

M. Ammon, J. Erdmenger, M. Kaminski and P. Kerner, Superconductivity from
gauge/gravity duality with flavor, Phys.Lett. B680 (2009) 516-520
[arXiv:0810.2316].

M. Ammon, J. Erdmenger, M. Kaminski and P. Kerner, Flavor Superconductivity
from Gauge/Gravity Duality, JHEP 0910 (2009) 067 [arXiv:0903.1864].

P. Candelas, G. T. Horowitz, A. Strominger and E. Witten, Vacuum Configurations
for Superstrings, Nucl.Phys. B258 (1985) 46-74.

M. Grana, Flux compactifications in string theory: A Comprehensive review,
Phys.Rept. 423 (2006) 91-158 [hep-th/0509003].

S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, De Sitter vacua in string
theory, Phys.Rev. D68 (2003) 046005 [hep-th/0301240].



BIBLIOGRAPHY 165

[63]

[64]

[65]

[66]

[67]

[68]

73]

[74]

[75]

O. Lebedev, H. P. Nilles and M. Ratz, De Sitter vacua from matter superpotentials,
Phys.Lett. B636 (2006) 126-131 [hep-th/0603047].

R. Bousso and J. Polchinski, Quantization of four form fluzes and dynamical
neutralization of the cosmological constant, JHEP 0006 (2000) 006
[hep-th/0004134].

S. Cullen, M. Perelstein and M. E. Peskin, TeV strings and collider probes of large
extra dimensions, Phys.Rev. D62 (2000) 055012 [hep-ph/0001166].

D. List, S. Stieberger and T. R. Taylor, The LHC string hunter’s companion,
Nucl.Phys. B808 (2009) 1-52 [arXiv:0807.3333|.

D. List, O. Schlotterer, S. Stieberger and T. Taylor, The LHC string hunter’s
companion (II): five-particle amplitudes and universal properties, Nucl.Phys. B828
(2010) 139-200 [arXiv:0908.0409].

W.-Z. Feng, D. Liist, O. Schlotterer, S. Stieberger and T. R. Taylor, Direct
production of lightest Regge resonances, Nucl.Phys. B843 (2011) 570-601
[arXiv:1007.5254].

N. Arkani-Hamed, S. Dimopoulos and G. Dvali, The Hierarchy problem and new
dimensions at a millimeter, Phys.Lett. B429 (1998) 263—272 [hep-ph/9803315].

[. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, New dimensions at a
millimeter to a Fermi and superstrings at a TeV, Phys.Lett. B436 (1998) 257263
[hep-ph/9804398].

N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phenomenology, astrophysics and
cosmology of theories with submillimeter dimensions and TeV scale quantum
gravity, Phys.Rev. D59 (1999) 086004 [hep-ph/9807344].

CDF Collaboration, T. Aaltonen et. al., Invariant Mass Distribution of Jet Pairs
Produced in Association with a W boson in pp Collisions at v/s = 1.96 TeV,
Phys.Rev.Lett. 106 (2011) 171801 [arXiv:1104.0699].

L. A. Anchordoqui, H. Goldberg, X. Huang, D. Liist and T. R. Taylor, Stringy
origin of Tevatron Wjj anomaly, [arXiv:1104.2302].

L. A. Anchordoqui, H. Goldberg, S. Nawata and T. R. Taylor, Direct photons as
probes of low mass strings at the CERN LHC, Phys.Rev. D78 (2008) 016005
[arXiV:0804.2013].

L. A. Anchordoqui, H. Goldberg, D. Liist, S. Stieberger and T. R. Taylor, String
Phenomenology at the LHC, Mod.Phys.Lett. A24 (2009) 2481-2490
[arXiv:0909.2216].



166

BIBLIOGRAPHY

[76]

[77]

[78]

[79]

[30]

[81]

[82]

[83]

[84]

[85]

L. A. Anchordoqui, H. Goldberg, D. Liist, S. Nawata, S. Stieberger et. al., Dijet
signals for low mass strings at the LHC, Phys.Rev.Lett. 101 (2008) 241803
[arXiv:0808.0497].

L. A. Anchordoqui, H. Goldberg, D. Liist, S. Nawata, S. Stieberger et. al., LHC
phenomenology for string hunters, Nucl.Phys. B821 (2009) 181-196
[arXiv:0904.3547].

CMS Collaboration, V. Khachatryan et. al., Search for Dijet Resonances in 7 TeV
pp Collisions at CMS, Phys.Rev.Lett. 105 (2010) 211801 [arXiv:1010.0203].

D. List, P. Mayr, R. Richter and S. Stieberger, Scattering of gauge, matter, and
moduli fields from intersecting branes, Nucl.Phys. B696 (2004) 205-250
[hep-th/0404134].

K. Becker, G. Guo and D. Robbins, Higher derivative brane couplings from
T-duality, JHEP 1009 (2010) 029 [arXiv:1007.0441].

A. A. Tseytlin, On nonAbelian generalization of Born-Infeld action in string theory,
Nucl.Phys. B501 (1997) 41-52 [hep-th/9701125].

H. Kawai, D. Lewellen and S. Tye, A relation between tree amplitudes of closed and
open strings, Nucl.Phys. B269 (1986) 1.

S. Stieberger, Open & closed vs. pure open string disk amplitudes,
[arXiV :0907. 2211].

Z. Bern, J. Carrasco and H. Johansson, New relations for gauge-theory amplitudes,
Phys.Rev. D78 (2008) 085011 [arXiv:0805.3993].

Z. Bern, T. Dennen, Y.-t. Huang and M. Kiermaier, Gravity as the square of gauge
theory, Phys.Rev. D82 (2010) 065003 [arXiv:1004.0693].

Z. Bern, J. J. M. Carrasco and H. Johansson, Perturbative quantum gravity as a
double copy of gauge theory, Phys.Rev.Lett. 105 (2010) 061602 [arXiv:1004.0476].

C. R. Mafra, O. Schlotterer, S. Stieberger and D. Tsimpis, Siz open string disk
amplitude in pure spinor superspace, [arXiv:1011.0994].

C. R. Mafra, O. Schlotterer and S. Stieberger, Ezplicit BCJ Numerators from Pure
Spinors, [arXiv:1104.5224].

Z. Bern, J. J. Carrasco, L. J. Dixon, H. Johansson and R. Roiban, Amplitudes and
Ultraviolet Behavior of N=8 Supergravity, [arXiv:1103.1848].

S. Stieberger, Constraints on Tree-Level Higher Order Gravitational Couplings in
Superstring Theory, Phys.Rev.Lett. 106 (2011) 111601 [arXiv:0910.0180].



BIBLIOGRAPHY 167

[91]

[100]

[101]

[102]

103]

104]

[105]

[106]

N. Beisert, H. Elvang, D. Z. Freedman, M. Kiermaier, A. Morales and S. Stieberger,
E7(7) constraints on counterterms in N=8 supergravity, Phys.Lett. B694 (2010)
265271 [arXiV: 1009. 1643].

P. Ramond, Dual Theory for Free Fermions, Phys.Rev. D3 (1971) 2415-2418.

A. Neveu and J. Schwarz, Factorizable dual model of pions, Nucl.Phys. B31 (1971)
86-112.

A. Neveu and J. Schwarz, Quark Model of Dual Pions, Phys.Rev. D4 (1971)
1109-1111.

D. Liist and S. Theisen, Lectures on string theory, Lect.Notes Phys. 346 (1989)
1-346.

R. Blumenhagen and E. Plauschinn, Introduction to conformal field theory,
Lect.Notes Phys. 779 (2009) 1-256.

P. Di Francesco, P. Mathieu and D. Senechal, Conformal field theory, Springer
(1997).

D. Friedan, E. J. Martinec and S. H. Shenker, Conformal invariance,
supersymmetry and string theory, Nucl.Phys. B271 (1986) 93.

J. Cohn, D. Friedan, Z.-a. Qiu and S. H. Shenker, Covariant quantization of
supersymmetric string theories: The spinor field of the Ramond-Neveu-Schwarz
model, Nucl. Phys. B278 (1986) 577.

N. Berkovits, A new description of the superstring, [hep-th/9604123].

C. R. Mafra, Four-point one-loop amplitude computation in the pure spinor
formalism, JHEP 0601 (2006) 075 [hep-th/0512052].

N. Berkovits and C. R. Mafra, Some Superstring Amplitude Computations with the
Non-Minimal Pure Spinor Formalism, JHEP 0611 (2006) 079 [hep-th/0607187].

C. R. Mafra, O. Schlotterer, S. Stieberger and D. Tsimpis, A recursive formula for
N-point SYM tree amplitudes, [arXiv:1012.3981].

V. Kostelecky, O. Lechtenfeld, W. Lerche, S. Samuel and S. Watamura, Conformal
techniques, bosonization and tree level string amplitudes, Nucl.Phys. B288 (1987)
173.

V. Knizhnik, Covariant Fermionic Vertex in Superstrings, Phys.Lett. B160 (1985)
403-407.

C. Johnson, D-branes, Cambridge University Press (2003).



168

BIBLIOGRAPHY

107]

[108]

[109]

[110]

[111]

[112]

[113]

114]

[115]

[116]

[117)

[118]

119]

[120]

[121]

[122]

J. Polchinski, S. Chaudhuri and C. V. Johnson, Notes on D-branes,
[hep-th/9602052].

S. Stieberger and T. R. Taylor, Supersymmetry relations and MHV amplitudes in
superstring theory, Nucl.Phys. B793 (2008) 83-113 [arXiv:0708.0574].

I. Antoniadis, K. Benakli and A. Laugier, Contact interactions in D-brane models,
JHEP 0105 (2001) 044 [hep-th/0011281].

M. Cvetic and 1. Papadimitriou, Conformal field theory couplings for intersecting
D-branes on orientifolds, Phys.Rev. D68 (2003) 046001 [hep-th/0303083].

S. Abel and A. Owen, Interactions in intersecting brane models, Nucl.Phys. B663
(2003) 197-214 [hep-th/0303124].

S. Abel and A. Owen, N point amplitudes in intersecting brane models, Nucl.Phys.
B682 (2004) 183-216 [hep-th/0310257].

S. Stieberger and T. R. Taylor, Amplitude for N-Gluon superstring scattering,
Phys.Rev.Lett. 97 (2006) 211601 [hep-th/0607184].

S. Stieberger and T. R. Taylor, Multi-gluon scattering in open superstring theory,
Phys.Rev. D74 (2006) 126007 [hep-th/0609175].

S. Stieberger and T. R. Taylor, Complete six-gluon disk amplitude in superstring
theory, Nucl.Phys. B801 (2008) 128152 [arXiv:0711.4354].

D. List, Seeing through the String Landscape - a String Hunter’s Companion in
Particle Physics and Cosmology, JHEP 0903 (2009) 149 [arXiv:0904.4601].

O. Schlotterer, Higher spin scattering in superstring theory, [arXiv:1011.1235].

D. Oprisa and S. Stieberger, Siz gluon open superstring disk amplitude, multiple
hypergeometric series and Euler-Zagier sums, [hep~th/0509042].

S. J. Parke and T. Taylor, An amplitude for n gluon scattering, Phys.Rev.Lett. 56
(1986) 2459.

E. P. Verlinde and H. L. Verlinde, Multiloop calculations in covariant superstring
theory, Phys. Lett. B192 (1987) 95.

O. Lechtenfeld and A. Parkes, On covariant multiloop superstring amplitudes, Nucl.
Phys. B332 (1990) 39.

E. D'Hoker and D. H. Phong, The geometry of string perturbation theory, Rev.
Mod. Phys. 60 (1988) 917.



BIBLIOGRAPHY 169

[123] O. Lechtenfeld, Superconformal ghost correlations on Riemann surfaces, Phys. Lett.
B232 (1989) 193.

[124] E. Witten, Elliptic genera and quantum field theory, Commun. Math. Phys. 109
(1987) 525.

[125] A. Schellekens and N. Warner, Anomalies, characters and strings, Nucl.Phys. B287
(1987) 317.

[126] W. Lerche, B. Nilsson, A. Schellekens and N. Warner, Anomaly cancelling terms
from the elliptic genus, Nucl.Phys. B299 (1988) 91.

[127] W. Lerche, A. Schellekens and N. Warner, Lattices and strings, Phys.Rept. 177
(1989) 1.

[128] O. Lechtenfeld and W. Lerche, On nonrenormalization theorems for
four-dimensional superstrings, Phys. Lett. B227 (1989) 373.

[129] D. Liist and S. Theisen, Superstring partition functions and the characters of
exceptional groups, Phys. Lett. B227 (1989) 367.

[130] J. J. Atick and A. Sen, Correlation functions of spin operators on a torus,
Nucl.Phys. B286 (1987) 189.

[131] J. Fay, Theta functions on Riemann surfaces, Springer (1973).
[132] D. Mumford, Tata Lectures on Theta I, II, Springer (1983/84).
[133] J. Igusa, Theta functions, Springer (1972).

[134] S. Stieberger and T. Taylor, NonAbelian Born-Infeld action and type I. Heterotic
duality (1): Heterotic F® terms at two loops, Nucl.Phys. B647 (2002) 49-68
[hep-th/0207026].

[135] S. Stieberger and T. Taylor, NonAbelian Born-Infeld action and type I. Heterotic
duality (2): Nonrenormalization theorems, Nucl.Phys. B648 (2003) 3-34
[hep-th/0209064].

[136] T. Ortin, Gravity and strings, Cambridge University Press (2007).

[137] P. C. West, Supergravity, brane dynamics and string duality, [hep-th/9811101].
[138] J. Strathdee, Extended Poincare supersymmetry, Int.J.Mod.Phys. A2 (1987) 273.
[139] G. Wick, The Evaluation of the Collision Matriz, Phys.Rev. 80 (1950) 268-272.

[140] V. Kostelecky, O. Lechtenfeld, W. Lerche, S. Samuel and S. Watamura, A four
point amplitude for the O(16) xz O(16) heterotic string, Phys.Lett. B182 (1986) 331.



170

BIBLIOGRAPHY

141]

142]

143]

[144]

[145]

[146]
[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

V. Kostelecky, O. Lechtenfeld, S. Samuel, D. Verstegen, S. Watamura et. al., The
six fermion amplitude in the superstring, Phys.Lett. B183 (1987) 299.

V. Knizhnik and A. Zamolodchikov, Current Algebra and Wess-Zumino Model in
Two-Dimensions, Nucl.Phys. B247 (1984) 83-103.

R. Cahn, Semi-simple Lie algebras and their representations, Dover Publications
(2006).

M. van Leeuwen, LiE, A software package for Lie group computations, Euromath
Bulletin 1 No 2 (1994).

M. Fierz, Zur Fermischen Theorie des 3-Zerfalls, Zeitschrift fiir Physik 104 (1937)
553-565.

D. Tsimpis, Introduction to superspace, unpublished (2009).
S. Wolfram, The Mathematica Book, Cambridge University Press (1996).

M. Bousquet-Melou, Counting walks in the quarter plane, Trends Math.,
Birkhéuser, Basel (2002) 49-67.

M. Bousquet-Melou, Walks with small steps in the quarter plane,
[arXiv:0810.4387].

J. J. Atick and A. Sen, Spin field correlators on an arbitrary genus riemann surface
and nonrenormalization theorems in string Theories, Phys.Lett. B186 (1987) 339.

J. J. Atick and A. Sen, Covariant one loop fermion emission amplitudes in closed
string theories, Nucl.Phys. B293 (1987) 317.

L. Alvarez-Gaume, G. W. Moore, P. C. Nelson, C. Vafa and J. Bost, Bosonization
in arbitrary genus, Phys.Lett. B178 (1986) 41-47.

L. Alvarez-Gaume, J. Bost, G. W. Moore, P. C. Nelson and C. Vafa, Bosonization
on higher genus Riemann surfaces, Commun.Math.Phys. 112 (1987) 503.

L. Alvarez-Gaume, G. W. Moore and C. Vafa, Theta Functions, Modular
Invariance and Strings, Commun.Math.Phys. 106 (1986) 1-40.

O. Schlotterer, Higher loop spin field correlators in D=/ superstring theory, JHEP
1009 (2010) 050 [arXiv:1001.3158].

R. Medina and L. A. Barreiro, Higher N-point amplitudes in open superstring
theory, PoS IC2006 (2006) 038 [hep-th/0611349].

L. A. Barreiro and R. Medina, 5-field terms in the open superstring effective action,
JHEP 0503 (2005) 055 [hep-th/0503182].



171

[158] L. Brink, J. H. Schwarz and J. Scherk, Supersymmetric Yang-Mills Theories,
Nucl.Phys. B121 (1977) 77.

[159] T. Banks and L. J. Dixon, Constraints on string vacua with space-time
supersymmetry, Nucl.Phys. B307 (1988) 93-108.

[160] Z. Koba and H. B. Nielsen, Reaction amplitude for n mesons: A generalization of
the Veneziano-Bardakci- Ruegg- Virasora model, Nucl.Phys. B10 (1969) 633-655.

[161] F. A. Berends and W. Giele, Recursive calculations for processes with n gluons,
Nucl.Phys. B306 (1988) 759.

[162] Z. Xu, D.-H. Zhang and L. Chang, Helicity amplitudes for multiple Bremsstrahlung
in massless nonabelian gauge theories, Nucl.Phys. B291 (1987) 392.

[163] M. L. Mangano and S. J. Parke, Multiparton amplitudes in gauge theories,
Phys.Rept. 200 (1991) 301-367 [hep-th/0509223|.

[164] L. J. Dixon, Calculating scattering amplitudes efficiently, [hep-ph/9601359)].

[165] M. Bianchi, H. Elvang and D. Z. Freedman, Generating tree amplitudes in N=/
SYM and N=8 SG, JHEP 0809 (2008) 063 [arXiv:0805.0757].

[166] J. Brodel and L. J. Dixon, R* counterterm and E(7)(7) symmetry in mazimal
supergravity, JHEP 1005 (2010) 003 [arXiv:0911.5704].

[167] L. J. Slater, Generalized Hypergeometric Functions, Cambridge University Press
(1966).

[168] H. Exton, Multiple Hypergeometric Functions and Applications, Ellis Horwood
(1985).

[169] 1. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series and Products,
Academic Press (1994).

[170] D. Zagier, Values of zeta functions and their applications, Birkhduser (1994)
497-512.

[171] R. Kleiss and H. Kuijf, Multi-gluon cross-sections and five jet production at hadron
colliders, Nucl.Phys. B312 (1989) 616.

[172] V. Gates, E. Kangaroo, M. Roachcock and W. Gall, Stuperspace, Physica 15D
(1985) 289-293.

[173] S. Dittmaier, Weyl-van der Waerden formalism for helicity amplitudes of massive
particles, Phys.Rev. D59 (1999) 016007 [hep-ph/9805445].

[174] S. Bosch, Lineare Algebra, Springer (2009).



